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Abstract

Thirteen natural populations of Pinus thunbergii were
investigated by starch-gel electrophoresis. For 27 loci from 17
enzyme systems, the percentage of polymorphic loci (P; 99%
level), the number of alleles per locus (A), the observed (Ho)
and expected (He) heterozygosities and the effective number of
alleles (Ae) were 71.3%, 2.2, 0.214, 0.212 and 1.443, respective-
ly. 13 natural populations of P. thunbergii seemed to be in
equilibrium of HARDY-WEINBERG expectation. Of the total
variability, more than 95% was within populations. The mean
value of NEI’s (1978) unbiased genetic distance (D = 0.008)
confirmed that the variation among populations was low. Weak
correlation between genetic distance and geographic distance
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was found. Cluster analysis showed that the populations
sampled from the east-coast region, except Samcheok, were
distinguished from other populations in the west-coast and
south-coast region.
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Introduction

As its Korean name ‘Haesong’ means the maritime pine,
Pinus thunbergii PARL. grows along the coastlines in South
Korea. It also occurs along the coasts of three main islands
of Japan (MIROV, 1967). As we consider its natural range,
P. thunbergii seems to have a good resistance to salt and wind,
consequently it has been partially planted for windbreak along
the seacoasts in South Korea. It is generally known that the
western boundary line of natural distribution reachs to
Namyang, Kyunggi province (37°20’ N. L.) and the eastern
boundary line to Uljin, Kyungpook province (37° N. L.) (LEE,
1989). 
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In these days, the natural populations of P thunbergii, have
decreased owing to damages by harmful insects (pine leaf gall
midge etc.) and subsequent deforestation. It is easily presumed
that such changes in forest ecosystem could bring about the
reduction of genetic variation. In consideration of the
adaptable or sustainable forestry against these threats, the
conservation of P. thunbergii is a urgent task.

In comparison with those of P. densiflora, the most abundant
Diploxylon pine in Korea, basic research, in particular genetic
and breeding studies for P. thunbergii is relatively scarce. LEE

(1989) reported the geographic variation of leaf and seed traits.
SHIN (1987) and SHIRAISHI (1988a and b) studied the inherit-
ance pattern and linkage of some isozymes of P. thunbergii.
Recently, MIYATA and UBUKATA (1994) reported the genetic
variation of 22 natural populations of P. thunbergii in Japan
employing isozyme markers. KIM and LEE (1995) presented a
brief outlook on the magnitude of genetic variation in 3 Korean
native pines, P. thunbergii, P. densiflora and P. koraiensis. 

The primary objectives of this study were to analyze the
genetic diversity and structure and to describe geographical
patterns for corresponding alleles and genetic diversity of
thirteen natural populations of P. thunbergii in Korea.

Materials and Methods

Thirteen natural populations with the minimum area of 1 ha
were sampled in Korea (Fig. 1): 3 (pop. 1 to 3) were located
along the west-coast, 7 (pop. 4 to 10) along the south-coast, and
3 (pop. 11 to 13) along the east-coast. 

Fig. 1. – Distribution of the Pinus thunbergii natural populations
examined in Korea (numerical codes as in table 1.)

Within each stand, 30 or more trees were selected for cone
collection with a minimum distance of 30 m so as to decrease
the risk of relatedness. Cones were taken from the top third of

the crown and separated seeds were stored in freezer at –20 °C
until used for electrophoresis. Seeds were soaked in 1%
hydrogen peroxide for 3 days and then germinated on moist
filter paper at 25°C for about 2 weeks. Germinated seeds
(radicle extending at least 2 mm but less than 5 mm from the
seed coat) were then used for isozyme analysis. 

Seventeen enzymes were analyzed for the population survey
(abbreviations and EC number / in parentheses): Aconitase
(ACO, 4.2.1.3), acid phosphatase (ACP, 3.1.3.2), catalase (CAT,
1.11.1.6), fluorescent esterase (FE, 3.1.1.1), fumarase (FUM,
4.2.1.1), glutamate dehydrogenase (GDH, 1.4.1.3), glycerate
dehydrogenase (GLD, 1.1.1.29), glutamate-oxaloacetate trans-
aminase (GOT, 2.6.1.1), isocitrate dehydrogenase (IDH,
1.1.1.42), leucine aminopeptidase (LAP, 3.4.11.1), malic
dehydrogenase (MDH, 1.1.1.37), menadion reductase (MNR,
1.6.99.2), mannosephosphate isomerase (MPI, 5.3.1.8),
phosphoglucose isomerase (PGI, 5.3.1.9), phosphoglucomutase
(PGM, 2.7.5.1), shikimate dehydrogenase (SDH, 1.1.1.25), and
UDP-glucose pyrophosphorylase (UGPP, 2.7.7.9). Details of the
electrophoretic procedures and staining recipes have been
given by KIM et al. (1994). Studies on the inheritance patterns
of some enzyme systems investigated here have been reviewed
by SHIN (1987) and SHIRAISHI (1988b) and those of the other
enzyme systems were surveyed in our lab (unpublished data).

Gene frequencies were analyzed using BIOSYS-1 (SWOFFORD

and SELANDER, 1989). Average number of alleles per locus (A),
average effective number of alleles (Ae), percentage of
polymorphic loci (P), and average observed (Ho) and expected
(He) heterozygosities were calculated on a population basis.
Agreement of HARDY-WEINBERG proportions was tested using a
chi-square test for goodness of fit (see KIM et al., 1994). Total
genetic diversity was determined and partitioned into among
and within populations (NEI, 1973) using polymorphic loci only.
Genetic distances (NEI, 1978) were determined for all pairwise
population comparisons. A dendrogram was constructed using
SNEATH and SOKAL’s (1973) unweighted pair grouping method
(UPGMA). 

Results

The distribution of the allele and genetic diversity

Four of the 27 loci at 17 enzymes were monomorphic (Fe-1,
Idh, Mpi-1, and Pgi-1) and 23 were polymorphic. Most
polymorphic loci were segregated for 2 or 3 alleles, but some
loci, such as Acp-1, Cat-1, Fe-2, Lap-1, Pgi-2, and Sdh-2,
segregated for 4 or 5 alleles. At 20 loci of 23 polymorphic loci,
the most frequent allele was the common one in all
populations. At the remaining 3 loci (Aco, Mnr-1 and Sdh-1), an
allele predominated in some populations, while the other allele
predominated in other populations. Among the rare alleles
present in many loci, 2 alleles, Got-1a and Got-1c, were found
only in the populations Wolseong and Koseong, and Uljin,
respectively. At Gdh, allele b was found only in 2 populations,
Muan and Samcheok. While the frequency of this allele was
very low in Samcheok, it exceeded 0.25 in Muan.

Summary statistics for the proportion of polymorphic loci at
95% and 99% level, the average number of alleles per locus,
the effective number of alleles per locus, the average observed
and expected heterozygosities are presented in table 1. 

Genetic structure and genetic differentiation

Out of the 247 tests performed to compare the observed
genotypic frequencies at each locus with those under the
HARDY-WEINBERG expectation, 13 indicated a significant
departure from the expected distribution (data are not shown).
Thus, on the whole, 13 natural populations of P. thunbergii
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Table 1. – Genetic diversity at 27 loci in 13 populations of Pinus thunbergii (standard errors in parentheses).

Note: N, mean sample size per locus; A, mean number of alleles per locus; Ae, mean number of effective alleles; P95, percent-
age of polymorphic loci at 95% level (A locus is considered polymorphic if the frequency of the most common allele does not
exceed 0.95); P99, percentage of polymorphic loci at 99% level; Ho, mean observed heterozygosity; He, mean expected hetero-
zygosity.

investigated seemed to be in equilibrium of HARDY-WEINBERG

expectation.

The average gene diversity in total populations (HT) and the
average gene diversity within populations (HS) were 0.255 and
0.245, respectively (Table 2). Therefore, 4.4% of the gene
diversity (GST) was distributed among populations. GST values
for each locus ranged from 0.1% (Sdh-3) to 24.8% (Gdh).

The mean NEI’s (1978) genetic distance (D) was 0.008,
showing that the differentiation between populations was low
as shown in the analyses of NEI’s hierarchical gene diversity
and typical of the level of differentiation observed between
local populations of pines (HAMRICK et al., 1992).

To better visualize the above results, a dendrogram produced
by the UPGMA clustering method is presented in 
figure 2. It showed that 13 populations could be classified into
three groups. Namely group I consisted of Seosan, Seocheon
(located along the west-coast), Keoje, Koseong, Kwang-
yang (south-coast), and Samcheok (east-coast). Group II was
composed of Yeongkwang, Muan (west-coast), and Haenam,
Boseong, Yangsan (south-coast) and this group clustered with
group I. Finally, Wolseong and Uljin (east-coast) made up
group III which was distinct from other 2 groups. 

Discussion

The amount of genetic diversity observed here is relatively
large. HAMRICK and GODT (1989) indicated that long-lived
woody plant species tend to maintain higher levels of allozyme
variation within populations and within species than other
plant species. The averages and standard deviations of genetic
parameters within populations of long-lived woody plants were
as follows: P, 49.3 ± 1.8%; A, 1.76 ± 0.04; Ae, 1.20 ± 0.01; He,
0.148 ± 0.006; and Hes, equivalent to HT over all the loci in this

study, 0.177 ± 0.006 (HAMRICK et al., 1992). These values were
lower than those we found for P. thunbergii in Korea (P =
55.3%; A = 2.2; Ae= 1.44; He= 0.212; HT= 0.255). Additionally,
genetic variation maintained in P. thunbergii at the species
level (Hes) and the population level (He) were high relative to
those reported for both gymnosperms (Hes= 0.169; He= 0.151) in
general and pines (Hes= 0.157; He= 0.136) in particular
(HAMRICK et al., 1992). 

On the other hand, previous study of P. thunbergii in Japan
(MIYATA and UBUKATA, 1994) revealed that this species is one of
the most polymorphic in the genus, Pinus. The number of
populations surveyed and the number of polymorphic loci
examined were 22 and 14, respectively. We compared the
genetic diversities between Japanese and Korean populations
using the parameters of A and He, although the differences in
electrophoretical procedures and isozyme loci investigated in
2 studies prevented the accurate comparison. Our comparison
indicated that the genetic diversity (A = 3.9; He= 0.240) of
Japanese P. thunbergii was somewhat higher than
that of Korean P. thunbergii. Similarly, when only loci common-
ly employed in both studies (Got-1, Got-2, Got-3, Lap-1
and Lap-2) were considered, A, P (95% level), and He of Japa-
nese populations, 2.3, 42.7%, and 0.174 respectively, were
higher than those found in Korean populations (2.0, 38.5%,
and 0.127). It is quite interesting to interpret this difference in
connection with the different distribution pattern of P. thun-
bergii in both countries. P. thunbergii is known to occur along
the coasts of almost whole country in Japan, while its distribu-
tion along the coastlines in Korean peninsular is restricted to
South Korea. It is generally known that the more widespread
species has more polymorphic loci, more alleles per locus and
allele frequencies are less skewed (HAMRICK et al., 1992). 
P. thunbergii in Japan with larger geographic ranges had
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Fig. 2. – Dendrogram showing the clustering of the 13 natural
populations of Pinus thunbergii based on NEI’s (1978) unbiased genetic
distance coefficient. 

Table 2. – NEI’s (1973) gene diversity estimates within and
among populations at 23 polymorphic loci in Pinus thun-
bergii.

higher level of genetic diversity than that in Korea. However,
under the present circumstances where the evolutionary
history of this species have not been well studied, systematic
researches should be needed to get more detailed information
on genetic architecture of P. thunbergii in Japan and Korea. 

The mean G
ST

value (0.044) for Korean P. thunbergii was low
compared with those of woody species with similar life-history
and ecological characteristics in general as well as that of other
pines in particular (see HAMRICK et al., 1992). For long-lived
woody species, genetic variation among populations is most
strongly influenced by geographic distribution (HAMRICK et al.,
1992). Namely, tree species with widespread and continuous
distributions have retained lower gene differentiation among
populations than trees with isolated scattered distributions.
Japanese populations of P. thunbergii that are distributed
widely, gene differentiation among populations is small (0.073),
but slightly larger than that of Korean P. thunbergii. The
difference in G

ST
values among the 2 countries might be due

to the difference in distribution. Although the distribution of
Japanese populations was wider than that of the
present study, some populations of Japanese P. thunbergii
were geographically isolated. That is to say, out of 22
populations studied, 18 populations were sampled from
Honshu island – the biggest island of Japan, and the rest of
them were separately sampled from Shikoku and Kyushu
islands. This might have made a contribution to increasing the
degree of genetic differentiation among populations of Japan.

A positive correlation existed between genetic and
geographic distance although the value of correlation
coefficient was very low. Accordingly, adjacent populations
tended to cluster into the same group. However, this grouping
pattern was not exact. For instance, population Samcheok of
the east-coast group was clustered more closely to the
populations of the west- and south-coast group. This population
is located higher than the eastern boundary of natural
populations of P. thunbergii according to other reports (LEE,
1989). Thus we could suppose that this population was
established artificially by the seeds or trees originated from the
trees of the west- or south-coast populations. However, we
could not ascertain whether this hypothesis was true or not,
due to the absence of any records on the origin of this
population.
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Summary

A population merit criterion, Bω , for  a set of genotypes, ω, is
formulated as where, c is a weighting constant, g–

w is the average of their breeding values, and Θω is the average
coancestry of the considered genotypes, which is a measure of
their relatedness. The breeding objective studied here is
selecting the set ω that maximises Bω. An iterative search
algorithm is proposed for finding this maximum under a given
breeding-population size. This algorithm was applied to an
example using simulation techniques. Results were presented
as graphs where the gain was plotted against the status
effective number, which was used to quantify the degree of
relatedness as an inverse function of average coancestry. For
all except extreme c values the algorithm gave markedly better
combinations of gain and average coancestry when compared
with a conventional method to control relatedness by
restricting contributions from individual parents. 

Key words: computer simulation, diversity, effective population size,
inbreeding, genetic base, status number, selection response, coancestry,
kinship.
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Introduction

Breeders always face a trade-off between 2 basic desiderata.
While they are expected to produce genetic gain, they are also
expected to control relatedness so that genetic diversity is
conserved. The challenge is first to formulate a breeding
objective considering both gain and relatedness, and then to
apply a selection procedure that somehow affords an optimal
trade-off.

The problem of balancing genetic gain and diversity of the
genetic base by including relatedness in selection decisions has
been approached by several investigators (e.g., TORO and
PÉREZ-ENCISO, 1990; QUINTON and SMITH, 1995; WEI, 1995;
BRISBANE and GIBSON, 1995). QUINTON et al. (1992) introduced
comparisons of breeding methods at the same level of
inbreeding, and it seems to be common to regard inbreeding as
the entity that must be compromised in the pursuit of gain
(e.g., CABALLERO et al., 1996). Recently, combining considera-
tion of breeding value and relatedness among selections has
been suggested as a way to achieve that goal (WRAY and
GODDARD, 1994). BRISBANE and GIBSON (1995) developed a
selection algorithm amounting to the estimated breeding
values of the selected individuals, minus their assumed
influence on average coancestry, in order to maximise gain in
relation to the genetic base maintained.

WEI (1995) showed how gain and diversity may be pursued
for a single breeding cycle, assuming a symmetric population
structure with all individuals equally inbred. For deployment
of unrelated clones in forestry, either as parents in seed
orchards or as mass-propagated clonal mixtures, the problem
has a simple solution, requiring only that the frequencies of
deployed genetic entries vary in linear relationship to their
predicted genetic values (LINDGREN, 1986; LINDGREN et al.,
1989). While this method was also shown to serve as a good
approximation for families (WEI and LINDGREN, 1995), where a
similar optimising method can be used LINDGREN et al., 1993),
such methods are only applicable in simple situations (which,
however, are of major practical importance in forest tree
breeding) and are somewhat complicated to use.

The aims of the current study were to formulate an
expression for the merit of a given set of genotypes considering
their relatedness in conjunction with their breeding values as a
composite breeding objective, and to suggest a way to optimise
the approach to that objective.
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