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a b s t r a c t

A thorough understanding of the levels and partitioning of genetic variation across pop-
ulations and geographical regions of endangered species is a prerequisite to ensure
effective conservation and/or restoration activities. Here, we examined chloroplast DNA
(cpDNA) trnH-psbA intergenic spacer sequences variation within Notopterygium forbesii, an
endangered and endemic perennial herb in China. Sequence data obtained from 141
individuals in 14 populations revealed twenty-two haplotypes. A high level of haplotype
diversity (Hd ¼ 0.81) and low level of nucleotide diversity (Pi ¼ 0.0047) were detected.
Low genetic differentiation among populations and also among regions was consistently
indicated by both hierarchical analyses of molecular variance (AMOVA) and the structure
of a neighbor-joining tree. Low level of population differentiation between populations or
between regions in cpDNA sequences may be due to effects of the abundance of ancestral
haplotype sharing and the high number of private haplotypes fixed for each population.
Based on our results, we proposed some conservation strategies.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Notopterygium forbesii Boissieu, belonging to the Notopterygium, Umbelliferae, is an endangered perennial herb endemic
to China. According to the historical record, it had a relatively wide distribution throughout alpine forest and sub-alpine
shrubs between 1700 m and 4500 m in China (Zhou et al., 2003). As a traditional Tibetian medicine, “Zhuma” was used by
local people in small quantities. However, in recent decades, wild populations of N. forbesii in China have rapidly decreased
due to habit fragmentation, excessive exploitation, and a low rate of natural regeneration. At present, wild populations of
N. forbesii can only be found above 4000 m. Consequently, the species is regarded as endangered in the Chinese Plant Red
Book (Wang and Xie, 2004).

The long-term survival and evolution of species depends on the maintenance of sufficient genetic variability within and
among populations to accommodate new selection pressures brought about by environmental changes (Barrett and Kohn,
1991). Therefore, knowledge about the genetic diversity and variation within and between populations in rare and endan-
gered plants not only enhances our understanding of population dynamics, adaptation and evolution but also provides
information useful for developing conservation strategies (Schaal et al., 1991).
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To date, previous studies of N. forbesii have mainly focused on its morphology, anatomy (Wang et al., 1996; She and Pu,
1997), systematics (Pu et al., 2000), ecology (Jiang et al., 2005) and pharmacognosy (Yang et al., 2006). The genetic diver-
sity of different populations of N. forbesii have not yet been reported. In the present study, we used chloroplast DNA (cpDNA)
trnH-psbA to examine the genetic diversity of N. forbesii. Our aims were to reveal the genetic diversity and the partitioning of
genetic diversity within and among populations and to provide baseline genetic information pertinent to the conservation
and restoration of this endangered species.

2. Material and methods

2.1. Plant materials

A total of 140 individuals, which corresponded to 14 populations of N. forbesii, were sampled across 3 provinces in China;
Qinghai, Gansu, and Sichuan Provinces (Table 1; Fig. 1). Due to the limited availability of individuals in wild populations,
samples sizes of populations in this studywere relatively small, from 8–12 individuals. Neighboring sampled individuals were
at least 10 m apart to avoid resampling from the same individual. Leaf material was dried in silica gel and stored at room
temperature. Parameters such as longitude, latitude and altitude were recorded for each population (Table 1).

2.2. DNA extraction, PCR amplification and sequencing

Total genomic DNAwas extracted with the CTAB method (Doyle, 199l). DNA quality was checked on a 1% agarose gel. The
intergenic spacer between trnH and psbA genes of the cpDNA was amplified with a pair of universal primers (50-
ACTGCCTTGATCCACTTGGC-30; 50-CGAAGCTCCATCTACAAATGG-30) (Hamilton, 1999). Polymerase chain reaction (PCR) was
performed in a 25 mL volume, which contained 1 mL (10–40 ng) plant DNA, 2.5 mL 10�reaction buffer, 1.5 mL MgCl2 (25 mM),
0.5 mL dNTP mix (10 mM), 1 mL of each primer (10 pmol), and 1 U of Taq polymerase (Promega, MBI, USA). All reactions were
performed with the following program: 5 min at 95 �C, 35 cycles of 1 min at 94 �C, annealing for 1 min at 52 �C, 1.5 min at
72 �C, a final extension for 7 min at 72 �C, and then the reactions were held at 4 �C until further steps. PCR products were
resolved electrophoretically on 1.5% agarose gels run at 200 V in 1�TAE, visualized by staining with ethidium bromide, and
photographed under ultraviolet light.

All successfully amplified DNA fragments were purified using a TIANquick Midi Purification Kit according to the recom-
mended protocol (TIANGEN), prior to sequencing. Then, PCR products were sequenced directly using an ABI3730XL auto-
mated DNA sequencer, applying the PCR-primers as sequencing primers. Sequence electropherograms were edited using
Chromas version 2.33 (http://www.technelysium.com.au/chromas.html).

2.3. Data analysis

DNA sequences were aligned with the CLUSTAL X program (Thompson et al., 1997) and then manually refined. Arlequin,
version 3.01 (Excoffier et al., 2006), DnaSP, version 4.0 (Rozas et al., 2003), and MEGA, version 4.0 (Tamura et al., 2007), were
used to calculate statistical values, such as the nucleotide composition, number of polymorphic sites (S), haplotype diversity
(Hd), nucleotide diversity (Pi), and average number of pairwise nucleotide differences (k). These values were calculated for
each geographic population and geographic region. The phylogenetic trees were constructed by the neighbor-joining (NJ)

Table 1
Location data, number of individuals analyzed for trnH-psbA (n) and haplotype diversity (Hd), nucleotide diversity (Pi) of the investigated populations of
Notopterygium forbesii.

Code Population Voucher Location Altitudem (m) Sample number Hd Pi

HY Huangyuan, QHa G.Y. Zhou001 101.36�E36.73�N 3032 9 0.69 � 0.147 0.0070 � 0.00243
HZH Huangzhong, QHa G.Y. Zhou002 101.69�E36.30�N 2912 11 0.60 � 0.154 0.0023 � 0.00020
PA Pingan, QHa G.Y. Zhou003 101.90�E36.31�N 2945 12 0.53 � 0.136 0.0036 � 0.00274
LD Ledu, QHa G.Y. Zhou004 102.40�E36.69�N 2704 9 0.75 � 0.079 0.0029 � 0.00410
MH Minhe, QHa G.Y. Zhou005 102.64�E36.17�N 2405 8 0.46 � 0.200 0.0020 � 0.00189
HZ Huzhu, QHa G.Y. Zhou006 102.43�E36.87�N 2800 8 0.46 � 0.200 0.0014 � 0.00154
MY1 Mengyuan1, QHa G.Y. Zhou009 101.40�E37.45�N 2945 12 0.86 � 0.079 0.0064 � 0.00429
MY2 Mengyuan2, QHa G.Y. Zhou010 102.00�E37.28�N 2770 10 0.53 � 0.180 0.0022 � 0.00196
ZK Zeku, QHa G.Y. Zhou014 101.94�E35.31�N 2907 11 0.69 � 0.086 0.0024 � 0.00208
TZ1 Tianzhu1, GSb G.Y. Zhou007 102.66�E36.97�N 2923 10 0.51 � 0.164 0.0031 � 0.00249
TZ2 Tianzhu2, GSb G.Y. Zhou008 102.61�E36.93�N 2693 9 0.83 � 0.098 0.0050 � 0.00360
XH Xiahe, GSb G.Y. Zhou011 102.90�E35.37�N 2234 10 0.36 � 0.159 0.0010 � 0.00122
HZU Hezuo, GSb G.Y. Zhou012 102.91�E35.06�N 2919 10 0.00 � 0.000 0.0000 � 0.00000
REG Reergai, SCc G.Y. Zhou013 103.18�E33.60�N 3254 11 0.60 � 0.154 0.0030 � 0.00244

Total 140 0.81 � 0.021 0.0047 � 0.00308

a QH: Qinghai Province China.
b GS: Gansu Province, China.
c SC: Sichuan Province, China.
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method using the Kimura-two-parameter (K2P) model in MEGA, version 4 (Tamura et al., 2007). The statistical robustness in
the nodes of the resulting tree was determined by 1000 bootstrap replicates.

A hierarchical analysis of molecular variance (AMOVA)was performedwith ARLEQUIN (version 3.01, Excoffier et al., 2006),
with significance estimated based on 1000 permutations. Variance was apportioned to the following components: among
individuals within population, among populations within region, and among regions. Patterns of geographical subdivision
and gene flow (Nm) were also estimated hierarchically with the DnaSP 4.0 program. Gene flow (Nm) within and among
populations was estimated using the expression FST¼ 1/(1þ2Nm) whereN is the female effective population size andm is the
female migration rate.

3. Results

3.1. Haplotype distribution and genetic diversity

Sequences of the cpDNA trnH-psbA intergenic spacer varied from 346 bp to 348 bp in length. The aligned sequences were
351 bp long, with 16 nucleotide substitutions and five indels. In total, 22 haplotypes were identified among the 140 indi-
viduals (accession numbers HQ269393–HQ269414), with a haplotype diversity (Hd � SD) of 0.81 � 0.021. Haplotype H6 was
the most abundant haplotype, occurring in 47 samples, followed by haplotypes H11 and H2, which occurred in 29 and 26
samples, respectively. H1, H10 and H4 were found in eight, eight and three samples, respectively. Three haplotypes occurred
in each of two samples, and the remaining haplotypes were found in only a single sample (Table 2).

Overall haplotype diversity (Hd) and nucleotide sequence (Pi) diversity for N. forbesii were 0.81 � 0.021 and
0.0047 � 0.00308 respectively. At the region level, haplotype diversity and nucleotide diversity among three regions varied
between 0.47 (Gansu) and 0.80 (Qinghai), and between 0.0024 (Gansu) and 0.0046 (Qinghai), respectively (Table 3). Qinghai
had the highest haplotype diversity and nucleotide diversity among the three regions. At the population level, the highest
level of haplotype diversity occurred in population MY1, while the highest level of nucleotide diversity appeared in pop-
ulation HY.

3.2. Phylogeny and patterns of population structure

The phylogenetic analyses conducted using the NJ method revealed two strongly supported groups (a and b) (Fig. 2).
However, it revealed that twowell-defined clusters were not consistent with the twomain geographical regions (Qinghai and

Fig. 1. Geographic locations of sampling sites for plants in the present study.
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Gansu). Moreover, haplotypes from different geographic regions (Qinghai, Gansu and Sichuan) were clustered into the same
clade, whereas haplotypes from the same population are not grouped within the same clade (e.g., H10, H15, H16, H20, H22).
That is, haplotypes lack a distinct geographic distribution structure and disperse into different clades.

The analysis of molecular variance (AMOVA) showed that the proportion of genetic variation attributable to differences
among populations was low but significant (36.8%), with most of the total genetic variation residing within populations
(Table 4). When the populations were divided into three groups (Qinghai, Gansu and Sichuan), the hierarchical AMOVA
showed that genetic variation among groups and among populations within regions are small (25.2% and 18.9% of the total,
respectively), a larger significant amount (55.9% of the total) is due to differences within populations. The overall level of
inferred gene flow (Nm) was estimated as 0.42 individuals per generation among populations, indicating limited gene flow
between the populations of this species.

4. Discussion

Many studies have demonstrated that endangered and endemic species tend to possess low levels of genetic diversity (e.g.,
Xiao et al., 2004), whereas some others have shown opposite findings (e.g., Luan et al., 2006). Compared to the values of
haplotype diversity previously found in endangered plants (Su et al., 2004, 2005; Huang et al., 2001, 2005), the value of
haplotype diversity in this study could be categorized as high. However, the level of nucleotide diversity within the whole
species (Pi ¼ 0.0047) of N. forbesii was lower than that of the endangered plants mentioned above. Such a high Hd value and
low Pi value indicated that this species experienced a fast expansion from a small effective population size. In this case, most
polymorphic sites could have emerged during a demographic expansion and haplotype polymorphism has been accumulated

Table 2
Geographical distribution of haplotypes in populations of N. forbesii.

Haplotype Population Total number of individuals

HY HZH PA LD MH HZ MY1 MY2 ZK TZ1 TZ2 XH HZU REG

H1 1 2 1 2 2 8
H2 1 2 8 3 6 1 5 26
H3 1 1
H4 3 3
H5 1 1
H6 1 6 3 2 7 3 8 10 7 47
H7 1 1 2
H8 1 1
H9 1 1
H10 1 4 3 8
H11 5 7 3 3 7 4 29
H12 1 1
H13 1 1
H14 1 1
H15 1 1 2
H16 1 1
H17 2 2
H18 1 1
H19 1 1
H20 1 1
H21 1 1
H22 1 1

Total number of individuals 9 11 12 9 8 8 12 10 11 10 9 10 10 11 140

Table 3
Descriptive statistics for the studied N. forbesii samples.

Sampling region na Hb Sc Hdd Ke Pif

Qinghai 90 18 15 0.80 � 0.027 1.61 � 0.964 0.0046 � 0.00305
Gansu 39 8 6 0.47 � 0.092 0.83� 0.604 0.0024 � 0.00193
Sichuan 11 4 3 0.60 � 0.154 1.06� 0.756 0.0030 � 0.00244

a n, sample size.
b H, number of haplotypes.
c S, number of polymorphic sites.
d Hd, haplotype diversity.
e k, mean pairwise nucleotide differences.
f Pi, nucleotide diversity.
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bymutations, but it failed to accumulate nucleotide sequence diversity (Avise, 2000). In addition, the low nucleotide diversity
of the species also may be due to habitat fragmentation.

Essentially low population differentiation was found by the AMOVA, which is concordant with the result of the NJ tree, in
which the distribution of haplotypes mixed and did not cluster according to populations or geographic regions. The low level
of population differentiationmay have resulted from an abundance of ancestral haplotype sharing. Nine out of 14 populations
of N. forbesii shared one haplotype, H6. According to coalescence theory (Posada and Crandall, 2001), the common haplotype
most likely represents the oldest lineage. The basal position of H6 (in clade a) in the NJ tree (Fig. 2) supports this view. Thus,
under conditions of co-ancestry due to recent common ancestry, the newly established populations would be less differ-
entiated from the ancestral populations even though restricted gene flow (Nm ¼ 0.42) existed after isolation (Huang et al.,
2005). Meanwhile, due to insufficient evolutionary time for coalescence, the allele composition within the offspring pop-
ulations would have a low probability of attaining homogeneity (Futuyma, 1998). During the lineage sorting stages, with
ancestral polymorphisms maintained within populations, the cpDNA genealogy is less likely to reflect population structure
and ongoing gene flow (Whitlock and MaCauley, 1999). Furthermore, the low level of genetic variation among populations
may be caused by the high number of unique haplotypes fixed in each population (Table 2).

Information about the spatial organization of genetic variability is essential for the conservation of genetic resources
(Bawa, 1993). Our study gives insight into genetic variation at the intra- and interpopulation levels of N. forbesii. Hamrick
(1993) suggested that as >80.0% of the total genetic diversity resides within populations, five strategically placed

Fig. 2. Neighbor-joining tree of Notopterygium forbesii based on sequences of haplotypes of the trnH-psbA noncoding spacers of cpDNA. Numbers above branches
indicate the bootstrap values of 1000 replicates.

Table 4
Analysis of molecular variance (AMOVA) for populations of N. forbesii based on sequences of cpDNA trnH-psbA regions.

Source of variation d.f. Sum of squares Variance components Percentage of variation (%) F p value

Among groups 2 21.730 0.240 25.2 FSC ¼ 0.252 <0.001
Among populations within groups 11 25.485 0.180 18.9 FST ¼ 0.441 <0.001
Within populations 126 67.213 0.533 55.9 FCT ¼ 0.252 <0.01
Among populations 13 47.216 0.310 36.8
Within populations 126 67.213 0.533 63.2 FST ¼ 0.368 <0.01

d.f., degrees of freedom.
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populations should maintain 99.0% of their total genetic diversity. However, in our study, genetic diversity of 63.2% was
observed within populations of N. forbesii, which implies a need to conserve more populations to maintain genetic diversity
within this species. Furthermore, habitat protection is recommended because its suitable habitats have been seriously
destroyed and fragmented due to human overexploitation and denudation. At the same time, some policies must be
promulgated to ban overexploitation and denudation. Additionally, as a traditional medicinal herb, N. forbesii has long been
subject to excessive collection, which partly contributes to the declining of effective population sizes. To meet the commercial
demand for this herb, cultivation facilities can be established as an alternative source of raw materials.

This information about genetic structure has important implications for creating conservation strategies for N. forbesii.
However, sound and effective conservation and management strategies must be founded on well-rounded genetic infor-
mation, so it is particularly important to understand the genetic structure of extant populations over the entire range of the
species’ distribution. Therefore, additional population samples of N. forbesii should be tested to clarify the genetic structure of
N. forbesii from the entire range of the species’ distribution in future work.
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