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Abstract Munronia delavayi Franch. (Meliaceae) is

a vulnerable perennial species that is narrowly

distributed and endemic to the dry-hot valley of the

middle/lower Jinsha River. However, 12 hydropower

stations are currently scheduled to be built in the

middle and lower Jinsha River drainage and their

distribution overlaps with the range of M. delavayi.

The construction of these hydropower stations will

cause flooding of the adjacent habitats that support M.

delavayi and will change the local ecological envi-

ronment, which may result in a new and dangerous

situation for the survival of this species. Our aim was

to evaluate the population structure and propose the

most suitable conservation strategy for M. delavayi to

support its adaptive potential. In this study, we

collected 70 individuals from seven populations that

covered most of the geographic range along the Jinsha

River and investigated the population diversity,

genetic structure and demographic history of this

species by analyzing the variations in one mitochon-

drial marker (18sf-5sr), two non-coding chloroplast

DNA regions (trnT-trnL, trnS-trnG), and one nuclear

DNA marker (Gs687f-994r). As a result, three mito-

types, nine chlorotypes and six haplotypes with high

genetic diversity (HT = 0.580, 0.774 and 0.740) were

detected based on mtDNA, cpDNA and nDNA and a

strong genetic structure (FST = 0.855 and 0.545) was

detected based on cpDNA and nDNA. Our study also

indicated that habitat fragmentation and limited gene

flow may result in the genetic differentiation of this

species and that the population distributed in Qiaojia,

Yongshan and Panzhihua should be proactively pro-

tected based on the conservation genetic analysis.

Keywords Conservation genetics � Dry-hot

valley � Hydropower stations � Mitochondrial,

chloroplast and nuclear genomes � Munronia

delavayi

Introduction

As part of the Hengduan Mountains Region (HMR),

the dry-hot valley of the Jinsha River is located in a

global hotspot in south central China (Myers et al.

2000). The valley occupies the majority of the area

along the downstream bank of the middle and lower

Jinsha River, covering 16 counties and cities in

Yunnan and Sichuan provinces (Zhang et al. 2005).

It represents a special and vulnerable ecosystem that is
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characterized by aridity and high temperatures. The

mean annual precipitation is 600–800 mm, and the

mean annual temperature ranges from 20 to 27.8 �C

(Ou 1994; Jin 1999). The vegetation is characterized

by grass and shrubs with scattered trees and is locally

referred to as a special valley-type of semi-savanna

(Jin 1999). The dry-hot valleys are especially rich in

endemic genera (e.g., Anemoclema (Franch.) W.

T. Wang, Nouelia Franch., Musella (Fr.) C. Y. Wu

ex H. W. Li, Ostryopsis Decne., Trailliaedoxa W.

W. Smith et Forrest) and species (e.g., Munronia

delavayi, Aristolochia delavayi Franch., Vitex duc-

louxii P. Dop, Cotinus nana W. W. Smith, Mastixia

microcarpa Y. C. Liu et H. Peng) (Jin 1999; Liu and

Peng 2009). Some species, such as Aristolochia

delavayi, Hibiscus aridicola J. Anthony and Munronia

delavayi (Jin 1999), are both narrowly and endemi-

cally distributed, occurring in one or a few small

populations that are confined to a single domain or to a

few localities (Kruckeberg and Rabinowitz 1985). The

characteristics of such ecosystems make the dry-hot

valley of the Jinsha River easy to damage and difficult

to restore (Zhong 2000). Therefore, the plants that are

distributed in this area, especially the endemic species,

are easily affected by habitat loss. Due to natural,

historical and anthropogenic factors, this ecosystem

has become seriously degraded, which has resulted in

soil and water losses and significant difficulties in

vegetation restoration.

The dry-hot valley region of the Jinsha River

underwent dramatic geomorphological and climate

changes until the Late Quaternary. The principal

events were the latest episodes of uplift in the eastern

Qinghai-Tibetan Plateau (QTP) since the Late Plio-

cene (Li and Fang 1999; Cheng et al. 2001; Royden

et al. 2008) and the glacial-interglacial cycles during

the Pleistocene (Zhou et al. 2006). The deeply incised

valleys and the subtropical climate brought about by

the QTP uplift were considered historical elements

during the formation of the dry-hot valley (Ming and

Shi 2007). However, according to the geological

evidence, the prevalent climate in the Jinsha drainage

area has remained relatively constant, and no great

change has occurred across the extensive vegetation

since the late Tertiary (Yan 1984). The region thus

provided shelter for surviving species, such as Nouelia

insignis Franch. and Cycas panzhihuaensis L. Zhou et

S. Y. Yang during the glaciations (Jin et al. 1995).

Until now, few studies of plants in the dry-hot valley

have verified these historical events. Examples of such

research include a study of the phylogeography of

Terminalia franchetii Gagnep. (Zhang et al. 2011;

Zhang and Sun 2011), which provided evidenced that

the historical river capture events were caused by the

uplift of QTP. Conservation studies of Nouelia

insignis (Luan et al. 2006; Gong et al. 2011) and

Leucomeris decora Kurz (Zhao and Gong 2011) have

also provided evidence for the existence of a stable

climate in this region during the glacial-interglacial

cycles. However, further studies of the plants in this

region are needed to allow us to understand the

historical and geological events that have occurred in

the dry-hot valley and suggest ways in which to protect

the narrow endemic species living in this special area.

The surviving plants in the Jinsha River valley have

recently begun to encounter new challenges. The

Jinsha River begins in Yushu County in Qinghai

Province in north-western China and joins the Yangtze

River at Yibin City in southwest Sichuan Province,

running a total length of 2,360 km with a drop of

3,280 m (Yang 2004). The potential hydroenergy

reserve in the Jinsha River amounts to 112.4 GW, the

largest hydropower base in China (Yang 2004). The

construction of 12 cascade hydropower stations on the

middle and lower reaches of the river’s main stream

from Hutiaoxia to Xiangjiaba is planned (Nie et al.

2004; Yang 2004). Some of the planned hydropower

stations, including those in Xiluodu and Xiangjiaba,

are currently under construction. When completed,

these two stations will be the second- and third-largest

hydropower stations in China, flooding areas of

2.46 9 107 and 2.39 9 107 m2 of cultivated land,

respectively. The hydropower stations’ principal pur-

pose is the generation of electricity. These stations will

also provide other services such as retention of

sediment, control of flood waters and improvement

in navigation in the lower reaches (Fu et al. 2010).

However, the dams are widely recognized to have

significant negative effects on the surrounding natural

ecosystems and environment, and the surviving plants

in the area have been faced with new challenges (New

and Xie 2008). The construction of the dams and the

rising water levels resulting from their operation will

affect biodiversity and ecological processes through

both immediate habitat loss and the increasing isola-

tion of the remaining habitat patches (Wu et al. 2003).

According to many studies assessing the changes in

aquatic fauna and flora, some rare or endemic species
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will be endangered by these dams. One such species is

Lipotes vexillifer, the Yangtze River dolphin, a living

fossil belonging to a 30-million-year-old species that

is geographically unique to the Yangtze River. This

species was affected by the Gezhouba Dam and the

Three Gorges Dam (Lei 1998; Xie et al. 2003).

Additionally, Myricaria laxiflora (Franch.) P.

Y. Zhang et Y. J. Zhang, which was formerly restricted

to the riverbanks of the Yangtze River valley, has

completely lost its natural habitat due to the construc-

tion of the Three Gorges Dam (Liu et al. 2006).

Further, ecological and environmental changes includ-

ing increased humidity and decreases in the annual

temperature range, are likely to occur as these dams

completed. Thus, it is necessary to study and conserve

the extant species in the Jinsha River drainage,

especially the rare and endemic species.

Munronia delavayi (Meliaceae) is a narrowly

endemic species, which is distributed on open, stony

river deposits in the dry-hot valley of the middle/lower

Jinsha River at elevations ranging from 300 to

1,700 m. In China and southern Asian traditional

medicine, plants in the genus Munronia have been

used to treat many ailments including tuberculosis,

cough, stomach-ache, sores, malaria, recurrent fever,

dysentery and purification of blood (Jayaweera 1982;

Cai et al. 2006). Some Munronia species are more

widely used and traded by national minority in China,

including the Zhuang and Bouyei ethnic group (Lin

et al. 2012; Zuo 2013). In Sri Lanka, the Munronia is

one of the most expensive plant materials (US

$50–110/kg) as herb medicine (Dharmadasa et al.

2011). Furthermore, it is hard to systematic cultiva-

tions and almost all raw material requirements are

obtained from natural habitats in China, as well as

elsewhere. Therefore, there is a tremendous pressure

to protect this rare plant, which may lead to extinction

as a result of over-exploitation. M. delavayi is a small

evergreen shrub with a height of 2.5–15 cm. It has

small, bisexual flowers with white petals and a 2 cm

long corolla tube; the flowers open from May to July

and are insect-pollinated. As a dwarf shrub, M.

delavayi may disperse its seeds over short distances

via gravity. Field observations have revealed seedlings

dispersed near the stock plants. In ‘‘Flora Reipublicae

Popularis Sinicae’’, the genus Munronia is listed as

containing eight species (Munronia hunanensis H.

S. Lo, Munronia simplicifolia Merr., Munronia unifo-

liolata Oliv., Munronia sinica Diels, Munronia

heterotricha H. S. Lo, Munronia delavayi Franch.,

Munronia hainanensis How et T. Chen and Munronia

henryi Harms) and two varieties (Munronia unifolio-

lata var. trifoliolata and Munronia hainanensis var.

microphylla X. M. Chen) (Chen 1997). In contrast, in

‘‘Flora of China’’, five species and one variety are

considered synonyms of Munronia pinnata (Wallich)

W. Theobald (Peng and Bartholomew 2008) without

the presentation of convincing evidence or concrete

molecular data to support this taxonomic treatment.

Compared to other Munronia species, M. delavayi

displays several different morphological characteris-

tics, such as the number of leaflets and the length of the

coronal tube. It also occupies different areas and

includes biotopes that differ from other species and

varieties. Therefore in our study, M. delavayi is treated

as a separate species. According to the IUCN Red List

Categories and Criteria, species with fewer than 10

known locations and continuing decrease in their area

of occupancy are classified as vulnerable species

(Wang and Xie 2004). Only seven populations of M.

delavayi were found in the course of several field

investigations and the habitats of these populations

had been badly destroyed.

As a narrowly endemic species, M. delavayi has a

number of features, such as small population size,

habitat specificity and isolation that increase its

sensitivity to environmental changes and its overall

risk of extinction (Kruckeberg and Rabinowitz 1985;

Frankham 2005). The distribution of M. delavayi is

fragmented, and the populations are isolated from one

another, these conditions will lead to a loss of genetic

diversity over time and result in the acceleration of the

extermination of this species. Furthermore, the sites of

Wudongde, Baihetan, Xiluodu and Xiangjiaba which

will be flooded or fragmented after the construction of

the dams overlap with the distribution range of M.

delavayi, and this will further seriously endanger its

survival. As a vulnerable and endemic shrub, M.

delavayi is confronted with a very high risk of

extinction in the wild. Given these circumstances,

the implementation of measures for the conservation

of M. delavayi is imperative.

Population genetics is of great value in the study of

the conservation of rare and endangered plant species

(Liu and Zhao 1999). The primary purpose of

conservation genetics is increasing out understanding

of the level and partitioning of genetic variation across

populations and geographical regions of endangered

Genet Resour Crop Evol (2014) 61:1381–1395 1383

123



species. In particular, detailed analysis of the levels

and spatial distributions of genetic diversity is impor-

tant and necessary for the development of effective

conservation strategies for endangered species (Hed-

rick and Miller 1992). Genetic data can provide

valuable information and suggestions for population

conservation as well as insights into the demographic

history and adaptive potential of particular species

(Luan et al. 2006; Gong et al. 2011; Zhan et al. 2011;

Zhao and Gong 2011). In this study, we used DNA

markers from mitochondria, chloroplasts and nuclear

genomes to investigate the genetic diversity and

population structure of M. delavayi. Given the lack

of experimental data concerning cytoplasmic inheri-

tance in Meliaceae, we assumed that cytoplasmic

DNA in M. delavayi is maternally inherited and

dispersed, as it is in most angiosperms (Zhang et al.

2003), and that, nuclear variation is based on bipa-

rental inheritance. Our main objectives are (A) to

reveal the genetic structure and diversity of M.

delavayi distributed along the dry-hot valley of

HMR and (B) to propose feasible conservation

methods and strategies for this endemic and vulner-

able species.

Materials and methods

Sampling

Seven populations of M. delavayi were investigated

and sampled covering most of its current ranges in the

dry-hot valley of the middle/lower Jinsha River with

altitudes ranging from 300 to 1,400 m (Table 1;

Fig. 1). Most of the extant natural populations include

a few individuals. Leaf samples were collected from

22 to 30 individuals per population and were stored in

plastic bags containing silica gel for desiccation.

Within the species distribution, a total of 70 individ-

uals were chosen for genetic analysis represent the

seven populations; four populations were sampled

from the north bank of the Jinsha River in Sichuan

Province, and three were sampled from the south bank

in Yunnan Province.

DNA extraction, amplification and sequencing

Total genomic DNA was extracted from silica gel-

dried leaf tissue using a modified CTAB method

(Doyle 1991). The extracted DNA was dissolved with

30 lL TE buffer and then diluted 10 times with ddH2O

for PCR. For M. delavayi population research, one

mitochondrial marker, 18sf-5sr (Chiang et al. 2009),

two non-coding chloroplast DNA regions, trnT-trnL

(Taberlet et al. 1991) and trnS-trnG (Shaw et al. 2005),

and one nuclear DNA marker, Gs687f-994r (Emshw-

iller and Doyle 1999) were selected after preliminary

screening for nuclear DNA and organelle DNA. For

trnS-trnG, two additional internal sequencing primers,

trnS2 [ (50-GAGAATCGGGCGTAATCAAG-30) and

trnG2 [ (50-AGCCCTTCTTTACTTTATTT-30), were

designed for this study.

The amplifications of mitochondrial and chloro-

plast DNA sequences was performed in a 20 lL

reaction system containing 12.4 lL ddH2O, 15 ng

template, 2.0 lL 109 PCR buffer, 1.0 lL 25 mM

MgCl2, 1.0 lL dNTPs, 0.5 lL DMSO, 0.5 lL BSA,

0.4 lL primers and 0.3 lL Taq polymerase. The PCR

profile consisted of 3 min at 80 �C; 33 cycles of 45 s at

94 �C, 45 s at 50–54 �C, 1 min at 65 �C; and 7 min at

65 �C, performed in a T1 thermocycler.

The PCR of the nuclear DNA region was performed

in a 20 lL reaction volume. Double-distilled water

was added to 15–20 ng template DNA, 2.0 lL 109

Table 1 Details of sample locations of all seven extant populations of M. delavayi from south-western China

Population code Locality Province Latitude (N) Latitude (E) Altitude (m)

PZH Panzhihua Sichuan 26�360 101�350 1,170

BT Butuo Sichuan 27�200 102�500 1,060

NT Nantian Sichuan 28�140 103�340 420

ZT Zhongtian Sichuan 28�270 103�490 380

QJ Qiaojia Yunnan 26�520 102�570 1,310

YS Yongshan Yunnan 28�130 103�380 640

SJ Suijiang Yunnan 28�360 103�590 330
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PCR buffer, 1.0 lL 25 mM MgCl2, 1.0 lL dNTP,

0.5 lL DMSO, 0.5 lL BSA, 0.4 lL primers and

0.3 lL Taq polymerase, for a total volume of 20 lL.

Samples were amplified in a DNA thermal cycler

(Takara Bio) programmed for denaturation at 94 �C

for 3 min followed by 36 cycles of 94 �C for 45 s,

50 �C for 45 s and 72 �C for 1 min 30 s, with a final

extension step of 10 min at 72 �C.

All PCR products were sequenced in both direc-

tions using the same primers used for the amplification

reactions in (an ABI 3770 auto-mated sequencer,

Shanghai Sangon Biological Engineering Technology

and Services Company).

Data analysis

The software SeqMan (DNAStar, Madison, WI, USA)

was used to edit and assemble the complementary

strands. Sequence alignment was performed using

ClustaX version 1.81 (Thompson et al. 1997) default

gap penalties and manual verification were performed

using BioEdit 7.0.5 (Hall 2005).

Population and phylogeographical analyses

Haplotypes were defined by analyzing sequences with

DNASP 4.01 (Rozas et al. 2003). Haplotype diversity

Fig. 1 Sampling locations and distribution frequencies of

mitotypes (small circles) and chorotypes (larger circles) of M.

delavayi populations with networks of the mitotypes (upper left)

and chlorotypes (upper right) constructed by using TCS 1.2.1.

The size of the circles in the network is proportional to the

observed frequencies of the haplotypes. Each solid line represents

one mutational step, and small blank circles indicate hypothetical

missing haplotyes. The population names correspond to those

used in Table 1. The flashing logo shows the location of the

hydropower stations in the middle/lower of Jinsha River. Orange

indicates hydropower stations that are under construction and

blue represents hydropower stations that are in preparation. See

Table 7 for the definitions of hydropower station abbreviations.

The blue line represents the Jinsha River. (Color figure online)
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(Hd) and nucleotide diversity (p) were estimated in

ARLEQUIN 3.01 (Excoffier et al. 2005). The contri-

butions of each population to the total haplotypic

diversity (CT) and total haplotypic richness (CTR) were

estimated using CONTRIB 1.02 (Petit et al. 1998;

http://www.pierroton.inra.fr/genetics/labo/Software/

Contrib/) and partitioned into two components: the

contribution due to a population’s own level of

diversity (Cs and Crs) and its differentiation from

other populations (Cd and Crd; Petit et al. 1998).

PERMUT (Pons and Petit 1996) was used to calcu-

late the within-population diversity (HS), total

diversity (HT), average gene diversity among-popu-

lations (GST) and degree of population subdivision at

the nucleotide level (NST). A permutation approach

with 1,000 permutations was used to test whether NST

was significantly larger than GST, i.e., whether there

was a correspondence between haplotype similarities

and their geographic distributions. The phylogenetic

relationships among the haplotype were estimated

using the median-joining algorithm, as implemented

in TCS version 1.21 (Clement et al. 2000). To

quantify the proportion of total genetic variance

explained by the differences between populations or

groups of populations, we used analyses of molecular

variance (AMOVA; Excoffier et al. 2005), as

implemented in ARLEQUIN, with 1,000 permuta-

tions to test for the significance of partitions. In this

analysis, the populations of M. delavayi were divided

into two groups: one group included the four popu-

lations from the north bank, and the other group

included the three populations from the south bank.

The total variance was partitioned into among-group,

among-population within group and within-popula-

tion components. To assess potential isolation by

distance patterns, we evaluated the significance of

the correlation between the matrix of genetic distance

and the matrix of geographic distances between

population pairs using Mantel tests (Mantel 1967)

with 1,000 random permutations.

Demographic analyses

The hypothesis of population expansion was tested

using various approaches. Pairwise mismatch distri-

bution (Rogers and Harpending 1992) was estimated

in DNASP. Neutrality tests, Tajima’s D (Tajima 1989)

and Fu and Li’s (1993) F* and D*, which consider the

frequency of mutation and segregating sites were

computed in DNASP and ARLEQUIN. The demo-

graphic history of a population could be inferred by

comparison of such neutrality tests, given that range

expansion is suggested when Tajima’s D is signifi-

cantly negative but F* and D* are not (Fu 1997). The

goodness-of-fit of observed mismatch distributions to

the theoretical distribution under a sudden (stepwise)

expansion model (Rogers and Harpending 1992) was

evaluated based on the sum of squared deviations

(SSD) between the observed and expected mismatch

distributions and on the raggedness index (R) of

Harpending (1994).

Results

Mitochondrial genealogy

The mtDNA fragment 18sf-5sR of M. delavayi is

conserved in length, being 616 bp. Three small indels

were detected, allowing the designation of three distinct

mitochondrial haplotypes (i.e., mitotypes; GenBank

accessions numbers KJ566204—KJ566206). Two mi-

totypes (M1 and M2) exhibited frequencies above 5 %,

whereas M3 is a population-specific haplotype of

Qiaojia (QJ; Table 2; Fig. 1).

The contributions from the diversity (Cs and Crs)

and differentiation (Cd and Crd) components of each

M. delavayi population are presented in Table 3. The

highest Cs and Crs values were identified in the

populations Nantian (NT) and QJ, respectively. In

contrast, the highest Cd and Crd values were observed

in the populations Panzhihua (PZH), Suijiang (SJ), and

Zhongtian (ZT).

Chloroplast genealogy

A total of 1,514 bp from two cpDNA regions (trnT-

trnL intergenic spacer—910 bp, and trnS-trnG intron—

604 bp) of 70 individuals of M. delavayi were sequenced.

These cpDNA sequences represented nine haplotypes

with 14 polymorphic sites, including four transitions, four

transversions and six indels, and were used to designate

nine chloroplast haplotypes (i.e., chlorotypes; GenBank

accessions numbers: trnS-trnG KJ566197—KJ566203;

trnT-trnL KJ566207—KJ566211; Table 2). Five chlor-

otypes were common (frequency[5 %):C1 (50 %), C3

(8.6 %), C5 (14.3 %), C6 (14.3 %) and C9 (5.7 %). Two

of the seven analyzed populations were monomorphic
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(PZH and QJ), and the remaining populations included

two to three haplotypes (Table 2; Fig. 1). Haplotypes C2,

C7 and C8 were unique to populations Butuo (BT),

Yongshan (YS) and ZT, respectively (Table 2). Only

haplotypes C1 and C4 were found in more than one

population.

The molecular diversity indexes are shown in

Table 2. The haplotype diversity (Hd) for each

population ranged from 0 to 0.644, and the nucleotide

diversity (p) ranged from 0 to 0.00049 (Table 2).

The highest Cs and Crs values were identified in

populations ZT and NT due to their higher Hd values

and haplotype richness (Tables 2, 3). In contrast, the

highest Cd and Crd values were observed in popula-

tions PZH and QJ (Table 3). These contributions to

genetic differentiation were most likely due to the

unique mutations found in these two populations (see

haplotypes C5 and C6 in Table 2).

Nuclear genealogy

Among the 70 M. delavayi individuals that were used

in the final GS687f-994r gene analysis, six haplotypes

were designated based on six substitutions in the

sequence alignment (1,097 bp, GenBank accessions

numbers KJ566212—KJ566217). Six alleles were

shared among populations, and all of the alleles had

frequencies greater than 5 %, including H1 (37.1 %),

H2 (40 %), H3 (8.6 %), H5 (7.1 %) and H6 (5.7 %)

(Fig. 2). The highest Cs and Crs values were identified

in populations YS and PZH due to their higher Hd

values (Tables 2, 3). In contrast, the highest Cd value

was observed in population BT and the highest Crd

value was observed in population YS (Table 3).

Diversity and genetic structure

In the cpDNA data, there was an insignificant

association between the genetic and geographic dis-

tances (r = 0.506, P [ 0.05; values shown in Fig. 3),

which did not support isolation by distance between

M. delavayi populations. The scatter plot in Fig. 3

illustrates the relationship between the genetic and

geographic distances. At the population level, the total

diversity (HT) was estimated to be 0.774, and the

within-population diversity (Hs) was 0.263 (Table 4).

Insignificant population differentiation was observed,

with GST = 0.659 and NST = 0.855 (GST \ NST,

P [ 0.05; Table 4).T
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Table 3 The contribution to the total haplotype diversity (CT

subdivided into a population’s own level of diversity (Cs) and

differentiation from other populations (Crs)) and haplotypic

richness (CTR subdivided into a population’s own level of

diversity (Cd) and differentiation from other populations (Crd))

of all extant populations of M. delavayi using the mtDNA,

cpDNA and nDNA haplotypes

Pop. mtDNA cpDNA nDNA

Cs Cd Crs Crd Cs Cd Crs Crd Cs Cd Crs Crd

PZH -0.038 0.052 -0.043 0.068 -0.057 0.174 -0.05 0.207 0.045 0.033 0.055 0.131

BT -0.038 0.041 -0.043 0.058 -0.014 -0.071 -0.008 -0.07 -0.09 0.086 -0.07 0.022

NT 0.064 -0.096 0.071 -0.071 0.072 -0.039 0.06 0.054 -0.09 0.068 -0.07 0.009

ZT -0.038 0.052 -0.043 0.068 0.082 -0.094 0.062 0.002 0.03 -0.088 0.01 -0.081

QJ 0.07 -0.067 0.078 -0.044 -0.057 0.174 -0.05 0.207 0.035 0.011 0.01 0.107

YS 0.019 -0.036 0.021 -0.015 -0.014 -0.071 -0.008 -0.07 0.055 -0.041 0.057 0.024

SJ -0.038 0.052 -0.043 0.068 -0.014 -0.072 -0.008 -0.073 0.015 -0.069 0.007 -0.078

Fig. 2 Geographical distributions and frequencies of the

Gs687f-994r nuclear gene alleles detected in M. delavayi

populations, with haplotypes networks (upper left). In the

network, the size of the circles is proportional to the observed

frequencies of the haplotypes. For population codes, see Table 1
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For the nDNA locus, there was a significant

association between genetic and geographic distances

(r = 0.618, P \ 0.05; Fig. 3), supporting isolation by

distance between M. delavayi populations. There was

an unmarked phylogeographic structure across all

populations in which the NST value was insignificantly

larger than the GST value (GST = 0.460, NST = 0.507,

GST \ NST, P [ 0.05; Table 4), i.e., there was a

negative correlation between haplotype similarities

and their geographic distributions.

The AMOVA analysis indicated very strong dif-

ferentiation among all M. delavayi populations

(cpDNA: FST = 0.860, P \ 0.01 and nDNA:

FST = 0.553, P \ 0.01). At the regional scale, most

of the variability was attributed to differences among-

populations within groups (94.6 and 58.55 % in

cpDNA and nDNA, respectively, Table 5). No vari-

ability was found among groups, with only -9.10 and

-4.04 % (means = zero) of the total variation resid-

ing among groups in cpDNA and nDNA, respectively.

A low level of within-population variability was

detected for cpDNA (14.5 %). In contrast to the

cpDNA result, nDNA-based within-population vari-

ability was much higher (45.49 %).

Insignificantly negative Tajima’s D (D = -0.32744,

P[ 0.10) and Fu and Li’s D* and F values (D =

-0.07423, F = -0.18837, P[ 0.05) were obtained

from the chloroplast sequence analysis (Table 6). Nei-

ther Tajima’s D nor Fu and Li’s D and F (Table 6) for the

nDNA locus dataset deviated from the expectation of

neutrality.

In the M. delavayi populations, the mismatch

distribution model was multiple (Fig. 4) for each

sequence taken separately. These results provide no

evidence of recent demographic population growth in

M. delavayi, although the SSD and raggedness index

values did not reject a sudden expansion model

(Table 6).

Discussion

Genetic diversity and population differentiation

Generally, for a rare species, low levels of within-

population polymorphism and considerable popula-

tion structure are expected (Schaal et al. 1998). In this

study, the genetic diversity and genetic structure of

seven populations of M. delavayi distributed in the

dry-hot valley of south-western China were analyzed

(a) cpDNA  r=0.506, P>0.05

(b) nDNA  r=0.618, P<0.05 
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Fig. 3 Scatter plots showing the relationship between genetic

distance (GD) and geographic distance (GGD) for all seven M.

delavayi populations investigated a based on cpDNA and

b based on nDNA

Table 4 Average gene diversity within population (HS), total

gene diversity (HT), inter population differentiation (GST) and

number of substitution types (NST) (mean ± SE in

parentheses) within the extant populations of M. delavayi

based on mtDNA, combined cpDNA and nDNA, calculated

with PERMUT using a test with 1,000 permutations

Markers HS HT GST NST

mtDNA 0.133 (0.0663) 0.580 (0.0130) 0.770 (0.1209) 0.771 (0.1186)

cpDNA 0.263 (0.0987) 0.774 (0.1106) 0.659 (0.1534) 0.855 (0.0985)

nDNA 0.400 (0.1054) 0.740 (0.0731) 0.460 (0.1336) 0.507 (0.1028)
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based on the sequence variability in their mitochon-

drial, chloroplast and nuclear genomes. The genetic

structure of M. delavayi was characterized by low

genetic variation within populations and high genetic

differentiation between populations, as indicated by

the FST, GST and NST estimates (0.860, 0.659 and

0.855, respectively based on cpDNA and 0.558, 0460

and 0.507, respectively based on nDNA).

The strong fragmentation of the HMR region by

geographical barriers such as mountains and fluvial

valleys induces limited gene flow between popula-

tions, as illustrated for M. delavayi by the Mantel test.

The results of the Mantel test from nDNA indicate a

significant association between genetic and geograph-

ical distances (r = 0.618, P \ 0.05), implying a

correlation between haplotypes/lineages and geo-

graphic distribution. In this study, the genetic differ-

entiation among-populations were higher than that

observed within-populations for cpDNA and nDNA.

The population structure of M. delavayi at the species-

wide scale based on cpDNA and nDNA indicates that

contemporary gene flows via both seed and pollen are

restricted in this species. The speculation that numer-

ous fruits drop only in the vicinity of the mother plant

was based on the field observation that many seedlings

were present near the stock plants. At present, no

comprehensive studies have been conducted concern-

ing the reproductive strategies of M. delavayi. How-

ever, its small flowers with 2 cm long corolla tubes

suggest an insect pollination pattern with limited gene

flow (Chen 1997). Given the combined effects of

potentially limited seed dispersal and the flying range

of insects, the gene flow in M. delavayi is restricted.

Several mountains and rivers cross the HMR

region. This environmental complexity could have

resulted in multitudinous geographical barriers

between populations and species and consequent,

restriction of gene flow between populations distrib-

uted in different regions. This hypothesis is supported

by the results of a Mantel test based on nDNA; these

results indicate a significant association between

genetic and geographical distances (r = 0.618,

P \ 0.05), and imply a correlation between haplo-

types or lineages and geographic distribution. In this

Table 5 Results of analysis of molecular variation (AMOVA) of M. delavayi from the all seven extant populations using combined

cpDNA sequences and nDNA

Genome Source of variation df SS VC Variation (%) Fixation index

cpDNA Among populations 6 48.343 0.79286 86.05 FST = 0.86047**

Within populations 63 8.100 0.12857 13.95

Among groups 1 5.751 0.08701 -9.10 FST = 0.85502**

Among populations with groups 5 42.592 0.83898 94.60

Within populations 63 8.100 0.12857 14.50

nDNA Among populations 6 24.943 0.38460 55.28 FST = 0.55282**

Within populations 63 19.600 0.31111 44.72

Among groups 1 3.368 0.02762 -4.04 FST = 0.54508**

Among populations with groups 5 21.575 0.40039 58.55

Within populations 63 19.600 0.31111 45.49

d.f. degree of freedom, SS sum of squares, VC variance components; grouping of populations: the Jinsha River north bank group

(populations PZH, BT, NT and ZT) and the south bank group (populations QJ, YS and SJ; for population codes see Table 1)

** P \ 0.01

Table 6 Results of neutrality tests (Tajima test and Fu & Li tests) and mismatch distribution analysis (sum of squared deviation

(SSD), raggedness index and its significance) based on cpDNA and nDNA sequences data of all seven extant M. delavayi populations

Markers Tajima’s D Fu&Li’S D Fu&Li’S F SSD P value Raggedness index P value Mismatch distribution

cpDNA -0.32744* -0.07423* -0.18837* 0.06687 0.14 0.14043 0.07 Multiple

nDNA 0.05627* 1.14838* 0.93381* 0.00556 0.37 0.06222 0.61 Multiple

* P [ 0.05
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study, the genetic differentiation of cpDNA and

nDNA was higher among-populations than it was

within-populations. The haplotype distribution also

demonstrates that the populations on two opposite

banks harbor unique haplotypes based on cpDNA and

nDNA. Accounting for the different modes of trans-

mission of the three plant genomes, these results

suggest that the Jinsha River plays an important role as

a barrier that prevents the dispersal of seeds and pollen

of M. delavayi.

Demographic history

Climate changes during the last glacial maximum

(LGM) had dramatic effects on plant range fragmen-

tation, vicariance, and population isolation (Harrison

et al. 2001). An expansion–contraction (EC) model

has been proposed to describe some plants’ responses

to glacial, interglacial and postglacial periods (Qiu

et al. 2011). In glacial periods, organisms retreated to

low altitude refugia and then rapidly expanded during

inter- and postglacial periods. Some arctic-alpine

plants could also have survived in ice-free areas on the

central plateau region during the ice age. Plants at low

altitude (e.g., in dry-hot or dry-warm valleys) expe-

rienced a smaller magnitude of Quaternary climatic

and environmental change, mostly survived in situ,

and did not experience the same population expansion

or bottleneck effects as did plants elsewhere in the

region (e.g., Terminalia franchetii and Leucomeris

decora) (Zhang et al. 2011; Zhao and Gong 2011).

For M. delavayi, a bimodal mismatch distribution

and Fu’s Fs based on cpDNA and nDNA suggest that

this species survived the glacial periods without

population growth, although the SSD and R showed

non-significant deviations. Non-significant deviations

from neutrality were observed in the neutrality tests,

indicating that M. delavayi did not experience a

bottleneck event. These results suggest that popula-

tions of M. delavayi might have survived in situ during

the glacial period, in contrast with the model of EC.

However, climatic oscillations are still influencing the

existing populations of M. delavayi, and the sizes of

these populations may be shrinking, with climatic

oscillations perhaps even causing populations to go

extinct in some places. As shown in the cpDNA

network, a large number of missing haplotypes

between populations PZH and QJ indicated the

extinctions may have eliminated some once existed

haplotypes (Ribeiro et al. 2010).

Based on the above findings, we conjecture that

populations of M. delavayi might have survived in situ

during glaciations. Since then, the species has expe-

rienced neither bottleneck effects nor population

expansion, in accord with the results obtained for the

sympatric endemic species Terminalia franchetii

(Zhang and Sun 2011). In other studies, the low level

of chloroplast DNA haplotypic diversity found in

Leucomeris decora indicated that this species experi-

enced an historic population bottleneck without a

recent population expansion (Zhao and Gong 2011).

The high level of population differentiation and

significant genetic structure of M. delavayi found in

our study implies that limited gene flow between

populations and possible changes due to hydropower

construction are the main factors restricting the

survival of this species. Addition studies on a wide

range of species endemic to dry-hot valleys are

Fig. 4 Distribution of the number of pairwise nucleotide

differences for a cpDNA and b nDNA of M. delavayi all extant

populations. The solid line shows the observed values and the

dashed line represents expected values under a model of sudden

(step wise) population expansion. The dashed line shows the

observed values and the solid line represents expected values

under a model of sudden (step wise) population expansion
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required to provide a better understanding of the

factors that have influenced the evolutionary history of

this region’s flora and fauna.

Possible changes associated with the hydropower

stations

Genetic analysis revealed that the Jinsha River has

split the populations of M. delavayi. From this

analysis, it can be inferred that the expected changes

associated with the construction of hydropower

stations will severely affect the survival of this

species. Four main hydropower stations are either

under construction or will be constructed in the

Middle/Lower Jinsha River: Wudongde (WDD), Bai-

hetan (BHT), Xiluodu (XLD) and Xiangjiaba (XJB).

The location of these hydropower stations overlaps

with the distribution of M. delavayi (Fig. 1). The

construction of hydroelectric power stations will

change the environment and climate of the Jinsha

River and affect the growth of local plants, primarily

in the following ways: (1) After the completion of

hydropower stations, the water level upstream will rise

(details are shown in Table 7), which will significantly

alter the ecological niches and environment of most

regions from the mid- to the lower reaches of the

Jinsha River. The water level at the damsite will

increase by a maximum of 230 m, resulting in flooding

that will impact individuals and the habitats of some

species near the river, including the populations

distributed in NT, ZT and SJ, which will make the

landscape of the dry-hot valley more fragmented than

it was previously. (2) The water surface area will

greatly increase due to water impounding, which may

change the micro-environment. The width of the river

at the damsite may increase by more than 500 m

(shown in Table 7). On the one hand, dryness and heat

are two main environmental characteristics of the dry-

hot valley (Ou 1994), which experiences annual mean

temperatures of 18–23 �C and annual precipitation of

500–800 mm (Jin 1999). The rainy season lasts from

May to November with more than 90 % of the

precipitation occurring during this period. The flow-

ering period of M. delavayi ranges from May to July

(Chen 1997). Due to widening of the water surface, the

daily and annual temperature ranges will narrow,

which may alter the phenophase of M. delavayi. At the

same time, the overall humidity of the region will

increase, which is harmful to drought-adapted M.

delavayi. On the other hand, widening of the river

might interfere with the exchange of genes between

populations located on opposite sides of the Jinsha

River, as the seed and pollen flow across the river will

be inhibited. (3) The construction of a hydroelectric

station produces a large amount of waste, which will

change the soil structure, influence the local ecological

environment and ultimately affect the growth of local

plants (Mu et al. 2010).

Conservation strategy

Small populations of rare and endangered species have

higher risks of extinction than do larger and more

stable species, especially when gene flow between

populations is restricted (Barrett 2002). DNA

sequence and genetic diversity data, if sampled

thoroughly in terms of both populations and genes,

can contribute to the development of effective

Table 7 Describe the information of the main four hydropower stations in the middle/lower Jinsha River

The name of

hydropower

stations

Code Locality Water level at

dam site (m)

Water width at dam

site (m)

Populations of

M. delavayi and

it’s altitude (m)
Before After Before After

Wudongde WDD Border zone of Luquan and Huidong 800 980 – – PZH (1,170)

Baihetan BHT Border zone of Qiaojia and Ningnan 580 820 100–200 200–400 QJ (1,310) BT (1,060)

Xiluodu XLD Border zone of Yongshan and Leibo 370 600 80–100 700 YS (640) NT (420)

Xiangjiaba XJB Border zone of Shuifu and Yibin 270 380 – – ZT (380) SJ (330)

Locality describes that the hydropower station is located at the border zones of a country in Yunnan province and the other country in

Sichuan province. Water level and water width at damsite indicate the water level and width before and after hydropower

construction, and the data come from the internet. Population(s) of M. delavayi in the location of hydropower station and its altitude is

reported

– No found data

1392 Genet Resour Crop Evol (2014) 61:1381–1395

123



conservation strategies. The genetic data obtained in

this study for M. delavayi were based on mitochondrial

DNA, chloroplast DNA and nuclear DNA. Because M.

delavayi is a vulnerable species from a global

biodiversity hotspot and considering the precautionary

principle (Myers 1993), we suggest that it is important

to use the obtained DNA data to inform conservation

measures for this species.

The criteria for the selection of priority populations

to be conserved must include both the uniqueness of a

population and its diversity, especially in terms of its

allelic composition (Petit et al. 1998). Among the

extant populations of M. delavayi, population QJ

(based on mtDNA), populations BT, NT, YS, SJ and

ZT (based cpDNA) and populations PZH, QJ and YS

(based on nDNA) possess not only the common

haplotypes but also the private haplotypes and should

therefore be targeted for in situ conservation; enlarg-

ing the sizes of these population should be a high

priority. Based on cpDNA, the NT and ZT populations

make the greatest contribution to the total diversity of

M. delavayi, whereas the PZH and YS populations

make the greatest contributions based on nDNA.

These four populations should be considered when

sampling seeds for ex situ conservation. In addition,

special attention should be given to the PZH popula-

tion, which shows relatively high genetic divergence

based on its nDNA and possesses several unique

haplotypes (H3, H4 and C5). One possible explanation

for the differentiation of the PZH population from

other populations of M. delavayi is that PZH is

distributed in the Panzhihua Cycad National Nature

Reserve, which has been less disturbed remains and

more diversified than other habitats; this is consistent

with the idea that a population existing in a stable

habitat will most likely contain more special haplo-

types and greater genetic diversity than other popula-

tions of the same species (Ribeiro et al. 2010).

Given the current severe habitat loss and fragmen-

tation resulting from hydropower construction, habitat

conservation that allows a large number of individuals

to survive will be very important for the conservation

of M. delavayi. After the hydropower stations are

constructed, some habitats of M. delavayi will be

flooded, including the populations distributed in NT,

SJ, and ZT counties. To protect these groups, ex situ

conservation should be given priority over in situ

conservation and the high-altitude populations PZH,

BT, YS and QJ should be targeted for in situ

conservation. Ex situ conservation measures, includ-

ing seed collection, transplantation to nearby reserve

areas, and botanical gardens (e.g., Kunming) and

reintroductions at appropriate sites with similar hab-

itats near the wild populations, are also necessary for

the recovery and maintenance of wild populations.

Such measures, will finally sustain the genetic diver-

sity of this species in this biodiversity hotspot. Seed

collection strategies for the establishment of ex situ

seed banks in the China Germplasm Bank of Wild

Species, Kunming Institute of Botany, Chinese Acad-

emy of Sciences, could be adopted for these popula-

tions. For ex situ conservation, great emphasis should

be placed on protecting as many endangered popula-

tions as possible, because a larger portion of genetic

diversity exists among rather than within populations.

Based on the above analysis, the population QJ

should be listed as apriority for protection, because it

shows high genetic diversity and possesses unique

haplotypes based on its mitochondrial, chloroplast and

nuclear genomes. The second priority protection

populations are YS and PZH. The PZH population,

which is located in nature reserves, should also be

given a high priority because of the lower cost of

conserving reserve populations.
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