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Abstract

Enzyme electrophoresis was used to estimate genetic diversity and population structure of Chimaphila japonica Miq.

in Korea. The percent of polymorphic loci within the enzymes was 48.7%. Genetic diversity at the species level and

at the population level was high (Hes=0.278 ; Hep=0.222, respectively), whereas the extent of the population di-

vergence was relatively low (Gsy=0.079). Fy, a measure of the deviation from random mating within the 7 popula-

tions, was 0.355. An indirect estimate of the number of migrants per generation (Nm=2.61) indicates that gene

flow is high among Korean populations of the species. In addition, analysis of fixation indices revealed a substantial

heterozygosity deficiency in some populations and at some loci. Factors contributing to the high levels of genetic dive-

rsity found in the entire species of C. japonica include wide distribution, long-lived perennials, ability to regenerate

due to rhizomatous spread, outcrossing induced by animal vectors, and occasional pollen dispersal by wind.
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Most plants, especially for rhizomatous and stolonife-
rous species, have physical connections among ramets
although its level of persistency is highly variable among
species and habitats”’.

Studies of the genetic structure of apomictic plant po-
pulations have received revitalized interest in the past
decade as a result of electrophoretic techniques, which
allow us to better assess the genotypic composition of
populations. A well-established general belief has been
that asexually reproducing species lack genetic diversity
and can be considered as evolutionary “dead-ends”. Va-

rious studies have shown that asexually reproducing
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plants can be much more genetically diverse than origi-
nally thought”. Clearly, descriptive genetic work on
both sexual and asexual plant populations is needed as
well. Despite the importance of knowledge concerning
genetic variation for conservation purpose and popula-
tion genetic structure, detailed studies of the levels and
distribution of genetic variation are not available for
most species in Korea, particularly both sexual reprodu-
ction and asexually reproductive plants.

Chimaphila japonica Miq.(Pyrolaceae) is a widespread
perennial herb occurring throughout boreal and tempe-
rate zones”. C. japonica is reproduced extensively by ve-
getative rhizomes and its seed is potentially produced

sexually. The species in Korea is endemic to sever-
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al high mountains where it is found to elevations of
500 m above sea level. Leaves of this species are everg-
reen, alternate, simple with stipules lacking. Flowers are
regular, perfect and hypogynous. In this species, we
have compiled and quantitatively analyzed what is
known of the genetic structure of populations to exa-
mine whether any trends occur both within and among
populations.

Evolutionary theory predicts that self-compatible,
short-lived perennial species with limited ranges and
small population sizes are expected to exhibit low levels
of genetic polymorphism?. The relationship between ge-
netic diversity and modes of reproduction is not always
coincide. Further study of the relationship between ge-
netic diversity and the temperature of a period of repro-
duction in both sexual reproduction is necessary. The
purpose of this study was : 1) to estimate how much
total genetic diversity is maintained in the species ; 2)
to describe how genetic variation is distributed within
and among populations ; and 3) to assess genetic struc-
ture of C. japonica.

MATERIAL AND METHODS

1. Sampling procedure
Chimaphila japonica was collected from seven natural

populations in Korea (Table 1. Fig. 1). One leaf per
plant was sampled during 1996 to 1997. More than
27 plants were collected from each population. Leaves
gathered from natural populations were stored in plastic
bags for several days in a refrigerator until electrophore-

sis was carried out.

2. Enzyme electrophoresis
Leaves were homogenized by mechanical grinding to

Fig. 1. Winter isotherms and collection localities for po-
pulations of C. japonica as source for isozyme
analysis.

Table 1. Percentage of polymorphic loci (P), mean number of alleles per polymorphic population (Ap), mean num-
ber of alleles per locus (A), effective number of alleles per locus (Ae), observed heterozygosity (Hop), Ha-
rdy-Weinberg expected heterozygosity or genetic diversity (Hep) for seven populations of C. japonica

Pop* N® P Ap A Ae Hop(SD) Hep(SD)

CHH 35 40.91 2.67 1.68 1.39 0.133 (0.014) 0.185 (0.053)
GIR 31 50.00 2.82 1.01 1.46 0.126 (0.014) 0.227(0.053)
YOH 29 50.00 2.73 1.86 1.47 0.130 (0.014) 0.227 (0.054)
WOC 29 50.00 2.55 1.77 1.42 0.121 (0.013) 0.208 (0.052)
KAG 37 45.45 2.80 1.82 1.41 0.112 (0.013) 0.201 (0.053)
POH 31 50.00 2.82 1.91 1.59 0.137 (0.014) 0.251 (0.059)
YOU 32 54.55 2.75 1.95 1.59 0.151 (0.015) 0.253 (0.058)
MEAN 48.69 2.73 1.84 1.48 0.130(0.004) 0.222 (0.014)

* 1 Abbreviation codes as in Fig. 1. . Number of individuals in the sample.
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release enzymes from cell and organellar membranes
with Tris-HCI grinding buffer-PVP solution described in
Soltis et al.”’. Electrophoresis was performed using 10%
starch gel. Gel and electrode buffer systems and enzyme

15 were used to as-

staining procedures from Soltis et a
say five enzyme systems; peroxidase (PER), 6-phos-
phogluconate dehydrogenase (PGD), acid phosphatase
(ACP), and shikimate dehydrogenase (SKD). The pro-
cedures for horizontal starch gel electrophoresis were as
reported by Soltis et al.”’

For enzymes which resolved more than one zone of
activity, the most anodal icozyme is crbitrarily designa
ted 1, with the others sequentially assigned higher num-
bers. Likewise, alleles were designated sequentially with
the most anodally migrating allozyme designated ‘a’

and progressively slower forms ‘b’, ‘c’, and so on.

3. Analysis of data

A locus was considered polymorphic if two or more
alleles were detected, regardless of their frequencies.
Four standard genetic parameters were estimated using
a computer program developed by Loveless and Schna-
bel % polymorphic loci (P), mean number of alleles
per locus (A), effective number of alleles per locus
(Ae), and gene diversity (He)®. Subscripts refer to spe-
cies (s) or population (p) level parameters. Observed
heterozygosity (Ho) was compared with Hardy-Wein-
berg expected value using Wright's fixation index (F) or
inbreeding coefficients”. These indices were tested for
deviation from zero by x-statistics following Li and Ho-
rvitz®.

Nei’s gene diversity formulae (Hy, Hs, Dsr, and Gsy)
were used to evaluate the distribution of genetic diver-
sity within and among populations®'®, In addition, x*-
statistics were used to detect significant differences in
allele frequencies among populations for each locus!?.
Nei’s genetic identity (I) was calculated for each pair-
wise combination of populations'®. We used the PC-SAS

program**to conduct a cluster analysis on genetic dista-

nces via the unweighted pairwise groups method arith-
metic average (UPGMA).

The genetic structure within and among populations
was also evaluated using Wright’s F-statisticsi4) + Frr, Fis,
and Fsr. The Fir and Fis coefficients measure excesses of
homozygotes or heterozygotes relative to the panmictic
expectations within the entire samples and within popu-
lations, respectively. The Fsr coefficient estimates rela-
tive population differentiation. Deviation of Fir and Fys
from zero were tested using x>-statistics®. Two indirect
estimates of gene flow were calculated. One estimate of
Nm (the number of migrants per generation) was based

15)

on Gsr'”’ and the other estimate was based on the ave-

rage frequency of “rare” alleles found in only one popu-

1617 The absolute population differentiation

lation
(Dm) was calculated using Nei’s statistics”. Correlation
between geographical and genetic distance was tested

using Mantel’s test'® as advocated by Smouse et al.'”.

RESULTS

1. Genetic diversity

Four(Per-1, Acp, Skd, and Pgd-1) of the seven loci
(57.1%) showed detectable polymorphism in at least
two populations (Table 2). The remaining three loci
(Per-2, Per-3, and Pgd-2) were monomorphic in all po-
pulations. An average of 48.7% of the loci were poly-
morphic within populations, with individual population
values ranging from 40.9% to 54.6% (Table 1). The
majority of the polymorphic loci (Per-1, Skd, and Pgd-1)
expressed three alleles, while the remaining one expres-
sed four alleles (Acp). The average number of alleles per
locus (A) was 1.84 across populations, varying from 1.
68 for the population with the lowest number of alleles
and 1.95 for the population with the highest number of
alleles. The number of alleles per polymorphic locus
(Ap) was 2.73. The mean genetic diversity within po-
pulations was 0.222. Population YOU had the highest
expected diversity (0.253), while population CHH had
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Table 2. Total genetic diversity (Hr), genetic diversity within population (Hs), deviations of genotype frequencies
from Hardy-Weinberg expectations over all populations (Frr) and within individual populations (Fs), and
proportion of total genetic diversity partitioned among populations (Gsr) of C. japonica

Locus H: Hs Dm Fss Frr Gsr

Per-1 0.5726 0.5603 0.0132 0.3688 0.3825 0.0216
Acp 0.6343 0.6130 0.0227 0.3543 0.3760 0.0336
Skd 0.4343 0.3474 0.0927 0.4823 0.5859 0.2001
Pgd-1 0.4619 0.4290 0.0351 0.4055 0.4478 0.0712
Pgd-2 0.4698 0.4367 0.0354 0.1640 0.2231 0.0706
MEAN 0.5146 0.4857 0.0398 0.3549 0.4031 0.0794

the lowest (0.185). Genetic diversity at the species le-
vel was high, whereas the value at the population level
was lower than that of species level (Hes=0.278;
Hep=0.222).

2. Genetic structure

Fis, a measure of the deviation from random mating
within the 7 populations, was 0.355, and ranged from
0.164 for Pgd-2 to 0.482 for Skd. The observed high,
significant, and positive Fis value (0.355) indicates that
there was a significantly in deficit of heterozygotes in
the populations. Analysis of fixation indices, calculated
for all polymorphic loci in each population, showed a
substantial deficiency of heterozygotes relative to Hardy-
Weinberg expectations. For example, all fixation indices
were positive (31/31), and 19 of those departed signi-
ficantly from zero (p<0.05). Total genetic diversity va-
lues (Hr) varied between 0.434 and 0.634, giving an
average over all polymorphic loci of 0.515. The interlo-
cus variation in within population genetic diversity (Hs)
was high (0.486). On a per locus basis, the proportion
of total genetic variation due to differences among po-
pulations (Gsr) ranged from 0.071 for Pgd-2 to 0.200
for Skd with a mean of 0.079, indicating that about 8
% of the total allozyme variation was among popula-
tions. Values of genetic distance (D) were below 0.10,
except in pairs involving population CHH. The estimate
of gene flow based on Gsr was slightly high among Ko-
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rean populations of C. japonica (Nm=2.61). The abso-
lute measure of genetic differentiation among popula-
tions (Dm) was 0.040. Genetic identity values among
pairs of populations range from 0.912 to 0.997. The
similarity among C. japonica populations can be seen in
the UPGMA dendrogram, where total populations clus-
ter at a below genetic distance 0.812(Fig. 2). The UP-
GMA and correlation analysis show very strong corres-
pondence between genetic distance and geographical di-
stance. Genetic distance was correlated with geographi-
cal distance between populations (#=0.718). Only one
most isolated population CHH was distantly related to
the other populations. There was a significant positive
and near-linear relationship between genetic diversity
and mean temperature in the winter (r=-0.787). With
an 7 value -0.787 the most 61.9% of the variation in

genetic diversity is explained by winter-time.
DISCUSSION

1. Comparison of genetic diversity

C. japonica maintains more diversity in populations
than the average plant species. For example, its genetic
diversity at 0.222 is slightly higher than that of tempe-
rate-zone species (0.146), species with a reproduction
mode that is sexual and asexual (0.138), species with
a long-lived perennial herbaceous (0.205), and that of
widespread geographic ranges (0.202)%%. The percent
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Fig. 2. A dendrogram showing the phylogenic relationships
among the 7 populations of C. japonica based on
data of genetic distance obtained by starch gel elect-
rophoresis. Abbreviation of populations are given in
Fig. 1.

polymorphic loci in the studied sample was 48.7%,
which is higher than species with a reproduction mode
that is sexual and asexual (43.8%), long-lived perennial
herbaceous (39.3%), and temperature-zone species (48.
5%), but it is lower than that of boreal temperate-zone
species (64.5%)%. Its average number of alleles per
locus was 1.84 ; this value is higher than that of spe-
cies with a reproduction mode that is sexual and ase-
xual (1.69) and long-lived perennial herbaceous (1.42),
but it is lower than that of species with widespread
geographic ranges (2.29)?”. These comparisons suggest
that genetic diversity levels of C. japonica are higher
than that of its associates, the temperate-zone species.
Elistrand and Roose?, in a review of studies of popula-
tion genetic structure of primarily obligate clonal plant
species, concluded that clonal plant species tend to have
intermediate levels of genetic diversity. The results of

the present study are not consistent with the general

conclusion of Ellstrand and Roose2) about the levels of

genetic diversity.

2. Reason for high level of genetic diversity

The relatively high level of genetic variation found in
C. japonica is consistent with several aspects of its bio-
logy. First, geographic range has been shown to be stro-
ngly associated with the level of variation maintained
within populations and at the species level**”. Widely
distributed plant species tend to maintain more varia-
tion than more narrowly distributed species. Although
C. japonica in Korea is distributed patchily, the species
is wide geographic ranges of the Northern Hemisphere
including East Asia. Second, the breeding system of a
species is an important determinant of variability at
both the species and population levels. C. japonica is an
outcrossing, insect/wind-pollinated species. This combi-
nation is well-known to be associated with high levels
of allozyme variation®>**?¥), In addition, vegetative rep-
roduction and spread can also affect the genetic struc-
ture of populations?”. Cook?” argued that clonal growth
could act to retard the loss of genetic diversity within
populations. If a small amount of gene flow and/or mu-
tation add new clones to a population from time to
time, clonal variation may be maintained. Thus, if clo-
nalization occurs by multiple genotypes, the ephemeral
nature of woody populations may preclude significant
loss of genetic variation while those populations are ex-
tant”. Species with independent ramets could spread the
risk of mortality among ramets, thus reducing the pro-
bability of genetic death and preserving genetic diver-
sity. Hartnett and Bazzaz*® have also argued that phy-
siological independence among ramets may maintain ge-
netic diversity by buffering clones against localized, pa-
tch specific selection forces. Third, long-lived perennial
species, like C. japonica, generally maintains relatively
higher levels of variation than annuals and short-lived
perennials. As populations of C. japonica are older, op-
portunities for the accumulation of mutations should be
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high®”. Fourth, the reproduction type of C. japonica is
an important role of genetic variability. Sexual reprodu-
ction could act to enhance the genetic variation and
asexual reproduction could maintain the enhanced gene-

tic variation®®

. C. japonica commonly is reproduced by
sexually produced seeds. But, C. japonica is usually pro-
pagated by asexually produced rhizomes when several
strong environmental disadvantages influenced on the
habitat of this species.

The species has physical connections among ramets.
The asexual reproduction assures the stabilization and
persistence of a phenotype that is well adapted to be
the immediate environment®’. Thus, in low temperature
and snow environments, northemm populations of C. ja-
ponica may posses a selective disadvantage over sou-
thern populations which are mainly grown vegetative
elongation than reproduction under warm winter. We
can consider that reproductive system in C. japonica is
more important than other factors.

The cluster analysis of Nei’s genetic distances'?, the
high value of Nm (2.61), and the low value of Gs: (0.
079) also provide evidence for the existence of low dif-
ferentiation of populations. Only population CHH aggre-
gates correspond closely to broad geographical bounda-
ries. Especially population CHH has more fixed alleles
(two alleles) than other populations. The population is
isolated from other populations by the surrounding the
Pacific Ocean. Gene flow will therefore have restricted,
genetic bottlenecks may have occurred, and selfing and
/or consanguineous mating promoted.

In summary, the Nm (2.61) of C. japonica in Korea
may also influence both the relatively high level of ge-
netic diversity in this species and the relatively low po-
pulation differentiation. Seed dispersal partly by wind
and vegetative reproduction undoubtedly enhance gene
flow with the species. C. japonica maintains higher levels
of genetic diversity and exhibits lower levels of popula-
tion divergence than expected on the basis of its life hi-
story characteristics.
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B35 - HRits
(Sotstm ABYS, A% BFR5)

32 GR Ak v 3} 29 (Chimaphila japonica Mig.) e} £33 T4 2 JDAT2E 2AR) 99
A719%S AAdgn A9 B3d4E Yehle dEfdze 487% A% £ 2 JY F24 &
A e 47 0278, 0.2222 YEE, A4t £3] Frv vud BYH(Gs:r=0.079). FAM
4dF Fvu A7t FREASFE 0.355%0 G258 ez 73 Ade Jazt o)gMAse Azt
A ez e @y A JAGT fdR o)Fo] BHALE o]Fe] AL LS AAMRT
(Nm=2.61). ZAAF B0 oJ3td o] FHTAY §Fo| g Jd 2 WIFHAAIH NN Vel
o] oA #AF dYsrt 2P FH olfT BHAT I, b, Gy, T34 A3 e,
a3 w3 sHEEAte] HlWE) oo Aoz AlgHLh
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