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Abstract Genetic variation of four populations of Sargas-
sum thunbergii (Mert.) O. Kuntze and one outgroup of S.
fusiforme (Harv.) Setchell from Shandong peninsula of
China was studied with random amplified polymorphic
DNA (RAPD) and inter-simple sequence repeat (ISSR)
markers. A total of 28 RAPD primers and 19 ISSR primers
were amplified, showing 174 loci and 125 loci, respective-
ly. Calculation of genetic diversity with different indicators
(P%, percentage of polymorphic loci; H, the expected
heterozygosity; /, Shannon’s information index) revealed
low or moderate levels of genetic variations within each S.
thunbergii population. High genetic differentiations were
determined with pairwise Nei’s unbiased genetic distance
(D) and fixation index (Fs7) between the populations. The
Mantel test showed that two types of matrices of D and Fsr
were highly correlated, whether from RAPD or ISSR data,
r=0.9310 (P =0.008) and 0.9313 (P=0.009) respectively.
Analysis of molecular variance (AMOVA) was used to
apportion the variations between and within the S.
thunbergii populations. It indicated that the variations
among populations were higher than those within popula-
tions, being 57.57% versus 42.43% by RAPD and 59.52%
versus 40.08% by ISSR, respectively. Furthermore, the
Mantel test suggested that the genetic differentiations
between the four populations were related to the geograph-
ical distances (r>0.5), i.e., they conformed to the IBD
(isolation by distance) model, as expected from UPGMA
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(unweighted pair group method with arithmetic averages)
cluster analysis. As a whole, the high genetic structuring
between the four S. thunbergii populations along distant
locations was clearly indicated in the RAPD and ISSR
analyses (#>0.8) in our study.
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Introduction

Sargassum thunbergii is a common brown algal species
inhabiting the coast of China, and widely distributed in
warm and temperate water environments from northern
Liaodong peninsula to southern Leizhou peninsula (Tseng
1983). S. thunbergii is important in maintaining the
structure and function of coastal ecosystems because it is
one of the dominant Sargassum species that forms seaweed
beds in local intertidal zones. It can be used for alginate
production and pharmacy development (Park et al. 2005),
and is also an important feed source for holothurian or
abalone aquaculture. Although its ecological and economic
values are important, little is known about its population
genetic structure. In perspectives of ecology and evolution,
determining the patterns of genetic variation and population
structure within one species would help in estimating the
transmission of genes and such influential factors as
dispersal, life cycle and habitat (Loveless and Hamrick
1984; Bohonak 1999), and in predicting the changes of
long-term survival and the continued evolution of the
populations and species (Sosa et al. 2002), as well as
leading to a better understanding of the population
dynamics and preservation of marine biodiversity (Butman
and Carlton 1995).
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Although allozyme analysis has been successfully
applied to examine genetic structure for many organisms,
it generally yielded few loci and a low level of polymor-
phism for seaweeds (Sosa et al. 1998; Sosa and Lindstrom
1999). In this context, a variety of molecular tools have
been developed in several algal species for high-resolution
analyses. Especially, the microsatellite marker, which is co-
dominant in nature, has recently been used in algal
population genetics studies on Fucus serratus (Coyer et
al. 2003), Gracilaria gracilis (Engel et al. 2004) and G.
chilensis (Guillemin et al. 2005), etc. Meanwhile, dominant
markers, such as AFLP (the amplified fragment length
polymorphism) and RAPD (random amplified polymorphic
DNA), have also commonly been used for analyzing the
genetic structure of macroalgal populations (Donaldson et
al. 2000; Wright et al. 2000; Engelen et al. 2001; Bouza et
al. 2006). Although dominate DNA markers cannot provide
very high resolution results for population study (Hadrys et
al. 1992; Van Oppen et al. 1996), they were considered
advantageous in investigations of large-scale biogeograph-
ical patterns of populations hundreds to thousands of
kilometers apart. ISSR (inter-simple sequence repeat) is
another dominant DNA marker (Zietkiewicz et al. 1993)
which has been successfully used in population genetic
studies of many higher plants (Xue et al. 2004; Ge et al.
2005). However, few reports have been documented on

seaweed population genetics (Hall and Vis 2002; Wang et al.
20006).

For Sargassum, most population studies have concen-
trated on ecology, such as seasonal pattern of population
dynamics among or within species (Hwang et al. 2004;
Rivera and Scrosati 2006). Engelen et al. (2001) examined
the population genetic differentiation in S. polyceratium
with RAPD marker, and detected significant differentiation
between several bays ca. 25 km apart. Usually, geograph-
ical distance is regarded as an important factor influencing
the genetic structure of populations via limiting the move-
ments of gametes, propagules and individuals that are the
media of spatial exchange of genes. Cases of genetic
differentiation on various scales have been reported for
many seaweed species (Sosa and Lindstrom 1999). For
Sargassum, which is characterized by limited zygote
dispersal capability (within 1-3 m off parental thalli)
(Kendrick and Walker 1995; Stiger and Payri 1999), low
genetic diversity within populations and strong differenti-
ation among populations on a large geographical scale are
expected.

In our study, genetic diversity and structure of the four
natural S. thunbergii populations from Shandong peninsula
were examined with RAPD and ISSR markers. Our principal
objectives are to assess the level of genetic diversity and
genetic structure of populations of S. thunbergii, and to

Fig. 1 Map of Shandong Pen-
insula showing locations of the
populations of S. thunbergii
sampled
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Table 1 Sample details of Sargassum populations detected in the study

Population Species Sample site Sample date Sample size
1 Sargassum thunbergii Badaguan, Qingdao, Shandong; 36°03'N, 120°22'E 8 May 2005 21
2 S. thunbergii Sanggou Bay, Rongcheng, Shangdong; 37°09'N, 122°33'E 20 June 2005 21
3 S. thunbergii Xiaoshi Island, Weihai, Shandong; 37°32'N, 122°01'E 26 June 2005 21
4 S. thunbergii Dagqin Island, Yantai, Shandong; 38°19'N, 120°49'E 6 June 2005 21
5 S. fusiforme Dagqin Island, Yantai, Shandong; 38°19'N, 120°49'E 6 June 2005 22

explore the role of geographical distances on interpopulation
genetic differentiation.

Materials and methods
Sampling

Algal materials were collected from May to July 2005 at
four sites around the Shandong peninsula (Fig. 1; Table 1).
At each site, over 20 different algal individuals were
collected randomly, spaced at a minimum 1 m, and
preserved shortly afterwards at —40°C for later DNA
extraction.

DNA extraction

Three to ten leaf-like blades were plucked from a single
frond of the frozen samples and washed thoroughly with

distilled water. About 0.2 g of the blades was crushed and
ground in liquid nitrogen. Total genomic DNA was
extracted following the CTAB method using Plant Genomic
DNA Extraction Kit (Tiangen Biotech, Beijing). The
concentrations of the extracted DNA were tested by
comparison with known quantities of ADNA/Hind III
markers (Sangon, Shanghai, China) on a 0.8% agarose
gel. DNA samples with 5~20 ng uL™' were prepared.

RAPD and ISSR amplification

A total of 200 RAPD primers and 50 ISSR primers were
synthesized in the Sangon (Shanghai), of which 28 RAPD
primers and 19 ISSR primers were finally selected based on
polymorphism, quality and reproducibility of the amplifi-
cations (Table 2).

RAPD reactions were carried out in a 20 uL reaction
mixture containing 1 pL of template DNA solution,
0.25 uM primers, 200 uM dATP, dGTP, dCTP, and dTTP,

Table 2 Primers for RAPD

and ISSR analyses Primer Sequence (5'-3") Primer Sequence (5'-3")"
RAPD-S7 GGTGACGCAG ISSR-807 (AG)sT
RAPD-S17 AGGGAACGAG ISSR-808 (AG)sC
RAPD-S22 TGCCGAGCTG ISSR-810 (GA)sT
RAPD-S39 CAAACGTCGG ISSR-811 (GA)C
RAPD-S45 TGAGCGGACA ISSR-823 (TC)sC
RAPD-S58 GAGAGCCAAC ISSR-828 (TG)sA
RAPD-S60 ACCCGGTCAC ISSR-834 (AG)YT
RAPD-S102 TCGGACGTGA ISSR-835 (AG)sYC
RAPD-S118 GAATCGGCCA ISSR-840 (GA)SYT
RAPD-S201 GGGCCACTCA ISSR-844 (CT)sRC
RAPD-S205 GGGTTTGGCA ISSR-848 (CA)RG
RAPD-S208 AACGGCGACA ISSR-849 (GT)sYA
RAPD-S1010 GGGATGACCA ISSR-851 (GT)sYG
RAPD-S1025 GTCGTAGCGG ISSR-855 (AC)KYT
RAPD-S1027 ACGAGCATGG ISSR-859 (TG)sRC
RAPD-S1028 AAGCCCCCCA ISSR-873 (GACA),
RAPD-S1213 GGGTCGGCTT ISSR-880 GGA(GAG),AGGAG
RAPD-S1518 GTGGGCATAC ISSR-889 BHBG(AG)A
RAPD-S1520 TGCGCTCCTC ISSR-890 (GGAGA);
RAPD-S2025 GGGCCGAACA RAPD-S2039 TTGCGGACAG
RAPD-S2029 AGGCCGGTCA RAPD-S2110 GTGACCAGAG
RAPD-S2031 TGCGGGTTCC RAPD-S2114 CCGCGTTGAG
RAPD-S2034 GTGGGACCTG RAPD-S2118 AGCCAAGGAC

*B=G/C/T; H=A/C/T; R=A/ RAPD-S2036 TCGGCACCGT

G; Y=C/T.
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respectively (Promega, Shanghai), 2.0 mM Mg>", 1x
polymerase buffer (Promega, Shanghai) and 1.0 U Tag
DNA polymerase (Promega, Shanghai). PCR amplification
reaction was conducted with Master Thermal Cycler
(Effendorf, German) in a procedure of initial denaturation
for 5 min at 94°; 45 cycles of 1 min at 94°C, 1 min at 37°C
and 2 min at 72°C; and final extension of 10 min at 72°C.

ISSR reactions were also performed in a 20-pl reaction
mixture containing 1 puL of template DNA solution,
1.25 pM primers, 200 uM dNTP mix (Promega, Shanghai),
1.5 mM Mg**, 1x polymerase buffer (Promega, Shanghai)
and 1.0 U Tag DNA polymerase (Promega, Shanghai). PCR
amplification reaction was conducted with Thermal Cycler
(TaKaRa, Japan) in steps of initial denaturation of 94°C,
5 min and 40 cycles to denature at 94°C, 30 s; anneal at 52°
C, 45 s; extend at 72°C, 2 min, then final extension of 72°
C,10 min.

PCR products were separated on 1.5% agarose gels in a
IXTAE buffer system. DNA marker DL 2,000 (TaKaRa
Biotech, Dalian) was used as a size marker. PCR products
were recorded with a digital imager (Bio-rad, USA) after
staining with ethidium bromide (0.5 ug mL™).

Data analysis

The loci revealed by RAPD and ISSR analyses were
regarded as phenotypes to estimate genotype information.
The amplified DNA polymorphic fragments of each locus
were scored as binary present (1) or absent (0), excluding
smeared and weak bands, then the data matrices of the
RAPD and ISSR were assembled for further analysis.

Software POPGENE version 1.31 (Yeh et al. 1997) was
used for the calculations of (1) genetic variability from the
percentage of polymorphic loci (P), at the 99% criterion;
(2) the average expected heterozygosity (H), assuming a
Hardy-Weinberg equilibrium; and (3) Shannon’s informa-
tion index of genetic diversity (/).

Analysis of molecular variance (AMOVA) was con-
ducted to analyze the genetic diversity and genetic structure
of Sargassum populations. AMOVA treats each RAPD and
ISSR profile as a haplotype, from which a pairwise

Euclidian distances matrix is used for analyses without
pre-assumption of normality required by classical ANOVA
(analysis of variance). The genetic variations within and
among the four S. thunbergii populations and the fixation
indices (Fs7) of total were analyzed using ARLEQUIN
version 3.01(Excoffier et al. 2005). Through locus-by-locus
AMOVA, Fgr of each locus was calculated independently
to discard possible problematic loci according to the level
of significance testing. Permutation procedures (1,000
replicates) for the significance testing on variance compo-
nents and Fgy values were performed. The pairwise Fgr
between each pair of Sargassum populations was examined
and displayed in a distance matrix, in which population 5
worked as outgroup.

Using TFPGA 1.3 software (Miller 1997), the Nei’s
unbiased genetic distance (D) (Nei 1978) between each pair
of populations was determined and a dendrogram based on
it was constructed by the UPGMA (unweighted pair group
method with arithmetic averages) grouping method. The
population of S. fusiforme still acted as outgroup. During
bootstrapping 1,000 permutations were performed to
evaluate the robustness of the groupings.

The correlation between the two types of matrices of
pairwise D and Fgr was examined with the Mantel test
(Mantel 1967) in TFPGA, as well as the two matrices
obtained by RAPD and ISSR data in each type of pairwise
analyses. To determine whether the genetic distance and
genetic differentiation were correlated with geographical
distance between population sampling sites, the Mantel
tests were preformed between Nei’s unbiased genetic
distance matrix, pairwise Fgr matrix and geographical
distance matrix respectively.

Results
RAPD amplification
A total of 174 loci ranging from 400 to 2,000 bp were

scored, an average of 6.2 loci per primer. P, H and I were
used to estimate genetic diversity within the S. thunbergii

Table 3 Genetic diversity estimates of Sargassum thunbergii populations by RAPD and ISSR analyses

Population RAPD ISSR

P (%) H 1 P (%) H 1
1 48 (27.6) 0.1094 0.1602 40 (32.0) 0.1233 0.1813
2 70 (40.2) 0.1608 0.2345 40 (32.0) 0.1203 0.1774
3 94 (54.0) 0.2153 0.3138 72 (57.6) 0.2343 0.3407
4 65 (37.4) 0.1551 0.2253 53 (33.6) 0.1357 0.1968
Total 140 (80.5) 0.2729 0.4118 97 (77.6) 0.2903 0.4282

P (%): number (and percentage) of polymorphic loci. H: the average expected heterozygosity. /: Shannon’s information index.
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Table 4 Nei’s (1978) unbiased genetic distance between pairs of populations detected by RAPD and ISSR analyses

Population 1 2 3 4 5

1 ok 0.2079 0.2698 0.3207 0.7005
2 0.1429 kK 0.1950 0.2772 0.5884
3 0.1880 0.1603 koK 0.1589 0.6001
4 0.2400 0.2241 0.2107 hokkox 0.7680
5 0.6419 0.5797 0.5888 0.6117 Rl

Nei’s genetic distance matrices detected by RAPD (below diagonal) and ISSR (above diagonal).

population (Table 3). Population 3 from Weihai exhibited
the highest level of genetic diversity (P%=54, H=0.2153,
1=0.3138), whereas the lowest value was shown in
Population 1 from Qingdao (P%=27.6, H=0.1094, I=
0.1602). Obviously, values of P, H and [ showed a similar
tendency in intrapopulation genetic diversities. Of 174 loci,
140 (80.5%) were polymorphic in all individuals of four
populations. The mean genetic variations of total indicated
by H and I, were 0.2729 and 0.4118 respectively.

ISSR amplification

The selected 19 ISSR primers consistently amplified a total
of 125 scorable markers of which 97 (77.6%) were
polymorphic for all individuals of S. thunbergii (Table 3).
Each primer generated 5 to 11 loci (average 6.6). The
percentage of polymorphic bands (P%) within each
populations ranged from 32.0% to 57.6%, and [ ranged
from 0.1774 to 0.3470, correspondingly. The highest value
of H was in Population 3, showing the same tendency with
P and I, and consistent with that of RAPD analysis. The
mean gene variations for the four populations were 0.2903
and 0.4282 by H and I, respectively (Table 3).

Cluster analysis

The Nei’s (1978) genetic distances (D) between pairs of
Sargassum populations with RAPD analysis were from
0.1429 to 0.6419 (Table 4). The lowest value was between
Populations 1 and 2, and the highest between Populations 1
and 5, while for ISSR analysis, pairwise D values were
from 0.1589 (Populations 3 and 4) to 0.7680 (Populations 4
and 5). The highest value was between Populations 1 and 4
indicated by both RAPD and ISSR analysis when outgroup
was excluded. In the Mantel test, high and significant
correlation (r=0.9715, P=0.016) was shown between two
matrices of D from RAPD and ISSR data.

The UPGMA dendrograms (Fig. 2a) based on pairwise
D with RAPD data indicated that Populations 1 and 2
clustered together first, then with Populations 3 and 4 in
turn, finally with the outgroup. With ISSR data (Fig. 2b),
however, four S. thunbergii populations first clustered into
two branches: Populations 3 and 4, and Populations 1 and

2, then clustered with outgroup. The bootstrap values for
the UPGMA trees were moderate to high, from 71 to 100
(by RAPD) and from 64.9 to 100 (by ISSR). In addition,
the Mantel correlation between genetic and geographical
distances was moderate by RAPD (r=0.5048, P=0.2480)
or high by ISSR (»=0.9052, P=0.0870).

AMOVA analysis

The levels of interpopulation genetic differentiation were
also examined with pairwise Fgr besides pairwise D. The
Fgr values between each S. thunbergii population and
outgroup were obviously higher than those between S.
thunbergii populations (Table 5). When outgroup was
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Fig. 2 UPGMA dendrograms using Nei’s (1978) unbiased genetic
distance of Sargassum populations. a. Tree built using RAPD data.
b. Tree built using ISSR data. Bootstrap values are indicated as
percentages of 1,000 replicates
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Table 5 Interpopulations pairwise Fr estimates for Sargassum populations detected by RAPD and ISSR analyses™*

Population 1 2 3 4 5

1 HAdE 0.6129 0.5629 0.7004 0.8428
2 0.4897 Hokkx 0.5241 0.6806 0.8280
3 0.5840 0.4745 ool 0.4677 0.7762
4 0.6955 0.6015 0.5975 HoHdK 0.8545
5 0.8396 0.7735 0.7675 0.7974 o

Pairwise Fgr matrices detected by RAPD (below diagonal) and ISSR (above diagonal)

*P<0.0001

excluded the pairewise Fgr values were 0.4745-0.6955 by
RAPD, and 0.4677-0.7004 by ISSR, and all with highly
significant levels (P<0.001). A similar tendency shown in
genetic distance matrix was also found. Mantel test showed
that the two types of matrices of D and Fgywere highly and
significantly correlated whether from RAPD or ISSR data,
with »=0.9310 (P=0.008) and 0.9313 (P=0.009), respec-
tively, and two Fg7 matrices obtained by RAPD and ISSR
were also highly correlated (r=0.8737, P=0.0520). In
addition, for the four S. thunbergii populations, the pairwise
Fr values were also positively related to the corresponding
geographical distances, with »=0.7217 (P=0.1660) by
RAPD and »=0.7277 (P=0.0920) by ISSR respectively.

AMOVA with the RAPD data indicated that the genetic
variances between populations accounted for 57.57% of the
total, while the rest 42.43% were within populations
(Table 6). Similarly, with the ISSR data, 59.52% was
ascribed to between populations, and 40.48% within
populations. Significance tests of variance components
among and within populations showed significant differ-
ence with P<0.001 (Table 6).

Discussion

On the whole, P, H and [ revealed a low or moderate level
of genetic diversity within populations with RAPD and
ISSR data (Table 3). It was not suitable enough to calculate
allele frequencies due to the dominant nature of RAPD and
ISSR markers that only allow estimation of genotypes.

However, H, based on allele frequency, was still selected as
a parameter to assess genetic variations within populations
for higher plants or seaweeds, when the dominant markers
were used for population genetic studies (Faugeron et al.
2001; Xue et al. 2004; Bouza et al. 20006). In this study, for
S. thunbergii, we also used H to measure the genetic
diversities within populations in conjunction with 7, the
Shannon’s information index, which is based on band
phenotypes (i.e. band present/absent) without depending on
assumption of Hardy-Weinberg equilibrium. It was clear
that the similar level of intrapopulation genetic diversity
was revealed with three different indicators P, H and I, even
by different calculations (Table 3). The results were
consistent with those reported previously for other species
using RAPD or ISSR marker (Li and Xia 2005; Wei et al.
2005; Bouza et al. 2006).

The mean Fgy values for the four S. thunbergii
populations were 0.5757 by RAPD and 0.5952 by ISSR,
respectively (Table 6), indicating that most of the total
genetic variances (57.57% or 59.52%) were at the inter-
population level. According to Wright (1978), Fsr exceed-
ing 0.15 would indicate high genetic structuring. Here,
among the four S. thunbergii populations, the Fgr indicated
a high level of genetic differentiation and suggested a low
level of gene flow between the populations. The limited
gene flow (genetic isolation) probably resulted from the
large geographical distances that limited the long-distance
dispersals of spores, gametes, or drifting reproductive frag-
ments. In fucoids, zygote dispersal takes place within only
a few meters even where there is relatively strong

Table 6 Analysis of molecular variance (AMOVA) based on RAPD and ISSR data

Source of variation Degree of Sum of Variance Percentage of Fixation indices
freedom squares components variation (Fs7)
RAPD Between populations 3 663.417 10.17337* 57.57
Within populations 80 599.857 7.49821* 42.43 0.5757
Total 83 1,263.274 17.67158
ISSR Between populations 3 699.310 10.75199* 59.52
Within populations 80 584.905 7.31131* 40.48 0.5952
Total 83 1,284.214 18.06330
*P<0.001.
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turbulence (Kendrick and Walker 1995; Stiger and Payri
1999), and the gamete is generally short-lived, only for a few
days. Although long-distance dispersals of drifting fertile
(zygote-bearing) thalli have been observed for some species
of Sargassum (Deysher and Norton 1982), surveys on the
distribution and composition of floating seaweeds showed
that S. thunbergii was rare in offshore masses (Ohno 1984).
Hence, long-distance dispersal of sperms, zygotes or
drifting fertile thalli is quite rare for S. thunbergii, and the
large spacing (>120 km) between two sample sites would
be large enough to form a geographical barrier for gene
flow of S. thunbergii across the four populations.

High genetic variations between pairs of Sargassum
population were confirmed with Nei’s (1978) unbiased
genetic distances matrix (Table 4) and fixation indices (Fs7)
matrix (Table 5), although the two measures have different
definitions and assumptions for analyzing the interpopula-
tion differentiation. Nei’s unbiased genetic distances were
based on allele frequency with an assumption of Hardy-
Weinberg equilibrium. In contrast, Fgr values were calcu-
lated with AMOVA that treated the dominant markers
profiles as haplotypes under the assumption of linkage
equilibrium. Significant and high correlations shown by the
Mantel test between the two types of matrices of D and Fsr
from RAPD (»=0.9310, P=0.008) and ISSR (»=0.9313,
P=0.009) data can be taken as the evidence for the con-
sistency of the results. By examining the two types of
matrices, it was found that the outgroup was separated from
any other populations with the largest genetic distances, and
this can easily be seen from the UPGMA dendrograms based
on Nei’s unbiased genetic distances, in which the outgroup
(Population 5) formed a clade of its own far from the other
S.thunbergii populations with 100 bootstrap values (Fig. 2a,
b). Therefore, it was valid to select S. fisiformis (Popula-
tion 5) as the outgroup in our study.

The genetic differentiation by distance was assessed with
the Mantel test between genetic distances matrices of D or
Fgr and graphical distances matrix, showing a moderate to
high correlation. For example, with ISSR data, »=0.9052, P=
0.0870 for the matrix of D and »=0.7277, P=0.0920 for the
matrix of Fgz; which indicated that genetic differentiation
between populations agreed with the IBD (isolation by
distance) model proposed by Wright (1946). Namely, in
general, the greater the separation caused by distance or
barrier between two populations, the higher would be the
genetic differentiation between them. Our interpopulation
grouping in the dendrograms supported this model (Fig. 2a,
b), as the populations that are close in space clustered easily
and vice versa. The high genetic differentiation between
two geographically separated S.thunbergii populations
indicated once again that geographical distance was an
important factor for genetic divergence, and genetic drift
might be the primary evolutionary force during the process.

In conclusion, with RAPD and ISSR markers, low levels
of genetic diversity within populations and high levels of
genetic differentiation between four populations of S.
thunbergii have been revealed, which supports the tradi-
tional IBD model: the geological distances among popula-
tions would explain the limited gene flow and high genetic
structuring among the detected populations of S. thunbergii
from Shandong peninsula.
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