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Abstract  The Hengduan Mountains (HM) and adjacent regions have been suggested as the important refugia of 
the temperate plants during the glacial stages. However, it remains unknown how the HM endemic species can 
respond to the climatic oscillations. In this study, we examined the chloroplast trnL-trnF and rps16 sequence 
variation of Primula secundiflora, a relatively common alpine perennial endemic to this region. Sequence data 
were obtained from 109 individuals of 11 populations covering the entire distribution range of the species. A total 
of 15 haplotypes were recovered and only one of them is commonly shared by three populations while the others 
are respectively fixed in the single population. The total diversity (HT=0.966) is high while the within-population 
diversity (HS=0.178) is low. Despite the high uniformity of the intraspecific morphology, an analysis of molecular 
variance (AMOVA) revealed a high level of genetic differentiation (97.65%) among populations. The higher NST 
(0.982) than GST (0.816) (P<0.05) suggested a distinctly phylogeographical pattern. Phylogenetic analyses of 
haplotypes identified four major clusters of the recovered haplotypes: three clades in the north, and the other one 
in the south. The isolated distribution of clades suggested multiple refugia of this species during the glacial stages. 
We failed to detect the interglacial or postglacial range expansion of this species as revealed for the other temper-
ate plants. However, the low intra-population diversity suggested that most of the populations should have ex-
perienced the in situ shrink-expansion cycles during the climatic oscillations. This inference was further supported 
by the nested clade analysis, which indicated that restricted gene flow with isolation by distance and allopatric 
fragmentation were likely the major processes that shaped the present-day spatial distribution of haplotypes in this 
species. Such a special phylogeographic pattern may have resulted from a combination of both climatic oscillation 
and complex topology of HM. 
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Hengduan Mountains (HM) in the southeast 
Qinghai-Tibetan Plateau (QTP) comprise the major 
component of the south-central “biodiversity hotspot”: 
one of the 25 areas recognized globally as featuring 
exceptional concentrations of endemic species (Myers 
et al., 2000). This region consists of a series of spec-
tacular north-south trending ridges alternating with 
deep valleys, with altitudes ranging from 2000 to 6000 
m a.s.l. (Shi et al., 1998) and contains more than 
12000 species of plants and is especially rich in 
endemic species and genera (Ying & Zhang, 1984, 
1993; Li & Li, 1993; Li, 1994; Hao, 1997; Wang, 
2000). The production of such high diversity was 
suggested to be due to two major factors: (i) this 
region served as an important refugium that harbored 
the ancient species; and (ii) the uplifts of the QTP as 
well as the Quaternary climatic oscillations further 

promoted the divergences of intraspecific lineages and 
consequently leaded to adaptive diversification of 
plants (Wang & Liu, 1994; Sun, 2002; Wang et al., 
2005; Liu et al., 2006). These hypotheses were partly 
confirmed in a few species-rich genera at the species 
level (Li & Li, 1993; Wang et al., 2004, 2005, 2007; 
Liu et al., 2002, 2006). However, very few population 
genetic analyses have been conducted on the species 
occurring in HM and therefore the phylogeographic 
patterns, intraspecific divergence and glacial refugia 
remains largely unknown in this region. The few 
phylogeographic studies focused on the species dis-
tributed in the north of HM, mostly from the QTP 
platform, and these studies suggested that these spe-
cies responded extensively to the past climatic oscilla-
tions (e.g. Zhang et al., 2005; Meng et al., 2007). A 
few of them (Zhang et al., 2005) had experienced a 
similar glacial retreat and postglacial range shift as 
those temperate organisms in Europe and North 
America during the past climatic oscillations (Avise, 
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1998; Comes & Kadereit, 1998; Hewitt, 1996, 2000, 
2004; Newton et al., 1999; Widmer & Lexer, 2001; 
Abbott & Brochmann, 2003). However, this scenario 
might not have occurred in the southeast QTP because 
the high mountains and deep valleys may have 
blocked the interglacial or interglacial range expan-
sion of plants. This topological effect might have 
accelerated inter-population differentiation but re-
tained multiple refugia of plants during glacial cli-
matic oscillations. In order to test this prediction, in 
the present study, we aimed to recover the phy-
logeographic pattern of another alpine perennial that is 
endemic to HM. 

Primula L. is one of the species-rich genera in 
the HM and adjacent regions of the QTP with more 
than 75% of the total number of species (ca. 425) 
distributed in this region (Hu, 1994; Richards, 2002). 
Despite the lack of the detailed research, the diversi-
fication of this genus may have similar causes as those 
revealed for other species-rich genera (Wang et al., 
2004, 2005, 2007; Liu et al. 2002, 2006). Primula 
secundiflora Franch. is endemic to HM and sparely 
distributed in alpine habitats of this region. In addi-
tion, this perennial species has a wide geographical 
coverage from west Sichuan to northwest Yunnan and 
southeast Tibet (Hu, 1990; Hu & Kelso, 1996). This 
species displays the high uniformity in morphology 
(Hu, 1990) and our field investigations failed to find 
any intraspecific variations. This species provides a 
good model to investigate the intraspecific genetic 
divergence and phylogeographic structure of alpine 
species in HM. We used the chloroplast (cp) trnL-trnF 
and rps16 sequence variations to explore the genetic 
structure of this species. The phylogeographic struc-
tures constructed by cpDNA may accurately reflect 
range shifts and population dynamics of plants be-
cause this genome is maternally inherited in most 
angiosperms (Schaal et al., 1998; Newton et al., 1999; 
Soltis & Gitzendanner, 1999). The phylogeographic 
patterns of plants in other regions based on cpDNA 
sequence variations have been revealed to correspond 
well with the past range shifts and population dynam-
ics inferred from pollen and glacial or climatic signa-
tures (Fujii et al., 2002; Okaura & Harada, 2002; 
Newton et al., 1999; Petit et al., 2003; Bartish et al., 
2006). Overall, our objectives in this study were: (i) to 
establish the phylogeographic structure of P. secundi-
flora based on the sequence variations of two cpDNA 
fragments; and (ii) to test whether this species has a 
high inter-population differentiation and had possibly 
retained multiple separate refugia during the glacial 
stages. 

1  Material and methods 

1.1   Plant materials 
Leaf materials of Primula secundiflora were 

sampled from almost the entire range of species, 
including western Sichuan, north-western Yunnan and 
south-eastern Xizang (Tibet) in HM (Table 1; Fig. 1). 
Nine or 10 individuals from each population were 
collected, with samples at least 10 m apart. In total, 
109 individuals from 11 populations were used in the 
present study. Leaf material was dried in silica gel and 
stored at room temperature. 
1.2  DNA extraction, PCR amplification and se- 
quencing 

Total DNA was extracted using the CTAB 
method (Doyle, 1991). PCR amplification and DNA 
sequencing were performed with universal primers for 
trnL-trnF (5′-CGAAATCGGTAGACGCTACG-3′ and 
5′-ATTTGAACTGGTGACACGAG-3′; Taberlet et 
al., 1991; Zhang et al., 2006) and rps16 (5′-GTGGTA- 
GAAAGCAACGTGCGACTT-3′ and 5′-TCGGGA- 
TCGAACATCAATTGCAAC-3′; Oxelman et al., 
1997). Polymerase chain reaction (PCR) was con-
ducted in a total volume of 50 µL containing 20 ng 
template DNA, 5 µL 10×reaction buffer, 5 µL MgCl2 
(25 mmol/L), 1 µL dNTP mix (10 mmol/L), 10 
µmol/L of each primer, and 1.5 unit of Taq poly-
merase. PCR reaction was run in a DNA Programma-
ble Thermal Cycler (PTC-200, MJ Research) with 
initial denaturation at 94 ℃ for 5 min, followed by 34 
cycles of 1 min at 94 ℃, 1 min of annealing at 56  ℃
and 59 ℃, respectively, for trnL-trnF and rps16, 1 
min at 72 ℃, and a subsequent 7 min of final exten-
sion at 72 ℃. Sequencing reactions were performed 
by using the dye-terminator cycle-sequencing ready- 
reaction kit following the manufacturer’s protocol, 
and analyzed on an ABI 377 DNA Sequencer (Ap-
plied Biosystems, Foster City, CA 94404, USA). 
1.3  Data analysis 

The DNA sequences were aligned using the pro-
gram Clustal X 1.81 (Thompson et al., 1997). Esti-
mates of average gene diversity within populations 
(HS), total gene diversity (HT) and the proportion of 
total diversity due to differences between populations 
(GST and NST) were calculated using the program 
PERMUT (Pons & Petit, 1996, available at http: 
//www.pierrton.intra.fr/genetics/labo/software/permut). 
GST is calculated solely based on haplotype frequencies, 
whereas NST takes into account the genetic relation 
among haplotypes. When NST value is higher than the 
GST estimated, it indicates the presence of a phylogeo- 
graphical structure (Petit et al., 2005).  
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Table 1  Sample locations of Primula secundiflora and genetic estimates of diversity within the studied populations 
Pop. 
No. 

Location Sample 
number 

Longitude
(E) 

Latitude
(N) 

Altitude 
(m) 

Haplotype 
number 

Hd π 

KD Kangding, Sichuan, China 
(四川康定) 

10 101º57′ 30º02′ 3500 H4 (10)  0.000±0.000 0.00000±0.00000

YJ Yajiang, Sichuan, China  
(四川雅江) 

10 101º00′ 30º02′ 4400 H5 (9), H6 (1) 0.000±0.000 0.00000±0.00000

ZD-1 Zhongdian, Yunnan, China 
(云南中甸) 

9 99º43′ 27º47′ 3500 H1 (9) 0.000±0.000 0.00000±0.00000

ZD-2 Zhongdian, Yunnan, China 
(云南中甸) 

10 99º45′ 27º27′ 4100 H2 (10) 0.000±0.000 0.00000±0.00000

XC Xiangcheng, Sichuan, China 
(四川乡城) 

10 99º47′ 28º56′ 3600 H10 (9), H11 (1) 0.000±0.000 0.00000±0.00000

DQ Dêqên, Yunnan, China  
(云南德钦) 

10 99º02′ 28º13′ 4200 H8 (10) 0.000±0.000 0.00000±0.00000

ML Muli, Sichuan, China  
(四川木里) 

10 101º15′ 27º54′ 3200 H15 (10) 0.000±0.000 0.00000±0.00000

LJ Lijiang, Yunnan, China  
(云南丽江) 

10 100º15′ 26º52′ na H3 (10) 0.000±0.000 0.00000±0.00000

ZG Zogang, Xizang, China  
(西藏左贡) 

10 97º54′ 29º41′ na H7 (3), H8 (7) 0.467±0.132 0.00029±0.00008

MK-1 Markam, Xizang, China  
(西藏芒康) 

10 98º41′ 29º38′ na H8 (7), H9 (3) 0.467±0.132 0.00029±0.00008

MK-2 Markam, Xizang, China  
(西藏芒康) 

10 98º41′ 29º32′ na H12 (2), H13 (6)
H14 (2) 

0.356±0.159 0.00043±0.00019

Total   109     0.895±0.012 0.00495±0.00018
Hd, haplotype diversity; π, nucleotide diversity; na, not available. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1.  Sample locations and distribution of cpDNA haplotypes of Primula secundiflora. Frequency of cpDNA haplotypes in each population is 
indicated in pie charts. 
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A hierarchical analysis of molecular variance 
(AMOVA) (Excoffier et al., 1992) was performed 
using ARLEQUIN software version 3.0 (Excoffier et 
al., 2005) with significance tested by 1000 permuta-
tions. Nucleotide diversity (π) and haplotype diversity 
(Hd) were calculated with DnaSP version 4.0 for each 
population (Rozas et al., 2003). 

Phylogenetic relationships between the cpDNA 
haplotypes were reconstructed by neighbour-joining 
(NJ) and maximum-parsimony (MP) analyses in 
PAUP 4.0b10 (Swofford, 2000). A closely related 
species, P. helodoxa Balf. f., was used as outgroup. In 
the MP analyses, gaps were treated as missing and 
indels were scored as binary characters. NJ analyses 
were performed based on Kimura’s two-parameter 
model. MP tree was also constructed with the heuristic 
search algorithm with tree-bisection-reconnection. 
Bootstrap values were estimated (with 1000 repli-
cates) to assess the relative support for relationships 
between haplotypes (Felsenstein, 1985). 

To reveal the phylogenetic relationships among 
haplotypes, a minimum spanning haplotype tree was 
constructed by linking the haplotypes in a hierarchical 
manner based on the single step mutations, with the 
aid of MINSPNET (Excoffier & Smouse, 1994). We 
used the nested clade analysis (NCA) to infer the 
patterns of population history. The NCA nesting 
design was constructed by hand on the haplotype 
network following the rules given in Templeton et al. 
(1987) and Templeton and Sing (1993). The program 
GeoDis 2.2 (Posada et al., 2000) was used to calculate 
the various NCA distance measures and their statisti-
cal significance levels. All statistical analyses in 
GeoDis were performed using 1000 permutations. 
Two major clade distance statistics were calculated, 
viz., the clade distance (Dc), which measures the 
average distance of all clade members from the geo-
graphical center of distribution, and the nested clade 
distance (Dn), which measures the geographical 
distribution of a clade relevant to other clades in the 
same nested group and the interior-tip. These meas-
ures of geographical distribution were used to infer 
historical processes following the methods of 
Templeton et al. (1995). The results were interpreted 
using the latest inference key of Templeton provided 
at http://darwin.uvigo.es (updated November 2005). 

2  Results 

In this study, trnL-trnF and rps16 regions of 
cpDNA in P. secundiflora were PCR amplified and 
sequenced for 109 individuals of 11 populations. 

Sequences of trnL-F and rps16 were deposited in the 
GenBank database under the accession numbers 
EF595526–EF595536 and EF595537–EF595550, 
respectively. For the trnL-trnF region (including trnL 
intron, exon and trnL-trnF spacer), length polymor-
phism ranges from 855 bp to 877 bp. Difference 
between trnL-trnF sequences was mainly ascribed to 
16 point mutations and six indels. For the rps16 
region, high levels of length polymorphism, ranging 
from 752 bp to 789 bp, were detected. Six indels were 
found, while 15 sites belong to point mutations after 
alignment (Table 2). Fifteen haplotypes were recov-
ered from the combined data of trnL-trnF and rps16 
data sets. Haplotype composition, haplotype number 
and total cpDNA diversity in each population are 
listed in Table 1 with geographical distributions 
illustrated in Fig. 1. Four (H1, H2, H3 and H15) of the 
15 haplotypes were fixed in the south distribution 
range, while the other haplotypes were fixed in the 
north distribution range. 

The overall haplotype diversity (Hd) is 0.895 ± 
0.012 and nucleotide diversity (π) is 0.00495± 
0.00018 (Table 1). The average gene diversity within 
population (HS) is 0.178±0.0710 and the total gene 
diversity (HT) is 0.966±0.0308. Interpopulation 
differentiation across the total distribution of the 
species was very high (GST=0.816), and AMOVA 
revealed that 97.65% of the total genetic variation are 
partitioned among populations (Table 3). A test for 
phylogeographic structure of haplotype variation 
across the distribution of the species showed that NST 
(0.982) was significantly higher than GST (0.816) 
(P<0.05), indicating the distinct correlation between 
distribution and fixture of haplotypes (Pons & Petit, 
1996). 

The total alignment of trnL-trnF and rps16 se-
quences that included indels covered 1677 characters, 
of which 1626 were constant, and 29 were parsi-
mony-informative characters. The strict consensus tree 
of the six most parsimonious trees (Tree length=55, 
CI=0.95, RI=0.95) was shown in Fig. 2. Four major 
clades were identified and tentatively supported by the 
bootstrap statistics. The first clade (I) consisted of 
haplotypes H7, H8, H9, H12, H13 and H14 that were 
respectively fixed in populations DQ, ZG, MK-1 and 
MK-2. The second one (II) included H4, H5 and H6, 
presenting in populations KD and YJ while the third 
one (III) comprised H1, H2, H3 and H15 in ZD-1, 
ZD-2, ML and LJ. The last clade (IV) consisted of 
H10 and H11, both fixed in XC. 

The minimum spanning tree was shown in Fig. 3. 
Five one-step clades (clade 1-1, 1-2, 1-3, 1-4, 1-5) 
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Table 3  Analysis of molecular variance (AMOVA) for populations of Primula secundiflora based on sequences of cpDNA trnL-trnF and rps16 
regions 

Source of variation d.f. Sum of squares Variance components Percentage of variation 
Among populations 10 1093.780 11.01230 97.65 
Within populations 98 26.000 0.26531   2.35 

Total 108 1119.780 11.27761  

d.f., degrees of freedom. 
 
 

 
 
 
Fig. 2.  The neighbour-joining tree of cpDNA haplotypes. Bootstrap 
support values ＞50% are shown in the NJ (above branches) and in 
MP analyses (below branches). 
 
 
were identified in the cpDNA haplotype tree. Clade 
1-1 and clade 1-2 were grouped into a higher-level 
clade 2-1. The most widespread clade 1-5 was distrib-
uted in four populations, and clade 1-2 occurred in 
three populations. The demographic inferences sug-
gested that the restricted gene flow with isolation by 
distance is the primary process within clade 1-2 and 
clade 2-1, allopatric fragmentation within clade 1-3, 
1-5 and total cladogram (Table 4) according to the 
statistic significance between the clade distance (Dc) 
and the nested clade distance (Dn). 

3  Discussion 

In this study, we recovered 15 cpDNA haplo-
types based on a combination of two cpDNA sequence 
variations. These haplotypes clustered into four distinct 
clades (Figs. 2, 3). The haplotypes in these four clades 
were found in geographically different regions (Fig. 
2), with haplotypes within clades I, II and IV in the 
northern populations, while those of the clade III in 
the southern populations. H8 is commonly shared by 
three adjacent populations (DQ, ZG and MK-1 in the 
northwest Yunnan and southeast Xizang; Table 1 and 
Fig. 1). Minimum spanning tree suggested that H8 
might be the ancestral haplotype in the clade 2-1 and 
two haplotypes (H7 and H9) that have the same 
distribution were derived from it recently due to the 
short mutations between them (Fig. 3). The other 
haplotypes in this clade (H12, H13 and H14) have 
longer mutational steps, suggesting the later origins. 
However, their distributions are close to H8 in the 
north range of the species, similarly indicating that 
they may have derived from this hypothesized ances-
tor. Clade 1-3 consisted of three haplotypes (H4, H5 
and H6) that were only recovered in west Sichuan 
(KD and YJ). Clade 1-4 included two haplotypes (H10 
and H11) fixed in XC and this clade seems to have a 
ancient origin and isolated position (Figs. 2, 3). Clade 
1-5 consisted of four haplotypes (H1, H2, H3 and 
H15) centered in the northwest Yunnan and southwest 
Sichuan (ZD-1, ZD-2, LJ and ML; Table 1 and Fig. 
1). H2 from Zhongdian was inferred as ancestral in 
this clade (Fig. 3) and the other haplotypes radiated 
from this haplotype in their sympatric distributions. 
Because of the low mutation rate in the cpDNA 
(Newton et al., 1999; Petit et al., 2003), the diver-
gences between four clades obviously predated the 
Quaternary stages. The isolated distribution of these 
clades therefore suggested that multiple refugia (at 
least four) must have existed for this species during 
the glacial stages. It is interesting to note that another 
alpine shrub Hippophae neurocarpa S. W. Liu & T. 
N. He on the QTP was also revealed to have inde-
pendent refugia in the high altitude regions (Meng et 
al., 2007). 
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Fig. 3.  Minimum spanning tree of cpDNA haplotypes used for the nested clade analysis.  The numbers above each connection represent mutational 
steps. 
 
 
Table 4  Inference chains based on results of geographical dispersion analysis (GEODIS) 

Clade Clade key Inferences 
1-2 1-2-3-4-NO Restricted gene flow with isolation by distance 
1-3 1-19-NO Allopatric fragmentation 
1-5 1-19-NO Allopatric fragmentation 
2-1 1-2-3-4-NO Restricted gene flow with isolation by distance 

Total cladogram 1-19-NO Allopatric fragmentation 

 
 
In addition, the genetic measures suggested a 

high inter-population differentiation in P. secundiflora 
(GST=0.816, FST=0.976). Similarly, the AMOVA 
analyses also indicated that 97.65% of the total genetic 
variations are partitioned among populations. How-
ever, it should be noted that the average gene diversity 
within populations (HS=0.178) was extremely low. 
Obviously, the current distribution range of P. secun-
diflora is characterized by low within-population 
diversity, but high diversity between populations due 
to genetic drift favouring/fixing different haplotypes in 
different populations. Furthermore, the higher value of 
NST (0.982) than GST (0.816) (P<0.05) suggested a 
distinct phylogeographic structure of haplotype distri-
butions (Pons & Petit, 1996). These data together 
suggested that the common interglacial or postglacial 
range expansion as revealed for most of the temperate 
plants (e.g. Newton et al., 1999; Petit et al., 2003; 
Zhang et al., 2005) obviously did not occur in this 
species. Under this alternative assumption, most of the 
current populations should fix a common haplotype 
and contain low levels of genetic diversity both within 
and between populations if they shared or were de-
rived from a common refugium. These inferences 
were also supported by the nested clade analysis 

(NCA) although this method is open to question (Petit 
et al., 2005). The restricted gene flow/dispersal with 
isolation by distance is likely the major process in 
clade 1-2 and 2-1. In addition, allopatric fragmentation 
was inferred as the major process influencing the 
present-day spatial distribution of haplotypes within 
clades 1-3 and 1-5 (Table 4). 

However, our results suggest that most of the 
current populations of P. secundiflora must have 
experienced the in situ shrink-expansion cycles during 
the Quaternary climatic oscillations. This scenario is 
highly likely if the complex topology of HM and QTP 
are taken into account. In the QTP, especially in its 
southeast part, no extensive ice had developed in the 
Quaternary stages (Li, 1995; Shi et al., 1998). This 
allows the persistence of plant species in the in situ 
distributions during the glacial stages. In addition, the 
alpine species like P. secundiflora might retreat to the 
low altitude region during this arid stage. However, 
because of the deep valleys, it is difficult for different 
populations to mix together in a common refugium 
during such a retreat. Similarly, during the interglacial 
or postglacial expansions, they still retained separate 
due to the complex topology. Therefore, the climatic 
oscillations only resulted in the repeated       
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expansion-contraction cycles of the existent popula-
tions. The subsequent genetic drifts reduced the 
intra-population diversity, but further promoted  
inter-population differentiation (Powell et al., 1995; 
Petit et al., 1997; Cruzan & Templeton, 2000). It 
should be noted that the long-distance dispersal of 
seeds or pollen grains may disrupt these genetic drifts 
as revealed in a few species (Birky et al., 1983). 
However, to our knowledge, seeds of P. secundiflora 
scatter from the ripened capsules within the limited 
vicinity of the parental plants, rather than being dis-
persed over long distances by the unexpected mecha-
nism. 

In conclusion, our results suggest that the phy-
logeographic pattern of P. secundiflora is different 
from those of the other temperate plants in which most 
of the current populations had usually experienced a 
common recolonization during the interglacial or 
postglacial range shifts (for an example, Zhang et al., 
2005). This is mainly due to the complex topology of 
HM where deep valleys and high mountains might 
have prevented migrations of plants during the cli-
matic oscillations. However, more phylogeographic 
studies are now required on a wide range of different 
species endemic to this region to obtain a better un-
derstanding of the factors that have influenced the 
evolutionary history of this region’s flora. 

Acknowledgements  We thank Drs. Yong-Ming 
YUAN, Xue-Jun GE and Hong-Du LIN for their helps 
in collection of materials, data analysis and manuscript 
preparations. This work was supported by the National 
Natural Science Foundation of China, Grant Nos. 
30470125, 40671066. 

References 

Abbott RJ, Brochmann C. 2003. History and evolution of the 
arctic flora: in the footsteps of Eric Hultén. Molecular 
Ecology 12: 299–313. 

Avise JC. 1998. The history and purview of phylogeography: A 
personal reflection. Molecular Ecology 7: 371–379. 

Bartish IV, Kadereit JW, Comes HP. 2006. Late Quaternary 
history of Hippophae rhamnoides L. (Elaeagnaceae) 
inferred from chalcone synthase intron (Chsi) sequences 
and chloroplast DNA variation. Molecular Ecology 15: 
4065–4083. 

Birky CWJ, Maruyama T, Fuerst P. 1983. An approach to 
population and evolutionary genetic theory for genes in 
mitochondria and chloroplasts, and some results. Genetics 
103: 513–527. 

Comes HP, Kadereit JW. 1998. The effect of quaternary 
climatic changes on plant distribution and evolution. 
Trends in Plant Science 3: 432–438. 

Cruzan MB, Templeton AR. 2000. Paleoecology and 
coalescence: phylogeographic analysis of hypotheses from 

the fossil record. Trends in Ecology and Evolution 15: 
491–496. 

Doyle J. 1991. DNA protocols for plants—CTAB total DNA 
isolation. In: Hewitt G M, Johnston A eds. Molecular 
Techniques in Taxonomy. Berlin: Springer. 283–293. 

Excoffier L, Laval G, Schneider S. 2005. Arlequin version 3.0: 
an integrated software package for population genetics 
data analysis. Evolutionary Bioinformatics Online 1: 
47–50. 

Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of 
molecular variance inferred from metric distance among 
DNA haplotypes: application to human mitochondrial 
DNA restriction data. Genetics 131: 479–491. 

Excoffier L, Smouse PE. 1994. Using allele frequencies and 
geographic subdivision to reconstruct gene trees with a 
species: molecular variance parsimony. Genetics 136: 
343–359. 

Felsenstein J. 1985. Confidence limits on phylogenies: an 
approach using the bootstrap. Evolution 39: 783–791. 

Fujii N, Tomaru N, Okuyama K, Koike T, Mikami T, Ueda K. 
2002. Chloroplast DNA phylogeography of Fagus crenata 
(Fagaceae) in Japan. Plant Systematics and Evolution 232: 
21–33. 

Hao R-M (郝日明). 1997. On the areal-types of the Chinese 
endemic genera of seed plants. Acta Phytotaxonomica 
Sinica (植物分类学报) 35: 500–510. 

Hewitt GM. 1996. Some genetic consequences of ice ages, and 
their role in divergence and speciation. Biological Journal 
of the Linnean Society 58: 247–276. 

Hewitt GM. 2000. The genetic legacy of the Quaternary ice 
ages. Nature 405: 907–913. 

Hewitt GM. 2004. Genetic consequences of climatic 
oscillations in the Quaternary. Philosophical Transactions 
of the Royal Society of London, Series B, Biological 
Sciences 359: 183–195. 

Hu C-M (胡启明). 1990. Primulaceae. In: Flora Reipublicae 
Popularis Sinicae (中国植物志). Beijing: Science Press. 
59 (2): 113–114. 

Hu C-M (胡启明). 1994. On the geographical distribution of 
the Primulaceae. Journal of Tropical and Subtropical 
Botany (热带亚热带植物学报) 2: 1–14. 

Hu C-M, Kelso S. 1996. Primulaceae. In: Wu Z Y, Raven P H 
eds. Flora of China. Beijing: Science Press; St. Louis: 
Missouri Botanical Garden Press. 15: 119–120. 

Li J-J (李吉均). 1995. Three stages of uplift and altitude and 
age of planation surface of the Tibetan Plateau. In: 
Committee of Geomorphology and Quaternary Geology in 
the Society of Geography of China (中国地理学会地貌与

第四纪专业委员会) ed. Geomorphology–Environment– 
Development (地貌–环境–发展). Beijing: China Environ- 
ment Press. 

Li X-W (李锡文), Li J (李捷). 1993. A preliminary floristic 
study on the seed plants from the region of Hengduan 
Mountain. Acta Botanica Yunnanica (云南植物研究) 15: 
217–231. 

Li X-W (李锡文). 1994. Two big biodiversity centers of 
Chinese endemic genera of seed plants and their 
characteristics in Yunnan Province. Acta Botanica 
Yunnanica (云南植物研究) 16: 221–227. 



WANG et al.: Phylogeography of Primula secundiflora inferred from cpDNA sequence variation 
 

21

Liu J-Q, Gao T-G, Chen Z-D, Lu A-M. 2002. Molecular 
phylogeny and biogeography of the Qinghai-Tibet Plateau 
endemic Nannoglottis (Asteraceae). Molecular 
Phylogenetics and Evolution 23: 307–325 

Liu J-Q, Wang Y-J, Wang A-L, Hideaki O, Abbott RJ. 2006. 
Radiation and diversification within the Ligularia- 
Cremanthodium-Parasenecio complex (Asteraceae) 
triggered by uplift of the Qinghai-Tibetan Plateau. 
Molecular Phylogenetics and Evolution 38: 31–49. 

Meng L-H (孟丽华), Yang H-L (杨慧玲), Wang Y-J (王玉金). 
2008. Phylogeography of Hippophae neurocarpa 
(Elaeagnaceae) inferred from the chloroplast DNA trnL-F 
sequence variation. Journal of Systematics and Evolution 
(植物分类学报) 46: 32–40. 

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, 
Kent J. 2000. Biodiversity hotspots for conservation 
priorities. Nature 403: 853–858. 

Newton AC, Allnutt TR, Gillies ACM, Lowe AJ, Ennos RA. 
1999. Molecular phylogeography, intraspecific variation 
and the conservation of tree species. Trends in Ecology 
and Evolution 14: 140–145. 

Okaura T, Harada K. 2002. Phylogeographical structure 
revealed by chloroplast DNA variation in Japanese Beech 
(Fagus crenata Blume). Heredity 88: 322–329. 

Oxelman B, Liden M, Berglund D. 1997. Chloroplast rps16 
intron phylogeny of the tribe Sileneae (Caryophyllaceae). 
Plant Systematics and Evolution 206: 393–410. 

Petit RJ, Aguinagalde I, de Beaulieu JL, Bittkau C, Brewer S, 
Cheddadi R, Ennos R, Fineschi S, Grivet D, Lascoux M, 
Mohanty A, Müller-Starck G, Demesure-Musch B, Palmé 
A, Martín JP, Rendell S, Vendramin GG. 2003. Glacial 
refugia: hotspots but not melting pots of genetic diversity. 
Science 300: 1563–1565. 

Petit RJ, Duminil J, Fineschi S, Hampe A, Salvini D, 
Vendramin GG. 2005. Comparative organization of 
chloroplast, mitochondrial and nuclear diversity in plant 
populations. Molecular Ecology 14: 689–701. 

Petit RJ, Pineau E, Demesure B, Bacilieri R, Ducousso A, 
Kremer A. 1997. Chloroplast DNA footprints of 
postglacial recolonization by oaks. Proceedings of the 
National Academy of Sciences, USA 94: 9996–10001. 

Pons O, Petit RJ. 1996. Measuring and testing genetic 
differentiation with ordered versus unordered alleles. 
Genetics 144: 1237–1245. 

Posada D, Crandall KA, Templeton AR. 2000. GeoDis: a 
program for the cladistic nested analysis of the 
geographical distribution of genetic haplotypes. Molecular 
Ecology 9: 487–488. 

Powell W, Morgante M, Mcdevitt R, Vendramin GG, Rafalski 
JA. 1995. Polymorphic simple sequence repeat regions in 
chloroplast genomes: applications to the population 
genetics of pines. Proceedings of the National Academy of 
Sciences, USA 92: 7759–7763. 

Richards J. 2002. Primula. New edition. London: B.T. Batsford 
Ltd. 

Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R. 2003. 
DnaSP, DNA polymorphism analyses by the coalescent 
and other methods. Bioinformatics 19: 2496–2497. 

Schaal BA, Hayworth DA, Olsen KM, Rauscher JT, Smith WA. 
1998. Phylogeographic studies in plants: problems and 
prospects. Molecular Ecology 7: 465–474. 

Shi Y-F (施雅风), Li J-J (李吉均), Li B-Y (李炳元). 1998. The 
Uplift and Environment Effectivity of the Qinghai-Tibet 
Plateau During the Late Cenozoic (青藏高原晚新生代隆

起与环境变化). Guangzhou: Guangdong Science and 
Technology Press. 

Soltis PS, Gitzendanner MA. 1999. Molecular systematics and 
the conservation of rare species. Conservation Biology 13: 
471–483. 

Sun H (孙航). 2002. Evolution of Arctic Tertiary flora in 
Himalayan Hengduan Mountains. Acta Botanica 
Yunnanica (云南植物研究) 24: 671–688. 

Swofford DL. 2000. PAUP*. Phylogenetic Analysis Using 
Parsimony (* and Other Methods), Version 4.0b10. 
Sunderland, Massachusetts: Sinauer Associates. 

Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal 
primers for amplification of three non-coding regions of 
chloroplast DNA. Plant Molecular Biology 17: 
1105–1109. 

Templeton AR, Boerwinkle E, Sing CF. 1987. A cladistic 
analysis of phenotypic associations with haplotypes 
inferred from restriction endonuclease mapping. I. Basic 
theory and an analysis of alcohol dehydrogenase activity 
in Drosophila. Genetics 117: 343–351. 

Templeton AR, Routman E, Phillips CA. 1995. Separating 
population structure from population history: a cladistic 
analysis of the geographical distribution of mitochondrial 
DNA haplotypes in the tiger salamander, Ambystoma 
tigrinum. Genetics 140: 767–782. 

Templeton AR, Sing CF. 1993. A cladistic analysis of 
phenotypic associations with haplotypes inferred from 
restriction endonuclease mapping. IV. Nested analyses 
with cladogram uncertainty and recombination. Genetics 
134: 659–669. 

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins 
DG. 1997. The Clustal X windows interface: flexible 
strategies for multiple sequence alignment aided by quality 
analysis tools. Nucleic Acids Research 25: 4876–4882. 

Wang AL, Yang MH, Liu JQ. 2005. Molecular phylogeny, 
recent radiation and evolution of gross morphology of the 
rhubarb genus Rheum (Polygonaceae) inferred from 
chloroplast DNA trnL-F sequences. Annals of Botany 96: 
489–498. 

Wang H-S (王荷生). 2000. The nature of China’s flora and the 
relationships between its different elements. Acta Botanica 
Yunnanica (云南植物研究) 22: 119–126. 

Wang X-P (王献溥), Liu Y-K (刘玉凯). 1994. Theory and 
Practice of Biodiversity (生物多样性的理论与实践). 
Beijing: China Environmental Science Press. 

Wang Y-J (王玉金), Li X-J (李晓娟), Hao G (郝刚), Liu J-Q 
(刘建全). 2004. Molecular phylogeny and biogeography 
of Androsace (Primulaceae) and the convergent evolution 
of cushion morphology. Acta Phytotaxonomica Sinica (植
物分类学报) 42: 481–499. 

Wang YJ, Liu JQ, Miehe G. 2007. Phylogenetic origins of the 
Himalayan endemic Dolomiaea, Diplazoptilon and 
Xanthopappus (Asteraceae: Cardueae) based on three 
DNA regions. Annals of Botany 99: 311–322. 

Widmer A, Lexer C. 2001. Glacial refugia: sanctuaries for 
allelic richness, but not for gene diversity. Trends in 



Journal of Systematics and Evolution  Vol. 46  No. 1  2008 22

Ecology and Evolution 16: 267–268. 
Ying T-S (应俊生), Zhang Y-L (张玉龙). 1993. The Endemic 

Genera of Seed Plants of China (中国种子植物特有属). 
Beijing: Science Press. 

Ying T-S (应俊生), Zhang Z-S (张志松). 1984. Endemism in 
the flora of China—studies on the endemic genera. Acta 
Phytotaxonomica Sinica (植物分类学报) 22: 259–268. 

Zhang Q, Chiang TY, George M, Liu JQ, Abbott RJ. 2005. 
Phylogeography of the Qinghai-Tibetan Plateau endemic 

Juniperus przewalskii (Cupressaceae) inferred from 
chloroplast DNA sequence variation. Molecular Ecology 
14: 3513–3524. 

Zhang X-L (张小兰), Ge X-J (葛学军), Liu J-Q (刘建全), Yuan 
Y-M (袁永明). 2006. Morphological, karyological and 
molecular delimitation of two gentians: Gentiana 
crassicaulis versus G. tibetica (Gentianaceae). Acta 
Phytotaxonomica Sinica (植物分类学报) 44: 627–640. 

基于叶绿体 DNA 变异研究高山植物偏花报春             
的种内谱系地理结构 
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1(中国科学院华南植物园  广州 510650) 
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摘要  横断山地区是许多温带植物的冰期避难所。为揭示该地区分布物种的亲缘地理结构, 检测了该地区特有、分布相对较

为普遍的偏花报春Primula secundiflora的叶绿体trnL-trnF和rps16区序列变异。研究了11个居群109个个体, 一共发现了15种单

倍型。只有一种单倍型为3个居群所共有, 其他单倍型都只存在于单个居群内。总的遗传多样性较高(HT=0.966), 但居群内遗

传多样性较低(HS=0.178)。尽管种内形态十分一致, 居群间却存在高水平的遗传分化(FST=0.976)。NST (0.982)显著高于GST 
(0.816), 表明偏花报春在居群间存在明显的亲缘地理结构。单倍型聚成四个主要的分支: 三个分支的单倍型分布在北部, 而
另一分支的单倍型分布在南部。四个分支的隔离分布表明该物种在冰期存在多个避难所。未发现在其他温带物种中广泛存在

的间冰期或者冰期后物种分布范围的统一扩张现象。但是, 在气候变迁过程中由于居群增长-缩小反复发生, 多数居群的遗传

多样性降低。这些推断也被巢式分支分析所证实, 距离隔离而导致的限制性基因流以及异域片断化被认为是该物种现有单倍

型分布格局形成的主要原因。这种独特的谱系地理结构主要是由于气候变迁与该地区复杂的地质环境相结合造成的。 
关键词  亲缘地理学; 偏花报春; 叶绿体DNA; trnL-trnF; rps16; 横断山 
 

  

 

 


