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Abstract Berchemiella wilsonii  var. pubipetiolata
(Rhamnaceae) is an endangered plant with only four rem-
nant populations in eastern China. Population genetic
information is essential for understanding population
history and formulating conservation strategies for this
species. Thirteen microsatellite loci were used to investi-
gate genetic variation and population structure of the four
remnant populations. Moderate levels of expected hetero-
zygosity (Hg = 0.466-0.543) and low allelic diversity
(A=3.1-3.6 and Agr =2.2-24, respectively) were
observed within populations. Bottleneck tests found three
out of four populations to deviate from mutation-drift
equilibrium under the two-phase model (TPM), suggesting
a recent population decline, which is congruent with known
demographic history. The evolutionary history of the
species seems dominated by genetic drift rather than gene
flow. Low historical gene flow was inferred from several
different approaches and N, ranged from 0.582 by the
private allele method to 0.783 by the coalescent method.
Contemporary gene flow was also found to be even lower
for only one first generation migrant was detected with
individual-based assignment analysis. Restricted pollen
and seed dispersal as well as a recent decline in population
size associated with habitat fragmentation may have con-
tributed to low levels of historical and contemporary gene
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flow, and resulted in a high genetic differentiation. Under
this scenario, Berchemiella wilsonii var. pubipetiolata
populations are expected to display more pronounced
population genetic structure in the future as a result of
increased inbreeding and genetic drift.
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Introduction

Plant species with small and isolated populations are
vulnerable to demographic, environmental and genetic
stochasticity, and therefore face a higher risk of local
extinction (Ellstrand and Elam 1993). Recent analyses of
genetic variability and heterozygosity strongly demonstrate
that maintaining genetic diversity is of importance as it is
associated with population viability and the evolutionary
potential of a species to respond to environmental change
(Frankham et al. 2002; Reed et al. 2002; Reed and
Frankham 2003). Demographic events such as decline of
population size may lead to loss of genetic diversity
because of reduction in gene flow between remnant pop-
ulations, increased levels of inbreeding within remaining
populations and higher incidence of genetic drift. While
theoretical and experimental population genetic studies
elucidate quantitative predictions about reduction in
genetic diversity caused by population declines and bot-
tlenecks (Nei et al. 1975; Frankham 1995; Cornuet and
Luikart 1996), persistence of a small population may be
further undermined by loss of allelic diversity, reduction in
heterozygosity and the fixation of deleterious alleles.
Consequently, management strategies for endangered spe-
cies with small population size in isolated or fragmented
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habitats must be designed to minimize genetic drift and
inbreeding, so that processes that contribute to further loss
of genetic variability can be halted. An understanding of
demographic and genetic history and complex interaction
between population demography and genetic connectivity
is of great practical importance to conservation biologists
in formulating conservation strategies for endangered
species.

Berchemiella is a globally endangered genus of the
Rhamnaceae family, including three species and one vari-
ety endemic to eastern Asia: Berchemiella berchemiaefolia
(Makino) Nakai, B. wilsonii (Schneid.) Nakai, B. wilsonii
(Schneid.) Nakai var. pubipetiolata Qian, and B. yunan-
ensis Y. L. Chen et P. K. Chou (Qian 1988). Of those,
B. wilsonii, B. wilsonii var. pubipetiolata and B. yunanensis
are endemic to China, and B. berchemiaefolia is found only
in Japan and Korea (Qian 1988). All taxa of the genus
Berchemiella are designated as nationally endangered
species in these countries (Kang et al. 1991; Fu and Jin
1992; Iwatsuki et al. 1999). Berchemiella wilsonii is an
extremely endangered species listed on the China Plant
Red Data Book (Fu and Jin 1992). The species has not been
seen for almost a hundred years and has been treated as an
extinct taxon in the wild since the first specimen was col-
lected and described by E. H. Wilson in western Hubei
Province, central China in 1907 (Fu and Jin 1992), until
recently five isolated old trees were rediscovered in
western Hubei.

Berchemiella wilsonii var. pubipetiolata Qian was first
described in 1988 based on a distinct morphological dif-
ference from its progenitor B. wilsonii in having pubescent
petioles (Qian 1988). It is a deciduous tree of up to 12 m
and is only found in two disjunct regions: the northeastern
Dabie Mountain in Anhui Province and the western
Tianmu Mountain in Zhejiang Province (Qian 1988).
B. wilsonii var. pubipetiolata was previously documented
in at least seven sites (Qian 1988), however our recent field
surveys have found only four remnant populations, with
two in each region (Fig. 1). It is a weak competitor and
occurs sparsely in the understory of forests in lowland
drainage basins of streams and rivers at altitude between
500-1200 m above sea level. Pollination biology of this
species has not been examined in great detail, but field
reports and a preliminary allozyme study suggested that the
species is a predominant outcrosser (Kang et al. 2005).
Mature trees usually flower in late May or early June and
seeds are dispersed by gravity, and occasionally by water.

The urgent need to elucidate appropriate management
units for B. wilsonii var. pubipetiolata has led to several
molecular marker-based genetic studies to investigate
genetic consequences of fragmentation in its remnant
populations (Kang et al. 2005; Kang et al. 2007). The
previous allozyme study detected loss of low-frequency
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alleles in all remnant populations attributed to a recent
severe decline in population size (Kang et al. 2005). A
further combined analysis of AFLP and cpDNA markers
detected strong genetic differentiation between two
regional populations; hence they have been recognized as
two evolutionary significant units (ESU) (Kang et al.
2007). Moreover, the significant inter-population differen-
tiation revealed by both nuclear and cpDNA markers
suggested that low levels of gene flow exist among the
remnant populations (Kang et al. 2007). These previous
studies however may have underestimated the genetic
consequences of past demographic events as they used
traditional standard approaches of assessing population
structure (e.g. Fst, a measure of allele frequency differ-
ences across populations) (Selkoe and Toonen 2006). Due
to their hypervariability, codominance, reliable scoreability
and applicability to rigorous statistical approaches, micro-
satellites have become one of the most popular genetic
markers for ecology, evolution and conservation genetic
studies (Sunnucks 2000; Zhang and Hewitt 2003; Schlot-
terer 2004; Selkoe and Toonen 2006). In the present study,
we use newly developed polymorphic microsatellite
markers to: (1) test deviation for mutation-drift and
migration-drift equilibrium in remnant populations; (2)
determine how demographic history is reflected in the
current population genetic structure; (3) estimate levels of
historical and recent gene flow between remnant popula-
tions of B. wilsonii var. pubipetiolata. Such information is
of critical importance not only for delineating the genetic
units for conservation and management, but also for a
better understanding of factors that have shaped population
structure of endangered plant species.

Materials and methods
Sampling and microsatellite genotyping

The sampling procedure of the populations and the study
area has been described in previous study (for details see
Kang et al. 2005): in short, a total of 98 individuals were
collected from the four remnant populations (Fig 1). The
DNA from nine individuals however failed to be ampli-
fied, thus a total of 89 individuals were analyzed in this
study (Table 2). Thirteen microsatellite loci newly
developed for this species (BwpOl, Bwp03, Bwp06,
Bwp07, Bwpl0, Bwpl2, Bwpl5, Bwp26, Bwp32, Bwp57,
Bwp49, Bwp30, Bwp21) (Kang et al. 2006) were used for
genotyping the 89 individuals and allele frequencies of
each locus and for each population were estimated. The
microsatellite procedure was performed as described by
Kang et al. (2006).
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Fig. 1 Map of the historical and extant populations of Berchemiella
wilsonii var. pubipetiolata and sampling locations (open circles,
extinct sites; filled circles, remnant sites): 1, Tuankou; 2, Maxiao; 3,
Jixi; 4, Wanfushan; 5, Majiahe; 6, Jinzai; 7, Qianshan

Statistical analysis
Genetic diversity within populations

A set of intra- and inter-population genetic statistics was
calculated using following methods. GENETIX 4.05
(Belkhir et al. 1996-2004) was used to estimate: mean
number of alleles per locus (A), expected (Hg) and
observed (Hp) heterozygosity, and Fig values for each
population. Allelic richness (Ag) for each population was
calculated using FSTAT 2.9.3.2 (Goudet 2001). This
program was also used to test for deviation from Hardy-
Weinberg equilibrium and linkage disequilibrium, with
1000 allelic permutations among individuals and a P value
corrected for significance level (o = 0.05) and multiple
tests conducted with Bonferroni correction (Rice 1989).

Assessment of historical population bottlenecks

Genetic effects of the demographic decline of populations
were examined by three approaches. The first approach is
to detect recent population bottlenecks using the empirical
approach described by Luikart and Cornuet (1998). The
test relies on the assumption of selective neutrality and
mutation-drift equilibrium; it is based on the principle that
near the mutation-drift equilibrium the heterozygosity
expected based on number of alleles and sample size (H.q)
equals the measured Hardy-Weinberg equilibrium hetero-
zygosity (H.) in non-bottlenecked populations. Instead, if a
population decline is a recent event, the mutation-drift

equilibrium would be temporarily disrupted and H, will be
significantly greater than H.q, because the loss of alleles is
faster than the reduction of heterozygosity (Luikart and
Cornuet 1998; Piry et al. 1999). In the present study, we
used the Wilcoxon sign-rank test of heterozygosity of ex-
cess under the stepwise mutation model (SMM), the infi-
nite allele model (IAM), and the two phase model (TPM).
Under the TPM, 70% of the mutations were assumed to
occur under the SMM and 30% assumed to occur under the
IAM. For each mutational model, 10 000 replicates were
performed. The second approach was to test a mode shift
away from an L-shaped distribution of allelic frequencies
(Luikart et al. 1998). These two analyses were conducted
using BOTTLENECK 1.2.02 (Cornuet and Luikart 1996;
Piry et al. 1999). The third approach that measures the
mean ratio (M ratio) of number of alleles to the range in
allele size (in SSR repeat units) (Garza and Williamson
2001) was implemented in the software AGARgr (Harley
2002). In a population of constant size, the frequency
distribution of most alleles is expected to be more or less
continuous and the range in allele size similar to the
number of alleles, so that, the mean ratio M would be close
to one (Garza and Williamson 2001). During a population
decline, the number of alleles decreases more rapidly than
the range in allele size, leading to decrease of M (Garza and
Williamson 2001). In comparison to the BOTTLENECK
methods, M ratio reflects a population size decline over a
longer time (Garza and Williamson 2001).

Genetic divergence between populations

The program FSTAT was used to calculate Fgt (Weir and
Cockerham 1984) and Rgt (Slatkin 1995) across all pop-
ulations. Pairwise population differentiation was evaluated
by Fsr and Rgr using FSTAT and RSTCALC (Goodman
1997), respectively. Statistical significance of the estimates
was determined with 1000 randomizations. The program
POPULATIONS 1.2 (Langella 2000) was used to calculate
Nei’s (1983) genetic distance (D,) among individuals. The
principal coordinate analysis (PCO) was performed based
on the resulting distance matrices using the DCENTER and
EIGEN programs in the NTSYS pc 2.1 (Rohlf 2000).
Population structure was further examined using a full
Bayesian-clustering approach, implemented in the program
STRUCTURE (Pritchard et al. 2000). The first step in the
analysis involves estimating the optimal number of clusters
(K). To minimize the effect of the starting configuration
during the Monte Carlo simulation, we simulated 5 X 10°
burn-in period of the Markov chain before data for the
parameter estimation were collected from a run length of
10° iterations. Five independent runs of K = 1-7 were
performed to assure convergence of the chain and homo-
geneity among runs for each prior of K. Each run yielded a
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log likelihood value, Ln Pr (X/K), the highest of which
indicates the closest to the actual number of genetically
distinct clusters. These analyses were based on an admix-
ture ancestry model with correlated allele frequencies and
assuming no prior information of population origin. After
determining the number of clusters, this program was used
to assign individuals into respective populations based
upon proportional membership (g), and a threshold value of
g = 0.90 was used.

Assessment of genetic drift and gene flow

The population history of B. wilsonii var. pubipetiolata was
examined based on coalescent theory using the 2MOD
program (Ciofi et al. 1999), which compares the relative
likelihoods of a gene flow model versus a genetic drift
model. The main assumption of both models is that the
effects of microsatellite mutations are negligible. The gene
flow model assumes mutation rate much smaller than the
migration rate and the drift model assumes the reciprocal of
the mutation rate is much larger than the migration rate.
The same program was also used to estimate the Bayes
factor (the ratio between the likelihoods of the gene flow
model and the drift model) and the F statistic (the proba-
bility that two genes share a common ancestor within a
population) for each population. The number of migrants
per generation, M, in the gene flow model was calculated
using the formula M = (1-F)/(4F) (Ciofi et al. 1999). A
Markov chain Monte Carlo (MCMC) simulation (105
iterations) was computed, with the first 10% of the output
discarded in order to avoid bias to the starting conditions.

Historical gene flow (V) among populations was esti-
mated indirectly from the formula N, - (1-Fs1)/4Fst
(Wright 1969). In addition, we estimated gene flow using
Slatkin’s private allele method, which is based on the
average frequency of unique alleles found in local popu-
lations (Slatkin 1985).

GENECLASS 2.0 (Piry et al. 2004) was used to detect
putative first generation migrants, an indicative of recent
gene flow. The likelihood ratio was estimated between the

suspected immigrant individual and potential source pop-
ulations using the Rannala and Mountain (1997) Bayesian
method based on multilocus genotypes and the MCMC
method with 1000 simulated individuals at a threshold of
0.05 (Paetkau et al. 2004).

Results

Microsatelliete variation and genetic diversity within
populations

The 13 microsatellite loci used in this study generated a
total of 71 alleles across the 89 individuals analyzed,
ranging from three alleles at locus BwpOl and Bwp49 to
nine alleles at locus Bwp06 and Bwpl0 (data not shown).
The global mean expected (Hg) and observed heterozy-
gosity (Hp) were 0.503 and 0.488, respectively. Significant
deviation from Hardy-Weinberg equilibrium (HWE) was
observed in six loci (Bwp03, Bwpl0O, Bwp26, Bwp57,
Bwp30, and Bwp21). Similar levels of genetic variation as
measured by A, Ag, Hg and Hp, were found in the all four
populations (Table 1). Two populations (Maxiao and
Wanfushan) showed significant deviation from HWE. No
linkage disequilibrium was found for any locus pair in any
population. A total of 19 private alleles were detected with
2,7, 4 and 6 alleles specific to Tuankou, Maxiao, Majiahe
and Wanfushan population, respectively (Table 2).

Deviation from mutation-drift equilibrium

Populations that have undergone recent population decline
commonly exhibit an excess of heterozygosity, an evidence
for deviation from mutation-drift equilibrium. Significant
excess of heterozygosity was detected in all four popula-
tions under assumption of the IAM model, but only in three
and one population under assumption of the TMP and
SMM models, respectively (Table 3). The discrepancy
between the three model tests was probably caused by
different expected heterozygosities at mutation equilibrium

Table 1 Genetic diversity parameter estimates in four remnant populations of Berchemiella wilsonii var. pubipetiolata

Population N A AR Hg Hg Fis
Tuankou 23 3.1 23 0.486 0.499 0.027
Maxiao 13 3.6 24 0.509 0.543 0.105*
Majiahe 31 32 22 0.507 0.466 -0.070
Wanfushan 22 32 22 0.450 0.513 0.147%*
Population mean 2225 33 23 0.488 0.505 0.052
Overall samples 89 55 34 0.491 0.503 0.225

Sample size (V), mean number of alleles per locus (A), allele richness (Agr), expected heterozygosity (Hg), observed heterozygosity (Ho), fixation
index (Fis) and deviation from HWE tests, * Significant at 0.01 < P < 0.05; ** Significant at P < 0.01
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(Luikart and Cornuet 1998). Given that few microsatellite
loci are expected to evolve strictly according to a one-step
SMM, a combination of SMM and IAM, i.e. the TPM, is
recommended (Di Rienzo et al. 1994; Spencer et al. 2000).
In addition, three out of the remnant four populations
displayed a shifted distribution of allele frequencies. Val-
ues of the M ratio varied between 0.487 and 0.610, which
were less than 0.7, a criterion for showing bottlenecked
populations (Garza and Williamson 2001). Combining the
results from these different analytic approaches, it is
reasonable to believe that recent demographic bottlenecks
have occurred in remnant populations of B. wilsonii var.
pubipetiolata, although it could not rule out the possibility
that the results might be biased due to deviation from HWE
in Maxiao and Wanfushan populations.

High genetic differentiation between populations

The global genetic differentiation across all populations
estimated as Fst and Rgr were 0.256 and 0.268, respec-
tively. All pairwise values of Fgr (0.204-0.301) and Rst
(0.223-0.312) were highly significant (P < 0.001)
(Table 4). The highest log-likelihood value was obtained
for four clusters (Ln Pr (X/K) = —2084.4), indicating four
genetically distinct populations of B. wilsonii var.
pubipetiolata. At K = = 4, the results by STRUCTURE
analysis revealed very high assignment accuracy for each
cluster (0.962—-1.000) (Table 5), suggesting strong differ-
entiation existed among B. wilsonii var. pubipetiolata

populations. The results are also congruent with the PCO
plot of the 89 individuals (Fig 2), in which the first axis
accounted for 31.1% of the total variation and separated the
four populations into the two regions. The two populations
Majiahe and Wanfushan in Dabie Mountain region were
separated by the second axis, which accounted for 16.1%
of the total variation.

Genetic drift and low gene flow

The relative likelihood of gene flow vs. drift models was
estimated by the MCMC procedure as described in Ciofi
et al. (1999). It revealed that a genetic drift model for
populations of B. wilsonii var. pubipetiolata is more likely
than the gene flow model [P (genetic drift) = = 0.999,
Bayes factor = 1000], indicating the population structure
of this species has been predominantly influenced by
genetic drift rather than gene flow. High probabilities that
two alleles were identical by descent within population (F)
were observed, ranging from 0.179 for Maxiao to 0.277 for
Tuankou (Table 3), with a mean value of F = 0.242. The
mean indirect number of migrants per generation in each
population (M) is 0.784.

The indirect estimates of historical gene flow, Nm, in-
ferred from Fgr and Rgr, are 0.727 and 0.683, respectively.
The value of N, calculated from the private allele method
(Slatkin 1985) is 0.582. Obviously, all these estimates
consistently demonstrate a low level of historical gene flow
between the populations of B. wilsonii var. pubipetiolata.

Table 2 Private alleles found in populations of Berchemiella wilsonii var. pubipetiolata

Population Locus Allele Frequency
Tuankou Bwp06 230 0.239
Bwpl0 192 0.614
Maxiao Bwp0l1 174 0.346
Bwp03 158 0.167
Bwpl5 144 0.409
Bwp26 180 0.115
Bwp30 152 0.346
Bwp30 160 0.192
Bwp32 180 0.227
Maiiahe Bwp01 178 0.038
Bwp03 154 0.200
Bwpl2 160 0.017
Bwp57 188 0.048
Wanfushan Bwp06 196 0.045
Bwp06 212 0.136
Bwp21 178 0.136
Bwp21 180 0.273
Bwp26 200 0.409
Bwp32 186 0.182

@ Springer



196

Conserv Genet (2008) 9:191-199

Table 3 Probabilities of allelic coancestry (F) by 2MOD and tests for mutation-drift equilibrium, probabilities from Wilcoxon sign-rank tests
for heterozyosity excess and mode shift by using BOTTLENECK and M ratio values calculated by AGARgr

Mutation-drift test

1AM SMM TPM Mode shift M ratio F
Tuankou 0.0020%** 0.0636 0.0043%* Shifted 0.569 0.277
Maxiao 0.0034%** 0.6066 0.1878 Shifted 0.487 0.179
Majiahe 0.0009%** 0.1018 0.0031%* Normal 0.610 0.245
Wanfushan 0.0001 0.0012%:* 0.0001 3 Shifted 0.477 0.266

** Significant at P < 0.01; *** Significant at P < 0.001

Table 4 Pairwise estimated values of Fgr (below diagonal) and Rgt (above diagonal) among remnant populations of Berchemiella wilsonii var.

pubipetiolata

Tuankou Maxiao Majiahe Wanfushan
Tuankou - 0.228%%* 0.266%** 0.255%%*
Maxiao 0.204 %% - 0.286%%* 0.312%%*
Majiahe 0.2971%%* 0.2627%%* - 0.223%%*
Wanfushan 0.301%#%* 0.276%%* 0.187%#%* -

*#% Sjgnificant at P < 0.001

Table 5 The proportion of membership of each predefined population in each of the four clusters by using STUCTURE assignments

Inferred cluster

1 3 4
Tuankou 0.999 0.001 - -
Maxiao 0.037 0.962 - -
Majiahe - 0.999 0.001
Wanfushan - - 1.000
0.40 . Moreover, the assignment analysis detected only a single
. first generation migrant between the Tuankou and Maxiao
e o: ¢ . populations, suggesting almost no contemporary gene flow
4 [ ] . . .
0,204 ¢ e o occurring between remnant populations of the species.
. . o .:: o o
N 4 " s
. hd [] [ ] . .
o ] P l:: . =g Discussion
g 0.00 o * o ®om
] R o % o° _:.: In comparison to the general trend of high microsatellite
0% o o . heterozygosity found in tree species (reviewed in Sanou
ygosity P
(o] . .
020_' °© - et al. 2005), the results obtained in the present study
o 5 L0 indicate that the remnant populations of B. wilsonii var.
° R © pubipetiolata retain only moderate genetic diversity
] ° (expected heterozygosity Hg = 0.466-0.543, Table 1).
V4T This result is congruent with the previous AFLP analysis,
0.40 0.18 0.05 0.28 0.50 . . o .
. which detected moderate genetic variation in this species

Fig. 2 Plot of the first two principal coordinates based on variation at
13 microsatellite loci showing B. wilsonii var. pubipetiolata
individuals from Tuankou (M), Maxiao (O), Majiahe (®) and
Wanfushan (O). The first two principal coordinates accounted for
31.1% and 16.1% of the total variation, respectively
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when compared to many other endangered tree species
(Kang et al. 2007). However, low allelic diversity, esti-
mated by A and Agr was found in all of the four remnant
populations (Table 1). For microsatellites, Spencer et al.
(2000) suggested that allelic diversity is probably more
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informative than expected heterozygosity for assessment of
genetic erosion in populations, because allelic diversity is
more sensitive than heterozygosity to the effect of demo-
graphic bottlenecks and reflects an immediate consequence
underlined by genetic bottlenecks (Nei et al. 1975). Low
allelic diversity and a lack of low frequency alleles
(P < 0.1) were also found in allozyme loci of the same set
of populations analyzed in this study (Kang et al. 2005).
However, unlike in the microsatellite and AFLP markers,
we found a surprisingly high-expected heterozygosity
based on allozymes (Hg = 0.348, Kang et al. 2005) in the
same set populations of B. wilsonii var. pubipetiolata.
Natural selection for heterozygotes at allozymic loci may
explain the discrepancy between nuclear DNA and allo-
zyme markers. The DNA-based markers usually reveal
higher genetic diversity than allozyme- based markers for
the same species (Nybom and Bartish 2000), but lower
DNA-based diversity was also detected in several plant
species (e.g. Medicago sativa; (Jenczewski et al. 1999; and
references there in). The observed low allelic diversity
therefore might be a consequence of genetic erosion and a
signature of recent genetic bottlenecks which have
occurred in the remnant populations of this species.

Significant deviations for mutation-drift equilibrium
under the IAM and TPM models for all and three out of
four populations, respectively, suggest a recent decline in
population size. The other two approaches (pattern of allele
frequency distribution and M ratio) also provide additional
evidence of recent bottlenecks occurred in populations of
B. wilsonii var. pubipetiolata. Although low sample size in
Maxiao and deviation from Hardy-Weinberg equilibrium
observed in Maxiao and Wanfushan populations may bias
the results obtained, the bottleneck tests in this study are
likely to reflect the fluctuations in population size of this
species. The anthropogenic disturbance on B. wilsonii var.
pubipetiolata has attracted conservation attention since
1983 (Qian 1988). However, the threatened status of this
species has not been ameliorated because of the rapid
urbanization in eastern China. During the past several
decades, B. wilsonii var. pubipetiolata populations have
been subjected to severe deforestation, which resulted in
habitat loss and local population extinction (Kang et al.
2005).

A high level of population differentiation was observed
among all population pairs in the present microsatellite
analysis (Table 4). The fully Bayesian assignments
revealed that almost all individuals (mean 99%) were
assigned to the population from which they were sampled
(Table 5), suggesting restricted dispersal among the rem-
nant populations. In addition, this result is in agreement
with a large number of private alleles found in each pop-
ulation and the detection of only a single first-generation
migrant between the populations Tuankou and Maxiao. A

similar result was also obtained in the PCO analysis that
revealed most individual trees clustered into distinct
population-specific groups (Fig 2). High pairwise genetic
differentiation between populations is probably a conse-
quence of low gene flow among remnant populations and
strong genetic drift occurred in these isolated populations, a
hypothesis supported by the migration-drift equilibrium
test. The values of historical gene flow estimated from
private alleles (Slatkin 1985), population differentiation
(Fst and Rst) and coalescence (F) methods are highly
concordant (N, = 0.582-0.784), and indicate low gene
flow among B. wilsonii var. pubipetiolata populations.
Taking into account the close geographic proximity within
the regional populations (approximately 30 and 26 km for
Dabie Mountain and Tianmu Mountain regions, respec-
tively), the level of gene flow observed was also low
between populations within regions (Table 4). Restricted
gene flow in B. wilsonii var. pubipetiolata is seemingly not
in accordance with the theoretical expectations for a long-
lived, woody plant species with outcrossing breeding.
However, evidence of restricted seed dispersal might
explain the limited gene flow among populations of this
species. Our field survey confirmed that seed dispersal of
B. wilsonii var. pubipetiolata is very limited and is similar
to its congener B. berchemiaefolia, where seed dispersal
primarily occurs via gravity and occasionally by water (Lee
et al. 2003). B. wilsonii var. pubipetiolata mostly occurs in
lowland drainage basins of streams, and therefore seed
migration is usually limited by geographic topography.
Long-distance pollen dispersal may facilitate gene flow and
mitigate the negative effects caused by restricted seed
dispersal. For B. wilsonii var. pubipetiolata, however,
pollen dispersal may only be effective within populations
because of the low number of remnant populations and
small size. Furthermore, habitat fragmentation caused by
deforestation, road construction, ecotourism and urbaniza-
tion may alter the behavior of pollinators (e.g. flight range
of pollinators) and restrict pollen movement. Gene flow
estimates of N, <1 in the present study imply that
migration among B. wilsonii var. pubipetiolata populations
is so rare that it will not counteract the effect of random
genetic drift, as predicted by theoretical studies (Slatkin
1987). Consequently, increased levels of inbreeding within
populations and genetic drift might occur and result in
fixation of deleterious genes and reduced fitness of
B. wilsonii var. pubipetiolata. The observed very low seed
vigor and germination rate in this species (37.8% and 4%,
respectively, Dang et al. 2005) seemingly indicate the
deleterious genetic effects of inbreeding and drift under-
taken in remnant populations.

In summary, the remnant populations of B. wilsonii var.
pubipetiolata still retain a moderate level of genetic
variation, as evidenced by both the present microsatellite
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analysis and previous AFLP and chloroplast DNA analysis
(Kang et al. 2007). We detected a loss of allelic diversity
and deviations from mutation-drift and migration-drift
equilibria in remnant populations of B. wilsonii var.
pubipetiolata, which is likely to reflect anthropogenic
disturbance and demographic history in this species. Our
results indicate that populations of the species may have
experienced a recent decline of population size. Under the
present environmental circumstances and low gene flow
between the remnant populations, populations of B. wilso-
nii var. pubipetiolata are expected to exhibit increased
population genetic structure in the future and may become
more susceptible to genetic drift.

The findings from this study have significant implica-
tions for the conservation management of B. wilsonii var.
pubipetiolata. An effective management program should
be formulated to incorporate following measures: (i) Based
on genetic data that all sampled individuals characterized
are unique molecular genotypes (AFLP and microsatellite),
all extant individuals of B. wilsonii var. pubipetiolata
should be effectively protected. Thus, capturing most of the
genetic variation and monitoring remnant individuals and
their derived progenies at each remnant population site
become crucial for formulating in situ conservation
programs. (ii) Establishing a well designated ex situ con-
servation site is urgent task. Previous efforts in preserving
genomic integrity in ex situ conservation (Kang et al.
2005) should be rigorously evaluated to provide conser-
vation guidelines for better ex situ practice. A more
extensive collection of seeds from all individuals from each
populations and enhancement of current ex situ conserva-
tion should be conducted so that random loss of genetic
variants due to loss of individual ecotypes could be avoi-
ded. Further management measures should consider the
establishment of new self-sustaining populations. (iii)
Augmentation of each population by artificially propagated
progenies of local individuals and re-establishment of the
extinct populations using artificial progenies from the
closest geographic proximity population are strongly rec-
ommended as a measure to increase effective population
size and restore connectivity between remnant B. wilsonii
var. pubipetiolata populations. (iv) Given the uniqueness of
each remnant population, artificial crosses between indi-
viduals from populations within the same region are
encouraged and microsatellite markers could be further
used to select desirable parents. This could result in a
highly heterozygous progeny array for purpose of selecting
seedling with better adaptive fitness. These hybrid progeny
arrays could be used to establish experimental populations
whose adaptive fitness could be evaluated. Once the pos-
sible deleterious effects of such outbreeding have been
screened out of the hybrid progeny, the artificial progeny
array could be served as source for reinforcement and
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translocation in the natural range of B. wilsonii var.
pubipetiolata.
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