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Abstract The East Himalaya-Hengduan Mountains region is the center of diver-
sity of the genus Primula, and P. sikkimensis is one of the most common members
of the genus in the region. In this study, the genetic diversity and structure of
P. sikkimensis populations in China were assessed using inter-simple sequence
repeat (ISSR) and chloroplast microsatellite markers. The 254 individuals analyzed
represented 13 populations. High levels of genetic diversity were revealed by ISSR
markers. At the species level, the expected heterozygosity and Shannon’s index
were 0.4032 and 0.5576, respectively. AMOVA analysis showed that 50.3% of the
total genetic diversity was partitioned among populations. Three pairs of chloroplast
microsatellite primers tested yielded a total of 12 size variants and 15 chloroplast
haplotypes. Strong cpDNA genetic differentiation (Gst = 0.697) and evidence for
phylogeographic structure were detected (Nst = 0.788, significantly higher than
Ggr). Estimated rates of pollen-mediated gene flow are approximately 27% greater
than estimated rates of seed-mediated gene flow in P. sikkimensis. Both seed and
pollen dispersal, however, are limited, and gene flow among populations appears to
be hindered by the patchiness of the species’ habitats and their geographic isolation.
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These features may have played important roles in shaping the genetic structure of
P. sikkimensis. A minimum-spanning tree of chloroplast DNA haplotypes was
constructed, and possible glacial refugia of P. sikkimensis were identified.

Keywords Chloroplast microsatellite - East Himalaya—Hengduan Mountains -
ISSR - Primula sikkimensis

Introduction

The eastern Himalayan region is one of the 25 hotspots of biodiversity (one of two
in the northern hemisphere) (Myers et al. 2000). This region’s great biodiversity is
due to the relatively stable environment and diverse topography. The Hengduan
Mountains, a major part of the region, lie at its eastern end, extending from the
western and northern parts of the provinces Sichuan and Yunnan, respectively, to
east Tibet. They comprise a series of spectacular north—south trending ridges along
four major rivers of Asia: the Brahmaputra, Salween, Mekong, and Yangtze.
Although covering only ca. 500,000 km?, the Hengduan Mountains host about
8,000 angiosperm species (Wu 1988; Li and Li 1993; Wu and Wu 1996), of which
about 3,000 (ca. 37%) are endemic or mainly restricted to this area (Li and Li 1993).
Studies have shown that this region was a center of active speciation for
Rhododendron, Primula, and Gentiana (Wu 1988; Takhtajan 1969; Rao 1994). Of
the ca. 430 species of Primula (Primulaceae), over 75% are concentrated in the
Himalayan mountain chain and western China (Richards 2002). The center of
diversity for Primula is located in the core area of the Hengduan Mountains (Hu
1994; Hu and Kelso 1996).

The spatial genetic variations of taxa are results of their evolutionary history, so
information on genetic structure is important for understanding speciation and
adaptation (Syamsuardi and Okada 2002). Thus, the eastern Himalaya—Hengduan
Mountains region has great potential for analyses of these processes, given its high
species diversity, but to date very few species in the region have been analyzed with
regard to genetic structure (Ge et al. 2005; Xia et al. 2005; Peng et al. 2005).
Furthermore, although the genetic structure of many primrose species has been
assessed (Jacquemyn et al. 2004; Reisch et al. 2005; Van Rossum and Triest 2003),
none of the species studied to date is from this region. Primula sikkimensis Hook is
one of the most common primroses in this region. It is widely distributed from
western Sichuan and Yunnan to southeast Tibet, Bhutan, Nepal, Sikkim, Myanmar,
and northeast India (Hu and Kelso 1996). Understanding the genetic structure of
P. sikkimensis and the factors that have shaped it would help attempts to eluci-
date the diversification of this genus in the East Himalaya—Hengduan Mountains
region.

The genetic structure of plant populations is determined in large part by the
movement of genes via pollen and seed dispersal. The contributions of these two
forms of gene dispersal on the genetic structure of natural plant populations can be
estimated using a combination of nuclear DNA and chloroplast DNA (cpDNA)
markers. Such combinations have provided abundant valuable information on plant
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colonization and dispersal (Viard et al. 2001; Newton et al. 2002; Fontaine et al.
2004). Among the various types of molecular markers for detecting genetic
diversity, nuclear inter-simple sequence repeats (ISSR) are powerful tools for
investigating genetic variation within species (Gupta et al. 1994; Zietkiewicz et al.
1994; Wolfe and Liston 1998). These markers, however, have limitations due to
their biparental mode of inheritance. In contrast, uniparentally inherited organellar
DNA markers, such as chloroplast simple sequence repeats (cpSSRs), offer
alternatives that are free of this limitation and thus are powerful complementary
tools for analyzing genetic diversity among populations (Powell et al. 1995).
Knowledge of the target species’ genome sequence is not required for analyses of
either of these types of markers. The ready availability of data and their convenience
make them suitable for studying population genetics.

In the present study, both ISSR and cpSSR markers were used to (1) assess
the genetic structure of P. sikkimensis, (2) estimate gene flow in populations of
the species via seed and pollen, and (3) identify possible glacial refugia of this
species.

Materials and Methods
Plant Materials and DNA Extraction

Primula sikkimensis is a diploid (2n = 18 or 22) perennial herb (2-7 cm high) and
an obligate outcrosser with a distylous self-incompatibility system (Hu and Kelso
1996). This species grows in wet meadows, at margins of bogs and wet forests, and
beside streams at altitudes of 3,200—4,400 m. The plants analyzed in this study (254
individuals) were sampled from 13 natural populations of P. sikkimensis from
Sichuan, Tibet, and Yunnan in China (Table 1, Fig. 1). Leaves were collected in the
field and were dried directly with silica gel. Total DNA was extracted following the
CTAB procedure (Doyle 1991).

ISSR Analysis

In a preliminary study, 100 ISSR primers (Biotechnology Laboratory, University of
British Columbia, primer set 9) were screened for PCR amplification. Ten of these
primers (UBC nos. 808, 811, 814, 827, 834, 835, 840, 857, 888, 889) that gave clear,
reproducible banding patterns were chosen for final analysis. Polymerase chain
reactions (PCR) were carried out in 20 pl reaction mixture consisting of 20 ng
template DNA, 2.5 mM MgCl,, 0.1 mM dNTPs, 2% formamide, 0.2 uM primer, 1
U Tagq polymerase, and double-distilled water in an MJ Research 96-well thermal
cycler. The amplification products were separated electrophoretically in 1.5%
agarose gels with 0.5x TBE buffer and visualized using ethidium bromide staining.
The amplified DNA fragments were documented using LabWorks Version 3.0
image analysis software (UVP, Upland, CA).

@ Springer



78 Biochem Genet (2008) 46:75-87

Table 1 Genetic variation within Primula sikkimensis populations from 13 locations in China

Pop. No. Location Voucher (IBSC) N Long.E Lat. N H, PLP (%) H,

1 Luding, Sichuan Hao 456 16 102°17" 29°51" 0.2700 84.6 0.250
2 Kangding, Sichuan  Hao 462 19 101°58" 30°02' 0.3564 81.3 0.306
3 Yajiang, Sichuan Hao 464 19 101°02" 30°02" 0.3507 83.5 0.301
4 Wolong, Sichuan Hao 481 20 103°09" 31°03’ 0.3317 75.8 0.272
5 Zhongdian, Yunnan Hao 497 20 100°03’ 27°54" 0.3635 73.6 0.283
6 Zhongdian, Yunnan Hao 499 20 99°47  28°30° 0.2898 74.7 0.245
7 Xiangcheng, Hao 504 20 99°50' 28°57" 0.3281 76.9 0.274

Sichuan

8 Daocheng, Sichuan  Hao 508 20 100°22’ 28°35 0.3043 76.9 0.256
9 Degin, Yunnan Hao 509 20 98°57" 28°26' 0.3474 78.0 0.286
10 Linzhi, Tibet Ge & Yuan 2003T-10 20 94°43'  29°55' 0.3399 72.5 0.281
11 Zuogong, Tibet Ge & Yuan 2003T-6 20 97°53"  29°41’ 0.4016 72.5 0.306
12 Mangkang, Tibet Ge & Yuan 2003T-4 20 98°38 29°41’ 0.2615 72.5 0.219
13 Mangkang, Tibet Ge & Yuan 2003T-4a 20 98°32" 29°28' 0.2293 38.5 0.199
Pop. level 0.3211 739 0.268
Species level 0.5576 0.4032

Note: N, Number of samples. H,,, Shannon’s information index. PLP, Percentage of polymorphic loci. Hj:
Expected heterozygosity

cpSSR Analysis

Chloroplast microsatellite primer sequences were obtained from Weising and
Gardner (1999) and Chung et al. (2003). After screening 20 pairs of universal
cpSSR primers, three pairs of primers yielding polymorphic products (ccmp4,
ccmpS, ccSSR8) were tested across all the samples. PCR was performed in reaction
mixtures with 1 x PCR buffer, 2.5 mM MgCl,, 0.2 mM dNTP, 0.2 uM each primer,
1 U Tagq polymerase, and 20 ng of template DNA. Optimal amplification conditions
were: initial denaturation for 4 min at 94°C, followed by 35 cycles of 45 s at 94°C,
45 s at 50-62°C, and 45 s at 72°C, with a final extension for 7 min at 72°C. The
PCR products were separated in 6% denaturing polyacrylamide gels, detected by
silver staining and sized by comparison to a 50 base pair (bp) DNA ladder standard
(Invitrogen).

Data Analysis

Only bands that could be unambiguously scored were used in subsequent analyses.
ISSR profiles were determined for each individual based on the presence (1) or
absence (0) of specific bands. The percentage of polymorphic loci and the expected
heterozygosity (H;) were calculated using PopGene 1.31 (Yeh et al. 1999) and
AFLPSurv Version 1.0 (Vekemans et al. 2002), respectively. The detected genetic
diversity was compared with that of other species by calculating Shannon’s index,
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Fig. 1 Sampling locations and distribution of 15 chloroplast haplotypes detected in P. sikkimensis.
Population numbers correspond to those designated in Table 1. Haplotypes 1 to 15 are described in
Table 3

H, = =5 p;log, p; (Lewontin 1972), in which p; is the frequency of a given ISSR
fragment. Genetic diversity was calculated at two levels, the average diversity
within populations and the total diversity.

To describe population structure and variability among populations, analysis of
molecular variance (AMOVA) was performed using the Arlequin program
(Schneider et al. 2000), where the variation was partitioned among populations
and among individuals. To infer phylogenetic relationships among the different
populations, a neighbor-joining tree was constructed using MEGA version 3.0
(Kumar et al. 2004) based on average pairwise genetic differences between the
populations obtained from AMOVA. Relative branch support was evaluated by
bootstrap analysis (Felsenstein 1985), using Phylip (Felsenstein 1993) with 1,000
replicates of searches. To test for a correlation between genetic distance and
geographic distance among populations, a Mantel test was performed using Tools
for Population Genetic Analysis (TFPGA; Miller 1997).

Three diversity parameters (average intrapopulation diversity, Ag; total diversity,
hr; and differentiation, Gsrcp, and Ngy) of the chloroplast genome were estimated by
the methods of Pons and Petit using the program Permut (Pons and Petit 1996). Ngt
was compared with Ggr., using U-statistics, which are approximated by Gaussian
variables, taking into account the covariance between Ngt and Ggrep, and a one-
sided test (Pons and Petit 1996). Ggr.p is based solely on allelic frequencies; Ngr
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also takes into account the differences among haplotypes. An Ngr higher than the
Gsrep usually indicates the presence of phylogeographic structure (Pons and Petit
1996); that is, closely related haplotypes are more often found in the same area than
less closely related haplotypes. AMOVA was applied to estimate variance compo-
nents within and among populations.

To unravel the genealogies of the haplotypes in P. sikkimensis, a minimum-
spanning tree of the cpSSR haplotypes was constructed with the aid of Arlequin
(Schneider et al. 2000).

Results
Genetic Diversity Revealed by ISSR Markers

Of the 100 ISSR primers screened, 10 were selected for further analysis. A total of
91 unambiguous and reproducible electrophoretic bands were scored, all of which
were polymorphic. The percentage of polymorphic bands ranged from 38.5% to
84.6%, with an average of 73.9%. The expected heterozygosity was 0.268 and
0.4032 at the population and species levels, respectively, and the corresponding
Shannon’s index was 0.3211 and 0.5576, respectively (Table 1).

Significant genetic differences among populations were detected by the AMOVA
(Table 2). Of the total genetic diversity, 50.3% was attributable to between-
population differentiation and the rest (49.7%) resided within populations. The
neighbor-joining tree (Fig. 2) demonstrated that the 13 populations could be
classified into two groups, one from two populations from Tibet, and the other from
11 populations from west Sichuan, northwest Yunnan, and east Tibet. The Mantel
test with 1,000 permutations revealed that the genetic divergence of populations was
significantly correlated with geographic distance (r = 0.5906, P = 0.0109); that is,
an “isolation by distance” model was supported.

Genetic Diversity Revealed by Chloroplast Microsatellite Markers
Three pairs of conserved chloroplast microsatellite primers tested (ccmp4, ccmpS5,

ccSSR8) yielded a total of 12 size variants in 15 different haplotype combinations
(Table 3). High levels of cpDNA genetic diversity were detected in P. sikkimensis,

Table 2 Analysis of molecular variance of ISSR and chloroplast microsatellite variation in Primula
sikkimensis populations

Source of variation d.f. Sum of squares Variance component % Variation P-value

ISSR Among population 12 2127.942 8.641 50.3 <0.0010
Within population 241  2059.125 8.544 49.7 <0.0010
cpSSR  Among population 12 305.576 1.2863 79.16 <0.0010
Within population 241 81.613 0.3386 20.84 <0.0010
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Fig. 2 Unrooted neighbor-joining tree of 13 populations of P. sikkimensis based on ISSR markers.
Numbers above the branches are bootstrap values supporting the corresponding branch (>50%).

Population numbers as in Table 1

Table 3 Haplotype frequency and composition of 13 populations of P. sikkimensis

Haplotype  Population Frequency
1 2 3 4 5 6 7 8 9 0 11 12 13
hl 12 11 10 20 2 0.22530
h2 1 1 0.00865
h3 3 1 5 20 0.11463
h4 1 2 18  0.08097
h5 6 3 15 20 20 0.24798
h6 16 18 0.13401
h7 5 0.01923
h8 1 0.00385
h9 3 0.01154
h10 11 0.04231
hll 3 0.01154
h12 1 0.00385
h13 5 0.01923
h14 19 0.07308
h15 1 0.00385
Total 6 19 19 20 20 20 20 20 20 20 20 20 20 1.00000
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with A1 = 0.891. Most of the genetic diversity was partitioned between populations.
The Ggrep (0.697) and Ngr (0.788) values, based on unordered and ordered alleles,
respectively, indicate significant geographic structuring of cpDNA markers. The
finding that Ngp was greater than Gst (U = 3.77, P < 0.05) provides a further
indication that the cpDNA data contain phylogeographic information.

The distribution of the 15 haplotypes across the sampled range show a complex
pattern (Fig. 1). Overall, the frequency of haplotypes 1 and 5 was high (22.5 and
24.8%, respectively), and the frequency of all other haplotypes was less than 15%.
Four populations were composed of single haplotypes, five populations had two
haplotypes, and four populations possessed multiple polymorphic haplotypes. The
genetic compositions of populations 7 and 8 were identical. In the minimum-
spanning tree (Fig. 3), haplotype 1 occupies a central position, and all the other
haplotypes are separated from it by two mutational differences, except haplotype 8,
which is separated by four mutational differences.

Discussion
Genetic Diversity in P. sikkimensis

High levels of genetic variation have been found in several primrose species, e.g.,
P. ovalifolia (Shannon’s index, Hsp: 0.313) (Nan et al. 2003a), P. obconica (Hsp:
0.435) (Nan et al. 2003b), P. elatior (Ht: 0.2936) (Jacquemyn et al. 2004),
P. interjacens (Hsp: 0.4618) (Xue et al. 2004), and P. farinosa (Hsp: 0.33) (Reisch
et al. 2005), but the level of genetic variation we detected in P. sikkimensis at the
species level was still higher (percentage of polymorphic loci: 100%; Shannon’s
index Hgp: 0.5576; expected heterozygosity H;: 0.4032).

A wide range of life history and demographic factors, including the geographic
distribution, breeding system, and size of population, are important determinants of

Fig. 3 Minimum-spanning tree among the 15 haplotypes. Connection lengths between haplotypes are
represented by the number of marks
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the genetic diversity within and among populations of plant species (Hamrick and
Godt 1989). Plant species with large geographic ranges tend to have higher genetic
diversity than congenerics with more limited distributions (Hamrick and Godt 1989;
Hamrick et al. 1992). Among primrose species, the genetic variation of the
widespread P. veris has been found to be significantly higher than that of its rare
relative P. vulgaris (Van Rossum et al. 2004). As one of the most common primrose
species, the regional range of P. sikkimensis in the East Himalaya—Hengduan
Mountains may contribute substantially to the high levels of genetic diversity
detected in its populations.

The breeding system is another major influence on genetic diversity (Hamrick
and Godt 1996). It has been reported that 91% of all Primula species are
heteromorphic (Richards 2002). The distyly observed in P. sikkimensis is a visible
manifestation of a self-incompatible reproductive system. Outcrossing species
commonly have higher levels of genetic diversity than selfing plants. For example,
high genetic diversity has been found in P. interjacens, a species with distylous
flowers with a narrow distribution in Yunnan (Xue et al. 2004). In contrast, low
genetic diversity has been found in P. scotica, which lacks heterostylous flowers
and has an inbreeding system (Glover and Abbott 1995). Genetic differentiation is
expected to be particularly weak in populations of long-lived, perennial, outcrossing
species (Loveless and Hamrick 1984), and accordingly reported levels of differen-
tiation are very low for the congenerics P. elatior (Gst: 0.04) (Jacquemyn et al.
2004), P. veris (Gst: 0.039) (Antrobus and Lack 1993), P. vulgaris (Fsr: 0.165)
(Van Rossum and Triest 2003), and P. farinosa (®Ost: 0.2059) (Reisch et al. 2005).
However, in contrast with the expectation of weak genetic differentiation,
significantly higher population differentiation was found in P. sikkimensis. Of the
total molecular variance, 50.3% was attributable to among-population diversity
(Table 2), much more than the mean value for outcrossing species reported by
Nybom (2004) (®gr: 0.27). Strong genetic differentiation has also been found in
some other primrose species, such as P. ovalifolia (Gst: 0.574) (Nan et al. 2003a),
P. obconica (Gst: 0.519) (Nan et al. 2003b), and P. interjacens (Ggr: 0.261) (Xue
et al. 2004).

In addition to the breeding system, other factors, such as isolation by gene flow
among populations, drift, and inbreeding, may increase genetic differentiation and
shape genetic structure (in a local study of P. elatior; Jacquemyn et al. 2004). In
alpine landscapes, most plant populations are spatially isolated because of the
extreme patchiness of their habitats and strong natural fragmentation. Obvious
features of the East Himalaya—Hengduan Mountains region are its complex
topography and strong environmental heterogeneity. Most parts of the region have
series of parallel mountain ranges dissected by deep river valleys that run from north
to south and present physical barriers to gene flow. P. sikkimensis generally grows
at the edge of bogs or forests at altitudes of 3,200—4,400 m. The patchy habitats
where P. sikkimensis grows on different mountains are isolated by the deep valleys
between them or alpine tundra as “terrestrial habitat islands.” The varied
topography and scattered distribution of the species might strengthen population
differentiation by limiting pollen and seed dispersal and, at least in part, biparental
inbreeding, thus tending to promote population differentiation. High genetic
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differentiation has often been found in other alpine plant species from this region
e.g., Megacodon stylophorus (Gst: 0.807) (Ge et al. 2005), Rhodiola alsis (Gsr:
0.703) (Xia et al. 2005), and Populus cathayanan (Gst: 0.477) (Lu et al. 2006). The
similarity of the differentiation patterns detected in P. sikkimensis and other alpine
species studied in the East Himalaya—Hengduan Mountains region may be related to
the patchy habitats and strong isolation associated with its general geographic
features. The weak positive correlation (r = 0.5906, P = 0.0109) found between
genetic distance and geographic distance is consistent with an “isolation by
distance” model and suggests that the genetic exchangeability between geograph-
ically distant populations is constrained to some extent.

The chloroplast genome is maternally inherited and dispersed solely by seeds in
angiosperms (Birky et al. 1983). It has been shown both theoretically and
empirically that the level of genetic differentiation among populations is likely to
be higher for maternally inherited cpDNA markers than for biparentally inherited
nuclear genes because of differences in seed and pollen migration parameters
(Ennos 1994; Raspé et al. 2000). In the present study, most chloroplast DNA
diversity in P. sikkimensis was found to reside among populations. Its substantial
differentiation, with a Ggt value of 0.697, is close to the mean value (Ggt: 0.73)
reported for maternally inherited genomes in angiosperm tree species (Petit 1999).
Nevertheless, the expected large difference between ISSR and cpSSR markers was
not detected; both types of markers revealed high levels of genetic differentiation
(0.5028 vs. 0.697). The ratio of seed to pollen flow rates can be estimated using a
modified form of an equation published by Ennos (1994): pollen flow/seed
flow = [(1/Gstb — 1) — 2(1/Gstc — 1)]/(1/Gstc — 1), where Gstb is the level of
population subdivision based on biparentally (nuclear) inherited genomes, and Gstc
is the value of subdivision for cytoplastic markers. The estimates here suggest that
the rate of pollen-mediated gene flow is 27% greater than the rate of seed-mediated
gene flow. According to our field observations, P. sikkimensis was visited by
insects, which fly limited distances, implying that the range of its pollen dispersal by
insects is almost as restricted as that of its seed dispersal.

Although seed dispersal in P. sikkimensis has not been explicitly studied, the
morphology of its seeds suggests that they are scattered from ripened capsules
within the vicinity of the parent plants, rather than being dispersed over longer
distances by a more complex mechanism. Pollen and seed dispersal have both been
shown to be spatially limited in the congenerics P. vulgaris (Cahalan and Gliddon
1985) and P. sieboldii, in which the pollen is primarily dispersed by bumblebees
over mean distances of 5.4—7.2 m (Ishihama et al. 2006). The observed diversity
pattern suggests that the limited pollen- and seed-mediated gene flows among the
populations contribute to the high level of population differentiation detected in
P. sikkimensis.

Possible Glacial Refugia

In the present study, mutational differences between the haplotypes were used to
generate a minimum-spanning tree, showing the relationships between them. This
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tree (Fig. 3) was not fully resolved, partly because insufficient variation was
detected by the cpSSR analyses. They did, however, detect sufficient variation for a
broad-scale phylogeographic study of P. sikkimensis, and the haplotype network
was informative for interpreting the geographic distribution of the haplotypes.
According to the minimum-spanning tree, there were two mutation steps between
most haplotypes, and a maximum of four between haplotypes 8 and 1. Haplotype 1
is located at the interior position with high frequency of the network, implying that
it is an ancestral haplotype.

During the long glacial episodes of the Quaternary, many taxa were restricted to
one of the few regional refugia (Hewitt 1996). Then, as the climate warmed and the
ice receded, these plants expanded their ranges northward or retreated upslope. It is
generally considered in the biogeographic research that the Hengduan Mountains
are an important refugium for species surviving the Pleistocene glaciations due to its
north-south trending ridges and rivers, and complex topography (Zhang et al. 1997).
Chloroplast DNA analysis is extensively used to infer postglacial migration routes
of plants in Europe (Taberlet et al. 1998). In this study, the geographic distribution
of the cpSSR haplotypes may have arisen through a series of mutations during the
course of the quick expansion after the last glaciation. In the Himalaya—-Hengduan
Mountains region, four glacial and interglacial episodes occurred during the
Quaternary period (Sun 2002). The haplotype richness was relatively high in
Kangding, Luding (west Sichuan), and Zhongdian (northwest Yunnan), suggesting
that these areas may have provided refugia for the species during the Pleistocene,
since populations in such areas generally harbor higher haplotype diversity than
populations in areas that were subsequently colonized and the interior positions of
their haplotypes in the network. These areas are adjacent to low-altitude valleys,
which may have provided refugia during the Pleistocene. We cannot exclude the
possibility, however, that additional refugia existed elsewhere in other regions, since
the sampling was not exhaustive and did not cover the extremes of the species’
range.
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