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Abstract Rhododendron delavayi Franch. is an ecologi-

cally and horticulturally important tree species distributed

in a global biodiversity hotspot in southwest China, an area

with high level of human-induced habitat degradation and

fragmentation. In an attempt to explore the level of genetic

diversity and population differentiation in the remnant

populations of R. delavayi var. delavayi (C. B. Clarke)

Ridley, we assessed patterns of chloroplast (trnS-trnG and

trnL-trnF) and nuclear (RPB2-i) DNA variation in 327

individuals representing 17 natural populations from

southwest China. Analyses revealed two phylogeographic

groups, with similar circumscription between the two

markers. We found moderate levels of genetic differenti-

ation (cpDNA: NST = 0.125; GST = 0.114 and nuclear

DNA: NST = 0.261; GST = 0.152). Both genomes dem-

onstrate significant correlation between genetic and geo-

graphic distances (cpDNA: r2 = 0.248, p = 0.001 and

nuclear DNA: r2 = 0.250, p = 0.001). The genetic diver-

sity was positively associated with an increase in longitude.

Populations from the eastern region of the Yungui plateau,

representing potential refugial area for R. delavayi var.

delavayi, registered higher haplotype diversity and allelic

richness. The mismatch distribution analysis rejected rapid

population expansion. The overall population expansion

time for R. delavayi var. delavayi was estimated to be

0.208–0.624 mya. The complex landscape of southwest

China and the human-induced fragmentation of the natural

habitat have led to significant pairwise population differ-

entiation and moderate genetic diversity (cpDNA: 0.626

and nuclear DNA: 0.506) and haplotypic richness (cpDNA:

4.01 and nuclear DNA: 2.589) in R. delavayi var. delavayi.

Based on these findings, we recommend strategies for the

conservation and sustainable management of R. delavayi

var. delavayi.
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Introduction

Biodiversity conservation is becoming increasingly chal-

lenging in the face of climate change and high levels of

anthropogenic activities (Rands et al. 2010). In response to

the increasing biodiversity loss and habitat degradation,

areas with high endemism, species richness, and a high
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number of threatened species have been designated as bio-

diversity hotspots (Myers et al. 2000; Mittermeier et al.

2005). China is one of the world’s mega-diversity countries

and is ranked third in terms of global plant biodiversity (Liu

et al. 2003; López-Pujol et al. 2011). Three out of 34 bio-

diversity hotspots lie completely or partially inside the

political boundary of China (Mittermeier et al. 2005). The

south western provinces viz. Guangxi, Guizhou, Sichuan,

and Yunnan posses the highest species diversity of all the

provinces (Zhang and Ma 2008). Due to complex physiog-

raphy and climate patterns, southwest China significantly

contributed to floral diversity (Wu 1965; Ying 2001) with

the occurrence of multiple refugia (Wang and Liu 1994; Wu

and Wu 1998; Wang et al. 2009). This region is also the

center of diversity for many economically and ecologically

important species such as Gentiana, Pedicularis, Primula

and Rhododendron (Milne et al. 2010; Li and Li 1993).

Unfortunately, south west China also has the highest number

of threatened species (Zhang and Ma 2008). In the past, this

area has suffered tremendous pressure mainly due to

excessive logging, conversion of forest into agricultural

land, overgrazing, mining, and infrastructure development

(Xu and Wilkes 2004; Yang et al. 2004; Pu et al. 2007).

Reforestation programs have been implemented over the last

few decades, but in the majority of logged natural forest

areas, the monospecific plantations of exotic plants have

completely replaced the native species (Xu and Wilkes

2004). The direct impact of habitat destruction is fragmen-

tation and subsequent reduction of population sizes of sev-

eral native species. Increased isolation of population and

declining reproductive size have negative demographic and

genetic consequences on the wild species (Frankham 2005).

Habitat degradation and fragmentation are major threats to

the native species along the region. Hence for the conser-

vation and sustainable management of several native species

in this biodiversity-rich area, major steps need to be taken.

(Xu and Wilkes 2004; Yang et al. 2004).

Rhododendron L., which exhibits its highest concentration

of species in northwest Yunnan and adjacent areas, is the

largest genus (with more than 650 species) of the family

Ericaceae in China (Kron et al. 2002). This woody genus is

famous for its horticultural importance. Rhododendron del-

avayi Franch. (subgenus Hymenanthes, section Ponticum and

subsection Arborea) is one of the most widely distributed

species in southwest China, covering the region of the

Yunnan and Guizhou (Yungui) plateau and the adjoining

areas of Myanmar and northeast India (Fang et al. 2005;

Chamberlain et al. 1996). Taxonomically, two varieties have

been identified in this species, Rhododendron delavayi var.

peramoenum (I. B. Balfour and Forrest) T. L. Ming with

narrow leaves and reported from western Yunnan, NE India

and Myanmar and Rhododendron delavayi var. delavayi (C.

B. Clarke) Ridley with relatively broad leaves than former

and shows extensive distribution throughout the range in

China (Fang et al. 2005). These charismatic taxa grow in

mixed broad-leaved forests and rocky slopes. Given an

extensive occurrence of Rhododendron delavayi var. dela-

vayi at an altitude range of 1,200–3,200 m, where excessive

anthropogenic activities are prevalent, the remnant wild

populations of this plant are highly isolated in several forest

fragments, which remain at the top of mountains or along the

edge of croplands. In this context, var. delavayi, is most

likely susceptible to demographic stochasticity and the

genetic effect of habitat fragmentation. Within the Sino-

Himalaya region, human influence has impacted on the

rhododendrons for many years. Tree rhododendrons are

extensively used for charcoal, and as timber for furniture

(Wangchuk 2011; Cox and Cox 1997). Habitat fragmentation

and replacement of the natural forest of var. delavayi with

pine trees have been reported before (i.e., Xu et al. 2007) and

was also observed in several areas during specimen collec-

tion (personal observation of the authors). In general, long

lived, woody trees with effective pollen and seed dispersal

tend to have low effects of fragmentation (Hamrick et al.

1992). However, there is paucity of information on the effect

of human-induced habitat destruction and fragmentation in

Rhododendron, which is insect pollinated and seeds are

dispersed by wind (Ng and Corlett 2000; Tian et al. 2011).

There have not been any species level studies carried out

on the genetic structure and population differentiation of

Rhododendron species in southwest China (Yungui pla-

teau), despite it being regarded as a diversity hotspot for

Rhododendron (Chamberlain. 1982; Milne et al. 2010). For

the most part, previous studies on Rhododendron have

focused on phylogeny, taxonomic identification, and nat-

ural hybridization using limited samples (Goetsch et al.

2005; Zhang et al. 2007b; Milne et al. 2010; Ma et al. 2010;

Zha et al. 2010). The power of molecular markers in

determining plant diversity has been confirmed by

numerous studies (Holderegger and Abbott 2003). In this

study, we used two chloroplast markers (trnL-F and trnS-

G), and one nuclear marker (RPB2-i) to investigate popu-

lation genetic structure and differentiation within and

among populations of Rhododendron delavayi var. dela-

vayi, that has extensive distribution in southwest China.

The use of markers from different genomes can provide

more information about the spatial distribution of genetic

diversity and the level of population differentiation (Ikeda

et al. 2008; Huang et al. 2011) which will then be more

accurate to designate appropriate conservation priorities for

specific populations and regions that need more attention.

This study was conducted to answer the following

questions: (1) What are the levels of genetic diversity

within and among populations of Rhododendron delavayi

var. delavayi in southwest China? (2) How have historic

and contemporary events influenced the current pattern of
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genetic structure? (3) Does any phylogeographic differen-

tiation exist across the remnant populations of var. dela-

vayi? Finally, the implications of these findings are

discussed with suggestions for the conservation and sus-

tainable management of Rhododendron delavayi var. del-

avayi and its habitat.

Materials and methods

Population sampling of Rhododendron delavayi var.

delavayi

In total, leaf samples of 327 trees originating from 17

populations covering almost the entire distribution range of

Rhododendron delavayi var. delavayi within southwest

China were collected. Wherever possible, 17–20 individ-

uals of adult trees at least 100 m apart were sampled from

each population. Identification of collected individuals was

based on morphological characteristics such as corolla

color, indumentum on the ventral leaf surface, style surface

(R. delavayi var. delavayi has a smooth surface, while the

hybrids have grains or short hairs on the surface) and hairy

young shoots (Zhang et al. 2007b). The locations of each

population included in this study are provided in Table 1.

Leaves were dried in silica gel immediately after collection

and stored at room temperature until DNA extraction.

DNA extraction, amplification and direct sequencing

Total DNA was extracted from silica gel-dried leaf tissue

using the modified CTAB method (Doyle and Doyle 1987;

Kobayashi et al. 1998). The quality and concentration of

the extracted DNA was assessed by agarose gel electro-

phoresis with known concentrations of uncut lambda DNA

(Takara, Dalian, China). Preliminary primer screening was

conducted for chloroplast DNA (hereafter cpDNA)

amplification and polymorphism in R. delavayi var. dela-

vayi on five individuals each from all the collected popu-

lation using five different primer pairs: trnH-psbA, trnS-G,

rpl20-rps12, psbB-F (Hamilton 1999) and trnL-F (Taberlet

et al. 1991). The two regions, the trnS-G and trnL-F

revealed sequence variations within the individuals exam-

ined and were then used for a large-scale survey of hap-

lotype variation in R. delavayi var. delavayi. Polymerase

Chain Reaction (PCR) was performed using a PTC-100

thermocycler (MJ Research, Watertown, MA, USA), with a

final volume of 50 ml containing 20 ng of template DNA,

10 mMTris-HCl, pH 8.3, 50 mMKCl, 2 mM MgCl2,

200 mM of each dNTP, 400 pmol of each primer and 1 U

of Ex-taq (Takara, Kyoto, Japan) with the following tem-

perature profile: an initial 2 min denaturing at 94 �C then

33 cycles of 1 min denaturing at 94 �C, 1 min primer

annealing at 50 �C, and 1 min primer extension at 72 �C

and a final 10 min extension at 72 �C. To obtain nuclear

Table 1 Population locations, numbers of sample size, the estimates of chloroplast and nuclear diversity within the 17 populations of

Rhododendron delavayi var. delavayi

SN Population Locality/province Longitude Latitude Altitude N Chloroplast Nuclear

Hn Hd p HR Hn Hd p HR

1 JY Junzi shan, Yunnan 104.16 24.64 2,306 20 3 0.574 0.00079 1.80 4 0.574 0.00128 2.60

2 ZY Zhujiang, Yunnan 103.92 25.89 2,370 20 5 0.758 0.00091 3.60 4 0.732 0.00269 2.80

3 WY Guanpo, Yunnan 102.11 25.65 2,200 20 3 0.689 0.00068 2.00 2 0.268 0.00022 1.00

4 TY Tanhua, Yunnan 101.23 25.96 2,100 18 3 0.629 0.00062 2.00 2 0.209 0.00017 0.99

5 CY Zixi shan, Yunnan 101.40 25.03 2,250 18 4 0.723 0.00071 2.99 2 0.294 0.00024 1.00

6 XY Mopan shan, Yunnan 101.99 23.94 2,500 18 4 0.660 0.00078 2.99 4 0.595 0.00253 2.88

7 HY Huotou, Yunnan 103.01 24.31 2,330 20 3 0.679 0.00069 2.00 2 0.442 0.00036 1.00

8 WG Yanchan, Guizhou 104.39 26.94 2,352 20 6 0.705 0.00105 4.20 4 0.721 0.0031 2.80

9 LG Dafang, Guizhou 105.70 27.19 1,693 20 6 0.705 0.00105 4.87 5 0.790 0.00333 3.80

10 AY Ailao Shan, Yunnan 101.03 24.54 2,627 20 3 0.532 0.0005 1.97 3 0.358 0.00108 1.94

11 NG Shui dong, Guizhou 105.50 26.77 1,800 20 5 0.763 0.00123 3.91 4 0.737 0.00273 2.97

12 AS Ai kao, Sichuan 101.60 27.18 2,500 20 2 0.100 0.00015 0.80 2 0.268 0.00152 1.00

13 NY Ning Lang, Yunnan 100.89 26.85 2,700 18 3 0.307 0.00046 1.88 2 0.111 0.00054 0.89

14 LY Laojun shan, Yunnan 99.82 26.64 2,700 19 3 0.292 0.00036 1.83 3 0.368 0.00083 1.84

15 EY Luoping shan, Yunnan 99.86 26.00 3,000 20 4 0.363 0.00047 2.57 3 0.195 0.00057 1.60

16 DY Wuliang shan, Yunnan 100.79 24.31 2,300 17 4 0.419 0.00047 2.88 3 0.228 0.00076 1.88

17 YY Baotai shan, Yunnan 99.53 25.20 2,461 19 4 0.450 0.0006 2.68 3 0.368 0.00083 1.84

N Number of individuals, Hn haplotype number, Hd haplotype diversity, p nucleotide diversity, HR haplotypic richness with rarefaction equal to

16 individuals
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DNA (nrDNA) polymorphisms, part of the nuclear gene

RPB2-i, encoding a major RNA Polymerase II unit was

amplified using primers 2F-3R (Goetsch et al. 2005) with

the following temperature profiles: initial 2 min denaturing

at 94 �C, then 35 cycles of 1 min denaturing at 94 �C, 45 s

primer annealing at 54 �C, and 1 min 20 s primer exten-

sion at 72 �C and a final 10 min extension at 72 �C. The

PCR products were cleaned using a purification kit (Ta-

kara) following the manufacturer’s protocol. Direct

sequencing was performed on both strands on an ABI

PRISM 3730 Sequencer using the PCR primers. Nucleo-

tides were edited and aligned in MEGA ver.5 (Tamura

et al. 2011).

Data analysis

We resolved the heterozygotes in SNPs of the nuclear gene

using PHASE 2.1.1 (Stephens et al. 2001), which uses a

Bayesian statistical method to reconstruct haplotypes from

population genotype data. This program helps in inferring

the probabilities for each possible haplotype from a group of

linked SNPs. A total of eight independent runs of 100 iter-

ations each were performed, while other parameters were

left as in default. Haplotypes were selected for each phased

locus, which had highest probability as assessed by PHASE.

For our subsequent haplotype analysis, we used only those

alleles and genotypes resolved with [95 % posterior prob-

ability. The nucleotide diversity (p) (Nei and Li 1979),

haplotype number for chloroplast, and haplotype diversity

(HT) was calculated using software DnaSP 5.1 (Librado and

Rozas 2009). The phylogenetic relationships among nuclear

and chloroplast haplotypes were estimated separately using

the median-joining algorithm in NETWORK 4.6 (Bandelt

et al. 1999) (available at http://www.fluxus-engineering.

com). The two measures of population differentiation GST

and NST were computed using the program PERMUT (Pons

and Petit 1996) (available at http://www.pierroton.inra.fr/

genetics/labo/Software/Permut) with 1,000 permutations. In

the presence of significant phylogeographic structure, the

value for NST will be higher than GST (Pons and Petit 1996),

indicating the higher probability of detecting closely related

haplotypes in the same geographic area. Using CONTRIB

1.02 software (Petit et al. 1998) the total and population

haplotypic richness (allelic richness HR) was calculated after

rarefaction for each population containing more than 16

samples, (software available at http://www.pierroton.inra.fr/

genetics/labo/Software/Contrib/). Furthermore, each popu-

lation’s contribution to total haplotype diversity (CT) and

haplotypic richness (CTR) was determined, and each divi-

ded into two components; one (CS and CSR) for contribu-

tion from the population’s own level of diversity and the

other (CD and CDR) for its differentiation from other pop-

ulations. ARLEQUIN 3.5 (Excoffier and Lischer 2010) was

used for an Analysis of Molecular Variance (AMOVA) and

to assess genetic differences between all pairs of population

using an FST estimator. Spatial analysis of molecular vari-

ance was conducted to define groups of proximal population,

using the software SAMOVA (Dupanloup et al. 2002) with

1000 simulated annealing steps. SAMOVA was run to

identify the optimum number of groups of populations. The

optimum number of groups (K) chosen has the highest dif-

ferentiation among groups (FCT) and does not have any

single population as a group. To determine the significance

between the genetic and geographical distances across the

sampled landscape, Mantel test (Mantel 1967) was per-

formed for both cpDNA and nuclear DNA sequences, with

10000 permutation tests using GenAlEx 6.5 (Peakall and

Smouse 2012). To detect the tendency of change in diversity

along the distribution area, a Spearman rank correlation test

between total genetic diversity and longitude, and between

haplotypic richness and longitude was performed among all

population.

To understand the demographic changes in R. delavayi

var. delavayi, two hypotheses of population expansion were

tested in ARLEQUIN 3.5, the pairwise mismatch distribu-

tion analysis (Rogers and Harpending 1992) and statistical

tests of neutrality, (Tajima 1989) D and (Fu 1997) Fs. Both

of these analyses were conducted separately on the entire

population and in the phylogeographic groups suggested by

SAMOVA. A significant value of Tajima’s D and a signif-

icantly large negative value for Fu’s Fs indicate sudden

population expansion. Tests were conducted under both

demographic and spatial expansion models using a total of

10,000 parametric bootstrap replicates. Sums of squared

deviations (SSD) between observed and expected mismatch

distribution and the raggedness index were calculated.

Population that experienced sudden expansion usually gives

a unimodal distribution pattern, while population in demo-

graphic equilibrium presents a multimodal (non-unimodal)

distribution pattern. The tau (s) value obtained from the

mismatch analysis was used to calculate the expansion time

(t) using the equation s = 2lt = 2mTlt, where mT is the

number of included nucleotides and l is the cpDNA muta-

tion rate. Given the lack of a substitution rate for the cpDNA

genome of Rhododendron, the cpDNA synonymous substi-

tution rate of 1.0–3.0 9 10-9 substitutions per site per year

found in seed plants was used (Graur and Li 2000) as the

approximate evolutionary rates.

Results

Sequence characteristics and haplotype variation

The two cpDNA regions (trnL-F and trnS-G) of R. dela-

vayi var. delavayi were combined to a total 1,325 bp after
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alignment. This included four polymorphic sites of which

all were parsimony informative. These polymorphic sites

were single-base substitutions and scattered along the

sequences. The nuclear DNA (part of the nuclear gene

RPB2-i sequences) of R. delavayi var. delavayi was aligned

with a consensus length of 1,238 bp. This included 11

mutations of which nine were parsimony informative. A

long indel of 239 bp in length was found at position 200 of

the aligned matrix. A total of six cpDNA (DC1–DC6)

(GenBank Accessions KJ489434 - KJ489445) and eight

nuclear (DN1–DN8) (GenBank Accessions KJ489446 -

KJ489453) haplotypes were detected among the 327 indi-

viduals, collected from 17 different natural populations of

R. delavayi var. delavayi across its distribution range in

southwest China (Table 1). All populations were poly-

morphic. The most frequent cpDNA haplotype, DC1 was

observed 179 times (55 %) and occurred in every popula-

tion. This was followed by DC2, observed 70 times (21 %)

and was present in all except two (AY and LY) popula-

tions. Haplotype DC3 was also widespread, with 40 indi-

viduals (15 %). Haplotype DC5 occurred in very low

frequency with a total of 19 individuals (5 %) occurring in

11 of the 17 populations. The haplotype DC6 was present

in the three populations from Guizhou (WG, LG and NG),

while haplotype DC4 was found only in the three popula-

tions from Guizhou (WG, LG, NG) and one eastern pop-

ulation of Yunnan (ZY). For nuclear DNA, the most

frequent haplotype, DN2, distributed in all of the popula-

tions, was observed 192 times (65 %), followed by DN3

observed 54 times (18 %), distributed in all but two pop-

ulations (AS and LY) (Fig. 1b). Haplotypes DN4 and DN5

were found only along the central and eastern regions of

the sampled populations and with low frequency, while

DN6 was only present in one population in Guizhou (LG).

Similarly, haplotypes DC7 and DC8 were found only

towards the western region of the distribution of the ana-

lyzed populations.

Genetic diversity and population structure

In R. delavayi var. delavayi, total cpDNA haplotype

diversity (HT) was 0.634, while the population haplotype

diversity (Hd) ranged from 0.100 to 0.763. Total nucleotide

diversity (p) ranged from 0.00015 to 0.00123 and the

haplotypic richness (HR) from 0.80 to 4.87 (Table 1).

Among the 17 populations investigated, high levels of

nucleotide diversity (0.00123) and haplotype diversity

(0.763) were detected in the population of Na Yongshui

Dong, Guizhou (NG). Other nearby populations in Guiz-

hou, eastern and central Yunnan (WG, LG, HY, XY, CY

and ZY) also exhibited high levels of nucleotide and hap-

lotype diversity. These regions had relatively higher values

of haplotypic richness (2.00–4.87). Although there was an

apparent positive correlation between haplotype diversity

and haplotypic richness, they were not equivalent. This was

because some populations from the western regions (EY,

DY and YY), albeit having low haplotype diversity

(0.363–0.450), had values of haplotypic richness more than

2.00 (Table 1). The lowest level of nucleotide diversity

(0.00015) and haplotypic richness (0.200) was detected in

population AS, located in southwest Sichuan (Table 1). For

nuclear DNA within population, haplotype diversity (Hd)

ranged from 0.111 to 0.790, while total haplotype diversity

(HT) was 0.503. Total haplotype diversity and haplotypic

richness (HR) ranged from 0.00054 to 0.00333 and 0.89 to

3.80, respectively (Table 1).

A high level of nuclear nucleotide diversity (0.00333)

and nuclear haplotype diversity (0.789) was detected in the

population of Weining, Guizhou (WG). The two other

populations from Guizhou (LG, NG) and eastern Yunnan

(ZY) also had high nuclear haplotype and nucleotide

diversity. Similar to cpDNA data, the populations with

high nuclear haplotype diversity had higher values for

haplotypic richness. The lowest level of nucleotide diver-

sity (0.00054), and haplotypic richness (0.89) was detected

in a northwest population from Ning Lang (NY) near the

Yunnan-Sichuan border (Table 1). The contribution to the

total genetic diversity and differentiation was different for

different populations, as inferred for R. delavayi var. del-

avayi. Each population’s contributions, with regard to the

components of diversity (CS and CSR) and differentiation

(CD and CDR), are shown in Fig. 2. Higher CS and CSR

values in both cpDNA and nuclear DNA were identified in

populations within group 1, as suggested by SMOVA

(along the eastern regions of distribution, described below)

(Table 2), where populations had relatively higher values

of Hd and HR (Table 1; Fig. 2) except population (JY).

However, higher CD and CDR were not localized in any

specific geographic region (Fig. 2). All the populations that

showed positive contribution to haplotype diversity also

showed positive contribution for haplotypic richness.

However, when considering the contribution of divergence

(CD and CDR) and diversity (CS and CSR) to the total

contribution of diversity (CT and CTR), the positive con-

tribution observed in the populations from western Yunnan

LY, NY and EY and southwest Sichuan was not due to the

diversity but due to the differentiation factor (Supplemen-

tary Tables S1 and S2). The populations from eastern

Yunnan and Guizhou had strong positive diversity indices,

indicating their highest contribution to total genetic

diversity in R. delavayi var. delavayi.

The phylogenetic relationships among the chloroplast

and nuclear haplotypes were addressed by a network ana-

lysis (Fig. 1a, b). Haplotypes from both markers showed a

circular network and the relationship among the types

unresolved. Although the NST (0.125) was higher than the

Genetic diversity of Rhododendron delavayi 1857
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GST (0.114) across the 17 populations, the difference was

not significant. RPB2-i haplotypes showed a similar pattern

with larger but not significant NST (0.261) than GST

(0.152). The Mantel test detected a significant correlation

between the genetic and geographic distances for both

cpDNA (r2 = 0.248, p = 0.001) and nuclear DNA

(r2 = 0.250, p = 0.000) (Fig. 3a, b) indicating that distant

populations exhibit high pairwise genetic differentiation.

The Spearman rank correlation test between nucleotide

diversity (p) and longitude and, between haplotypic

Fig. 1 Map showing spatial distribution of (a) chloroplast and

(b) nuclear haplotypes in 17 sampled populations of Rhododendron

delavayi var. delavayi. On each map, phylogenetic network of

haplotypes is given separately at the top right corner. Study area is

highlighted in the map of China presented at the bottom right corner

of the figure. See Table 1 for detail
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123



richness (HR) and longitude, among the 17 studied popula-

tions showed significant positive correlation in cpDNA with a

Spearman’s rho (q) = 0.548 (p = 0.02) and q = 0.463

(p = 0.007), respectively, and also in nuclear DNA, with

q = 0.723 (p = 0.001) and q = 0.534 (p = 0.028), respec-

tively), suggesting that there is an increase in diversity with

increasing longitude. This finding supports the fact that the

eastern region of distribution harbors the maximum diversity

and the diversity tends to decrease westward. The AMOVA

analysis for cpDNA showed moderate levels of differentiation

among all populations (FST = 0.13104, p \ 0.01), with

higher genetic variability within populations (86.9 %) com-

pared to variations among populations (13.1 %). The SAM-

OVA of cpDNA suggested two groups (K = 2) to show the

greatest value of FCT (0.205, p \ 0.05). The populations from

central and eastern Yunnan and western Guizhou formed one

group and those from western Yunnan and southwest Sichuan

formed the other group (Table 2). The genetic structure was

considerable at three levels i.e., between groups 20.6 %

(p \ 0.05), among populations within groups 1.22 %

(p \ 0.05) and within populations 78.18 % (p \ 0.05).

The AMOVA analysis on nuclear DNA data revealed a

similar result as the cpDNA data with a modest value for

FST (0.134, p \ 0.01) with among- and within-populations

variation being 9.91 and 90.09 %, respectively. The

SAMOVA revealed two groups (FCT = 0.246, p \ 0.05),

the populations from eastern Yunnan and western Guizhou

formed one group and remaining formed the other

(Table 2). Genetic diversity was partitioned; among pop-

ulations within groups with 1.24 % (p \ 0.05), between

groups with 24.61 % (p \ 0.05) and within populations

with 75.63 % (p \ 0.05). When the diversity indices were

compared between the two groups as defined by SAMOVA

for both organelle and nuclear markers, the group com-

prising the eastern regions of the Yungui plateau (east to

central Yunnan and Guizhou) harbored more diversity in

terms of number and richness (Table 2). The pairwise

population differentiation (FST) was significantly larger

when populations from eastern regions were compared

with central and western populations. The FST values range

from 0.102 to 0.603 and 0.117 to 0.349 in cpDNA and

nuclear DNA, respectively (Table 3).

Fig. 2 The contribution to the total haplotype diversity (CT) and

haplotypic richness of the 17 populations of Rhododendron delavayi

var. delavayi using (a) nuclear and (b) chloroplast markers. The grey

and white bars represent the contribution of diversity (CS and CSR)

and differentiation (CD and CDR), respectively. Detail on population

is given in Table 1
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Demographic expansion of Rhododendron delavayi var.

delavayi

The mismatch distribution analysis for both cpDNA and

nuclear DNA revealed a non-unimodal distribution,

rejecting the null model of rapid population expansion

(Fig. 4a, b). The mismatch analysis performed separately

in the two groups suggested by SAMOVA was also not

unimodal. The calculated values of Tajima’s D and Fu’s Fs

statistics in both cpDNA and nuclear DNA were positive

but not significant. When the test was performed individ-

ually in each group defined by SAMOVA, the result was

significantly positive for nuclear DNA in only one group,

while the rest showed non-significant positive values

(Table 2). These results suggest that there was no rapid

population expansion in R. delavayi var. delavayi. With the

Table 2 Summary statistics, results of mismatch distribution analysis and neutrality tests for two groups suggested by SAMOVA done in 17

populations of Rhododendron delavayi var. delavayi

Parameters Chloroplast Nuclear

Group 1

(1–9, 11)

Group 2

(10, 12–17)

All

population

Group 1

(2, 8, 9, 11)

Group 2

(1, 3–7, 10, 12–17)

All

population

Sample size 194 133 327 99 227 327

Number of populations 10 7 17 5 12 17

Number of variable sites 4 3 4 10 10 10

Number of haplotypes 6 4 6 6 6 8

Hd 0.717 0.354 0.626 0.752 0.315 0.506

Nucleotide diversity 0.00088 0.00043 0.00077 0.00303 0.00093 0.00157

HR 4.318 2.442 4.016 4.950 2.219 2.589

Tajima’s D 1.263 0.056 1.095 2.399 0.708 0.787

Tajima’s D p value 0.889 0.612 0.866 0.99 0.259 0.807

Fu’s FS 0.694 0.077 0.695 5.886 1.775 2.333

Fu’s FS p value 0.674 0.512 0.666 0.96 0.654 0.754

Mismatch distribution (demographic) Non-

unimodal

Non-

unimodal

Non-

unimodal

Non-

unimodal

Non-unimodal Non-

unimodal

Demographic expansion (Tau) 1.404 0.242 1.6562 – – –

Demographic expansion (Mya) – – (0.208-0.624) – – –

Mismatch distribution (spatial) Non-

unimodal

Non-

unimodal

Non-

unimodal

– – –

Spatial expansion (Tau) 1.445 1.691 1.525 – – –

Spatial expansion (Mya) – – (0.191–0.575) – – –

Numbers in parentheses are the same as the population numbers in Table 1

Hd Haplotype diversity, HR haplotypic richness with rarefaction equal to 16 individuals

Fig. 3 Scatterplot showing the relationship between genetic distance and geographic distance of 17 populations of Rhododendron delavayi var.

delavayi. a Chloroplast DNA and b Nuclear DNA
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SSD values between the observed and the expected mis-

matches, and Harpending’s r indices being significant, the

overall population expansion time for R. delavayi var.

delavayi was calculated based on the estimated tau (s)

value. The demographic and spatial expansion times for R.

delavayi var. delavayi across the sampled populations

along southwest China range between 0.208–0.624 and

0.191–0.575 mya, respectively.

Discussion

Genetic diversity and differentiation

Out of the five cpDNA regions (trnH-psbA, trnS-trnG,

rpl20-rps12, psbB-psbF and trnL-trnF) assessed in Rho-

dodendron delavayi var. delavayi, sequence polymor-

phisms were only obtained in trnS-trnG, and trnL-trnF.

These two regions have been widely used to investigate the

population diversity and differentiation of several taxa

(Petit et al. 2005; Qiu et al. 2011) including Rhododendron

(Li et al. 2012). As in other studies (Li et al. 2010; Zecca

and Grassi 2013), the intron region of nuclear gene RPB2-i

was also found to be informative for studying the pattern of

diversity in R. delavayi var. delavayi. The cpDNA and

nuclear DNA diversity estimates obtained in R. delavayi

var. delavayi from SW China revealed a moderate level of

haplotype diversity. The cpDNA total haplotype diversity

(HT = 0.635) is only slightly lower than the mean for

cpDNA as reported by Petit et al. (2005) in 170 species of

angiosperms (HT = 0.670). The observed estimates of HT

are slightly lower, but are nonetheless comparable to 27

taxa for which values were available (Supplementary

Fig. 1). Among congeners, estimated total diversity in R.

delavayi var. delavayi was lower than in R. pseudochry-

santhum (0.879) (Huang et al. 2011), R. formosanum

(0.857) (Huang et al. 2011) and R. simsii (0.749) (Li et al.

2012). The high value for R. pseudochrysanthum is

explainable because Huang et al. (2011) included the entire

species complex in their study. Concerning the nuclear

haplotype diversity, there are no reports for comparison

that have used the same low-copy nuclear sequences to

address the genetic diversity. When compared with other

studies based on low-copy nuclear DNA sequences along

the studied geographic region, R. delavayi var. delavayi

had a relatively low haplotype diversity (0.506) (e.g.,

Camellia taliensis, HT = 0.836, Liu et al. 2012; and Hip-

pophae rhamnoides, HT = 0.811, Jia et al. 2012). The

pattern of distribution of genetic diversity was very similar

in cpDNA and nuclear DNA, where the majority of hap-

lotype diversity was present within a few populations.

Populations along the eastern and central region of the

sampled distribution (WG, LG, HY, XY, CY and ZY) had

higher chloroplast haplotype diversity, where the nuclear

diversity was only higher towards the eastern region (WG,

LG, NG, ZY and XY). The populations in Guizhou and

central-eastern Yunnan had relatively high haplotype

diversity and similar results have been found in Pyrus

Table 3 Pairwise comparison of FST estimates based on nuclear (above diagonal) and chloroplast markers (below diagonal) between 17

populations of Rhododendron delavayi var. delavayi

JY ZY WY TY CY XY HY WG LG JY NG AS NY LY EY WY YY

JY 0.000 0.100 0.036 0.045 0.025 0.063 0.009 0.122 0.186 0.011 0.148 0.021 0.036 0.026 0.020 0.003 0.026

ZY 0.005 0.000 0.271 0.265 0.256 0.019 0.255 0.025 0.020 0.130 0.045 0.072 0.199 0.165 0.205 0.163 0.165

WY 0.016 0.035 0.000 0.049 0.055 0.208 0.013 0.282 0.349 0.030 0.318 0.105 0.033 0.019 0.001 0.003 0.019

TY 0.072 0.018 0.017 0.000 0.045 0.199 0.052 0.277 0.342 0.025 0.310 0.094 0.013 0.019 0.012 0.008 0.019

CY 0.082 0.031 0.004 0.081 0.000 0.195 0.005 0.266 0.334 0.026 0.304 0.100 0.035 0.024 0.003 0.002 0.024

XY 0.038 0.036 0.102 0.222 0.057 0.000 0.209 0.018 0.029 0.069 0.011 0.003 0.123 0.100 0.131 0.089 0.100

HY 0.013 0.027 0.050 0.033 0.017 0.122 0.000 0.261 0.334 0.059 0.310 0.137 0.117 0.003 0.073 0.060 0.003

WG 0.024 0.040 0.013 0.034 0.009 0.020 0.011 0.000 0.007 0.157 0.014 0.097 0.223 0.182 0.227 0.183 0.182

LG 0.024 0.040 0.013 0.034 0.009 0.020 0.011 0.053 0.000 0.207 0.026 0.152 0.277 0.251 0.285 0.247 0.251

JY 0.155 0.092 0.055 0.036 0.174 0.328 0.028 0.105 0.105 0.000 0.168 0.006 0.033 0.028 0.034 0.033 0.028

NG 0.033 0.026 0.023 0.067 0.009 0.038 0.028 0.035 0.035 0.132 0.000 0.095 0.235 0.209 0.244 0.201 0.209

AS 0.430 0.373 0.382 0.246 0.502 0.603 0.340 0.354 0.354 0.157 0.353 0.000 0.015 0.010 0.024 0.012 0.010

NY 0.270 0.210 0.205 0.080 0.315 0.442 0.168 0.204 0.204 0.021 0.211 0.001 0.000 0.019 0.052 0.044 0.019

LY 0.327 0.254 0.251 0.118 0.360 0.493 0.214 0.251 0.251 0.047 0.251 0.008 0.051 0.000 0.032 0.049 0.056

EY 0.259 0.194 0.184 0.060 0.294 0.430 0.148 0.194 0.194 0.004 0.202 0.016 0.053 0.046 0.000 0.046 0.032

WY 0.228 0.163 0.145 0.024 0.262 0.403 0.110 0.165 0.165 0.027 0.178 0.041 0.047 0.036 0.052 0.000 0.049

YY 0.143 0.109 0.087 0.010 0.207 0.325 0.055 0.104 0.104 0.034 0.131 0.085 0.022 0.008 0.027 0.043 0.000

Bold values are significant at p \ 0.05
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pashia (Liu et al. 2013). Although Milne et al. (2010) in

their phylogenetic study of Rhododendron sub genus

Hymenanthes have shown high diversity of Rhododendrons

in Hengduan mountain region, our population genetic study

of R. delavayi var. delavayi revealed high diversity in

populations distributed in the central-eastern part of Yun-

nan. This region along southwest Guizhou that has been

reported to have a high richness of Rhododendron species

is popularly known as ‘‘One hundred miles of natural

Rhododendron communities’’, (Zhang et al. 2007a; Chen

et al. 2008).

The genetic differentiation of cpDNA and nuclear DNA

present in R. delavayi var. delavayi populations was sup-

ported by the existence of two distinct groups with FCT

values (0.205 and 0.246, respectively) and FST (0.228 and

0.233, respectively). The two major population groups

identified by nuclear DNA in R. delavayi var. delavayi are

spatially not in complete harmony with those registered by

cpDNA. The differences might lie in their different modes

of inheritance, with chloroplasts DNA being uniparental

and often maternal in angiosperm [including in Rhodo-

dendron delavayi (Zhang et al. 2007b, c)], and nuclear

DNA biparental with recombination of genes and regions

(Petit et al. 2005). Nevertheless, with markers of both

genomes, one of the groups suggested by SAMOVA con-

sisted of populations from eastern and central regions and

the other group consisted of western region highlighting

the fact that there is difference in haplotype composition

between populations from east to west. The estimated

genetic differentiation of R. delavayi var. delavayi for

cpDNA (GST = 0.114, NST = 0.125) and nuclear DNA

(GST = 0.152, NST = 0.261) was not very high when

compared with other species of angiosperms (Petit et al.

2005). The lower values of GST suggest that the popula-

tions as a whole are not widely differentiated and most of

the variation was partitioned within populations, a common

phenomenon observed in long living woody plants (Ham-

rick et al. 1992). The low level of genetic differentiation

must have resulted from the widespread distribution of

certain haplotypes (cpDNA-DC1, DC2 and DC3; nuclear

DNA-DN2 and DN3).

Beyond these general observations, it was found that

populations with the highest pairwise genetic differentia-

tion correspond well with the level of haplotypic diversity

between compared populations [Tables 1 and 3)]. For

cpDNA, all the western populations (AS, NY, LY, EY,

DY, and YY) exhibited the highest population differenti-

ation, while populations of Ghuizou (LG, WG and NG) and

northeast Yunnan (ZY) with high nuclear haplotype

diversity showed significant population differences in

comparison with the other populations. Mantel test and

Spearmans’ rank correlation test showed significant dif-

ferences among populations along longitude which support

the findings that diversity tends to decrease with westward

movement along the sampled distribution.

In most angiosperms, genetic differentiation values are

generally higher for chloroplast DNA than nuclear DNA

because cpDNA is maternally inherited and only travels

Fig. 4 Mismatch distribution analysis for 17 populations of Rhodo-

dendron delavayi var. delavayi using chloroplast and nuclear markers.

a Chloroplast all populations (A1) chloroplast SAMOVA group 1

(A2) chloroplast SAMOVA group 2. b Nuclear all populations (B1)

nuclear SAMOVA group 1, (B2) nuclear SAMOVA group 2
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through seeds (Petit et al. 2005). In case of R. delavayi var.

delavayi, this was not that evident because values of GST

and NST for both cpDNA and nuclear DNA were low and

not significant, with lower among population variation in

both nuclear DNA (9.91 %) and cpDNA (13.1 %). The

most likely rationale could be that the seeds of Rhodo-

dendron are not very far dispersed by wind and cannot

travel more than 30–80 m distance within or nearby the

same population (Ng and Corlett 2000; Tian et al. 2011).

Population differentiation increases due to restricted gene

flow among populations. Distribution of common haplo-

types (both cpDNA and nuclear DNA) in all sampled

populations and moderate genetic differentiation observed

in R. delavayi var. delavayi suggest that this species must

have had a more continuous distribution with closer and

connected populations in the recent past. Due to destruction

of habitat and complex landscape, few haplotypes should

have been restricted in the western and the eastern distri-

bution ranges. The recent habitat destruction and forest

encroachment practices (Xu and Wilkes 2004; Pu et al.

2007; Yang et al. 2004) might have removed several nat-

ural strands of R. delavayi var. delavayi resulting the

extinction of low-frequency haplotypes and the increased

genetic differentiations among natural populations. The

presence of comparatively higher haplotypes in the popu-

lations that are located inside the protected areas viz. ZY,

LG, NG and XY is suggestive of an impact of habitat

destruction on the spatial distribution of haplotype diver-

sity and differentiation.

Demographic expansion

The mismatch distribution analyses for both cpDNA and

nuclear DNA lineages were non unimodal, suggesting that

R. delavayi var. delavayi did not experience rapid popu-

lation expansion. The non-star like haplotype network and

positive values of both Tajima’s D and Fu’s Fs, over the

whole region and within the region as defined by SAM-

OVA, are also consistent with the absence of rapid popu-

lation expansion (Slatkin and Hudson 1991). The

population expansion time for R. delavayi var. delavayi

across the sampled populations along SW China was esti-

mated to be between 0.208 and 0.624 mya. The demo-

graphic expansion time for R. delavayi var. delavayi

overlaps with the expansion time estimated for Sphaerop-

teris brunoniana (Wang and Guan 2011) and Pyrus pashia

(Liu et al. 2013) distributed in southwest China.

Periodic fluctuations in climate and the complex

topography in northwest Yunnan and the adjacent regions,

might have caused periods of isolation and subsequent

expansion of populations (Qiu et al. 2011). During recent

glaciations, R. delavayi var. delavayi most likely persisted

in the localized populations along central and eastern

regions of the Yungui plateau, forming localized glacial

refugia. Similar refugial status has also been suggested by

phylogeographical studies such as Cathaya argyrophylla

(Wang and Ge 2006), Cupressus spp. (Xu et al. 2010),

Nouelia insignis (Gong et al. 2011), Pyrus pashia (Liu

et al. 2013) and Taxus wallichiana (Gao et al. 2007). The

Yungui plateau and its adjacent regions have long been

believed to be an important center of origin for the East

Asiatic flora (Wang 1992) and a refugial area for many

plant species in China (Ying 2001; Wang et al. 2009,

2013). As a general rule, the populations in refugia have

higher levels of genetic diversity and private haplotypes

than migratory populations (Avise 2000). When consider-

ing both cpDNA and nuclear DNA, the populations WG,

LG and NG along the eastern region and population XY

along the center region have relatively higher values of

haplotypic richness and haplotype diversity, indicating that

these populations might have been preserved during Qua-

ternary glaciations. Similar results have been inferred for

Pyrus pashia (Liu et al. 2013). Therefore, the present dis-

tribution pattern of haplotypes in R. delavayi var. delavayi

are the results of the combined effect of historical climatic

events, effects of complex topography, and the impact of

forest clearance and habitat destruction in the study area.

Conservation implications

The genetic profile uncovered in this study has not only

provided important insights into the evolutionary history,

but is also critical for the conservation and management of

R. delavayi var. delavayi in SW China and adjacent

regions. The authors’ personal observations and corre-

spondence with elders in each field site indicated that

human activity has caused fragmentation and substantial

reduction of natural populations of R. delavayi distributed

along Yungui plateau. R. delavayi var. delavayi, one of the

tallest woody rhododendron, with large flowers that last for

1–3 months, attracts many pollinators (insects such as bees

and bumblebees) (Ma et al. 2010; Zhang et al. 2007b), and

plays an important role in maintaining the ecology of the

region (Gibbs et al. 2011). Despite the wider importance of

R. delavayi in providing ecological, economic and recrea-

tional services, no special measures have yet been devised

for the conservation and management of this species.

The results of the analysis of variation in the chloroplast

and nuclear genome reported in this study revealed local

genetic differentiation and geographic structure among

populations in SW China. Particularly, high level of

genetic diversity was found in eastern and central popula-

tion located in the potential refugial sites along east Yungui

plateau. Criteria for selecting populations for conservation

must include the uniqueness and level of genetic diversity,

especially with regard to its allelic composition (Petit et al.
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1998). When considering the widely accepted criteria

required for the recognition of management units (MU) for

conservation, the populations having significant divergence

of allele frequencies at nuclear and organelle loci should be

considered (Moritz 1994). We propose that the two phy-

logeographic groups of R. delavayi var. delavayi could be

treated as different MUs. Two groups of populations con-

taining representative genetic diversity as identified by

SAMOVA are recommended as units for conservation. The

populations of Guizhou (WG, LG and NG) located in the

first conservation unit, and the population XY of central

Yunnan, are the populations that contribute most to the

total diversity of R. delavayi var. delavayi. This fact

highlights the importance of preserving large area to

maintain genetic diversity. Along the western region of

distribution (SAMOVA group two of both chloroplast and

nuclear DNA), no particular population of high diversity

could be suggested as priority. But, the entire group of

population could be considered the second conservation

unit to maintain the genetic integrity of this area.

The majority of population shared common haplotypes;

however, the presence of private haplotypes and a gradient

in allelic richness between sites show restricted inter-pop-

ulation gene flow among regional populations. Populations

that form a clear phylogeographic group may contain dif-

ferent adaptive variations as a consequence of experiencing

subsequent effects of selection. Therefore, seed transfer

between these regions, and selecting source material for

planting into or near the potential refugia sites, should be

done with caution. High genetic diversity was found in

population located in the protected areas (NG, JY, WG, XY

and ZY). Unfortunately, some of the protected areas were

found to be highly disturbed with very few seedlings and

adult trees. Improved management policies are necessary to

maintain effective population sizes of R. delavayi var.

delavayi and to restore its natural habitats both inside and

outside of protected areas. Direct actions such as controlled

forest clearance and logging activities, regulated pine for-

estation practices and, more importantly transplantation of

seedlings into natural habitats should be carried out to

restore populations of R. delavayi var. delavayi and its

genetic diversity. Further, studies based on hypervariable

markers like microsatellites can be useful to obtain a better

understanding of the fine-scale spatial patterns of genetic

diversity and levels of gene flow in and among the extent

populations of R. delavayi var. delavayi in SW China and

adjacent areas.

Conclusions

The combined analysis of chloroplast and nuclear markers

revealed moderate levels of genetic diversity in R. delavayi

var. delavayi distributed in SW China. A marked difference

among eastern and western population was observed in

terms of allelic richness and population differentiation. The

impacts of complex landscape and habitat fragmentation,

in addition to the degradation of natural habitats over the

last few decades have contributed substantially in shaping

the present genetic pattern and observed moderate level of

genetic diversity in R. delavayi var. delavayi. Increased

fragmentation restricted the gene flow among population

and that, consequently increased population differentiation,

and reduced population size eventually led to genetic

depauperation of the populations. Therefore, it is clear that

management strategies should consider habitat restoration,

remnant diversity preservation and maintenance of effec-

tive population sizes of R. delavayi var. delavayi in SW

China.
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