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Genetic Variation of Taxus cuspidata SIEB. et Zucc. in Korea
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Abstract

Japanese yew (Taxus cuspidata SIEB. et Zucc.) is a shade-
tolerant, dioecious gymnosperm native to Korea, Japan,
Manchuria and eastern Siberia. Five natural populations of
T cuspidata in Korea were investigated using starch-gel
electrophoresis in an attempt to determine the extent and
distribution of genetic variation. The level of genetic diversity
(A = 1.7, Py, = 45.7%, P,y = 60%, H, = 0.172, and H, = 0.168)
and the degree of genetic differentiation (G4, = 0.067) were
comparable to those of other conifers with similar life-histories
and ecological traits. Five natural Japanese yew populations
seemed to be in equilibrium with the expectations of HARDY-
WEINBERG. Isolation by distance was detected. NEI's genetic
distance, D, was positively correlated with geographic distance
(r =0.794, p = 0.006). Nm, the number of migrants per genera-
tion, was 3.48 and 2.87, depending on estimation procedure,
and is similar to values in wind-pollinated conifers. Individual
trees widely scattered around natural populations appeared to
be critical to the maintenance of genetic variation in Japanese
yew. Implications for the conservation of genetic diversity of
T. cuspidata are discussed.

Key words: Taxus cuspidata, genetic diversity, differentiation, allo-
zZymes.

Introduction

In Korea, there are two species and two varieties of the
genus Taxus; Taxus cuspidata SIEB. et Zucc., T. cuspidata var.
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latifolia NARAL T cuspidata var. nana HORT., and T! caespitosa
NAkAT which was introduced from Japan. Of these, Taxus
cuspidata SIEB. et Zucc., the most abundant native yew
species, grows on high mountainous regions throughout Korea,
Japan and China (LEg, 1987). This species is a long-lived,
shade-tolerant, dioecious gymnosperm. In Korea, it is generally
found in mixed forest stands together with other conifer
species, such as Abies nephrolepis, A. koreana, A. holophylla,
Pinus koraiensis and Picea jezoensis, and alpine broad-leaved
tree species like Quercus spp. and Betula spp. In recent time,
the distribution of yew species has been severely reduced due
to natural disturbances and/or human activity. Additionally,
the demands for yew species has rapidly increased since it was
identified as the primary source of the compound Taxol® (pacli-
taxel), a promising new anticancer drug (see WHEELER, 1995
and references therein). So, the conservation and sustainable
management of this species has gained much attention.

Allozyme variation in species and within and among popula-
tions has been extensively studied in forest trees, especially in
conifers (HAMRICK et al., 1992; LEDIG, 1986, 1998). Com-
paratively, only a few studies have been made on yew species.
Population genetic studies using DNA markers are also very
sparse in yews. Recently, EL-KASSABY and YANCHUK (1994) used
allozyme markers to study genetic diversity and were able to
determine the inheritance of 21 allozyme loci in Pacific yew
(T. brevifolia). WHEELER et al. (1995) studied genetic diversity
and structure of Pacific yew sampled from North America and
Canada using 22 isozyme loci. In addition, GOCMEN et al.
(1996) constructed a genetic linkage map for Pacific yew based
on RAPD markers. LEWANDOWSKII et al. (1992) and HERTEL
(1996) studied inheritance of some isozyme markers in English
yew (T. baccata) and HERTEL and KOHLSTOCK (1996) studied
genetic variation and geographic structure of English yew in
north eastern Germany, using 7 isozyme loci. However, to the
best of our knowledge, there is a complete lack of information
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about genetic variation in Japanese yew using allozyme
marker systems in the literature.

The objectives of this study were to identify and describe
levels and patterns of genetic variation in Taxus cuspidata in
Korea and to compare the results with previous reports for
other conifers in general, and yews in particular.

Materials and Methods

In the fall of 1997, open-pollinated seeds were collected from
142 parent trees in 5 populations located throughout the native
range of Japanese yew in Korea (Fig. 1). Individuals within
populations were separated by a minimum of 25 m in order to
decrease the risk of relatedness. The goal was to sample more
than 30 trees for each population, but that was not attainable
in some populations (Ohdae and Taebaek) because of the low
frequency of trees with seeds. Collected seeds were transported
to the laboratory and stored at —20°C until needed. Six or more
megagametophytes from each individual tree were extracted
according to CONKLE et al. (1982) and utilized to identify tree
genotypes.

36° e

Fig. 1. — Locations of the five study populations of Japanese yew in
Korea. 1, Ohdae; 2, Taebaek; 3, Sobaek; 4, Dukyoo; 5, Halla.

Samples were electrophoresed on horizontal starch gels
(12 %) using two gel electrode buffer systems (KM et al., 1994).
The gels were stained according to the methods of CONKLE et
al. (1982) with some modifications in order to produce isozyme
bands in 8 enzyme systems (abbreviations and EC number in
brackets): aconitase (ACO, 4.2.1.3), glutamate-oxaloacetate
transaminase (GOT, 2.6.1.1), isocitrate dehydrogenase (IDH,
1.1.1.42), malate dehydrogenase (MDH, 1.1.1.37), menadion
reductase (MNR, 1.6.99.2), phosphoglucose isomerase (PGI,
5.3.1.9), phosphoglucomutase (PGM, 2.7.5.1), and shikimate
dehydrogenase (SKDH, 1.1.1.25). We interpreted the number of
loci and alleles by drawing on the experience gained in our
laboratory from studies of allozymes of other conifer species, as
well as by comparing it to reports on the inheritance patterns
of other yew species (LEWANDOWSKI, et al., 1992; HERTEL, 1996).
Where several zones of activity were observed for a single
enzyme, hyphenated numerals following the enzyme abbrevia-
tion were used for identification. Fourteen presumptive loci
were consistently scored and used in the statistical analysis.

We used BIOSYS-1 (SWOFFORD and SELANDER, 1987) to esti-
mate genetic diversity (number of alleles per locus, proportion
of polymorphic loci, observed and expected heterozygosities),
WRIGHT’s (1965) F-statistics (F,g, and F,;), genetic distance of
NE1 (1978), and UPGMA-derived dendrogram. Deviations of
genotypic distributions from the HARDY-WEINBERG expectations
were tested by exact tests (ROUSSET and RAYMOND, 1995). The
exact P-values were estimated by the Markov chain method
(RayMOND and ROUSSET, 1995a). To test whether the allelic dis-
tribution was independent across populations for each locus, an
unbiased estimate of P-value of probability test was performed
as described by RAYMOND and ROUSSET (1995a). In addition, an
unbiased estimate of the P-value of an F,-based exact test was
conducted to test genotypic differentiation among populations
for each locus (RAYMOND and ROUSSET, 1995a). In this case, Fy,
was estimated by the method of WEIR and COCKERHAM (1984).
These exact tests were carried out by the GENEPOP software
(RayMOND and ROUSSET, 1995b). The amount of gene flow (Nm)
based on the method of SLATKIN (1985) was estimated using the
GENEPOP program as well. We also calculated Nm by the
method of WRIGHT (1951), modified by substituting G, for Fg,.
Finally, gene diversity (H, Hg and Gg;) of NEI (1973) was
obtained using the GST program (LEE and Kim, 1993).

Results

Of the 14 loci, 4 (ACO, GOT-3, MDH-1, and MDH-4) were
invariant in every population. One locus (IDH-2) was polymor-
phic in two populations. Only one population had a private
allele (i.e., alleles found in only one population) at one locus
(Ohdae population at locus SKDH-1). In most polymorphic loci,
a single allele was the most common in all populations,
although alternative alleles were more common in at least one
population at three different loci (Table 1). At the locus
SKDH-2, allele frequencies were nearly intermediate in all
populations. At the locus SKDH-1, allele ¢ was most common in
Halla, while allele & was most common in the other populations
with a frequency of more than 0.800 (Table I). Additionally, in
the case of locus MNR-1, the frequency of allele ¢ was relatively
high in most populations (0.232 to 0.521), while that in Halla
was very low (0.014). Actually, only one of 37 trees had the
allele c¢. Thus, we could find that the distribution pattern of
alleles in Halla seems to be distinct from that of the other
populations. On the other hand, allele frequencies at poly-
morphic loci tended toward a U-shaped distribution (Fig. 2),
which is in good agreement with the distribution in most
conifers (e.g., GURIES and LEDIG, 1982). Allele frequency dis-
tributions are generally U-shaped with many alleles at low
(<0.05) or high (>0.95) frequency (CHAKRABORTY et al., 1980).

Esimates of polymorphisms and heterozygosity are given in
table 2. Within populations we detected an average of 1.7
alleles per locus, 60% (45.7% at the 95% (P,,) criterion for
frequency of the most common allele) of polymorphic loci, 0.172
observed heterozygosity and 0.168 expected heterozygosity. In
4 of 5 populations, observed heterozygosity was slightly higher
than expected heterozygosity (in one population, observed
heterozygosity was lower than expected heterozygosity), but
there were no statistically significant differences in either
direction based on comparisons with 95% confidence levels.
The heterozygote excess is reflected in a mean of WRIGHT's F¢
of —0.049. F,4 is a measure of the deviation of the genotypic
proportions from HARDY-WEINBERG equilibrium at the popula-
tion level. Negative values suggest the excess of observed
heterozygotes relative to the HARDY-WEINBERG ratio. Con-
versely, the value of WRIGHT’s F,, was positive, but small
(0.050). This means a minor heterozygote deficiency at the
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Table 1. — Allele frequencies for 10 polymorphic loci in 5 populations of Japanese yew.

Ohdae Taebaek Sobaek Dukyoo Halla
Locus/allele (24.2)" (19.0) (28.9) (29.9) (35.5)
GOT-2/a 875 816 .862 ,983 .909
b 125 .184 .138 .017 091
IDH-1/a 040 .342 224 .233 270
b 960 .658 776 767 730
IDH-2/a .000 .026 .000 .033 .000
b 1.000 .974 1.000 .967 1.000
MDH-2/a .020 .000 .052 .000 .013
b 980 1,000 .948 1.000 987
MDH-3/a .080 132 .328 267 405
b 920 .789 672 17 .595

c .000 .079 .000 017 .000
MNR-1/a 354 .553 .482 483 986
b 125 211 286 .033 .000

¢ 521 237 232 483 014
PGI-2/a .000 .000 017 .000 .026
b 980 .947 .948 1.000 .882

c .020 .053 .034 .000 .092
PGM/a .020 .053 .000 .000 .000
b .980 .947 .983 1.000 .947

c .000 .000 017 .000 .053
SKDH-1/a .040 .000 .000 .000 ,000
b ,900 816 .828 1.000 429

c .060 184 172 .000 571
SKDH-2/a .400 .579 .569 518 .500
b L600 421 A3l 482 .500

1) Mean number of trees per locus

whole species level. Regardless, these small values for ;i and
F,, show that the Japanese yew populations studied here are
generally in good agreement with the HARDY-WEINBERG expec-
tations. In fact, genotype frequencies observed for most loci in
most populations conformed to the HARDY-WEINBERG expecta-
tions. Four of 34 exact tests for polymorphic loci indicated a

25
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Allele Frequency

Fig. 2. — The distributions of allele frequencies in Japanese yew.
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significant deviation from the HARDY-WEINBERG expectations.
In three of four significant tests, populations had a deficiency
of heterozygotes (Ohdae at the GOT-2, Taebaek at the PGI-2,
and Halla at the PGI-2), in contrast to population Sobaek
which had an excess of heterozygotes at SKDH-2. A multi-locus
exact test for the HARDY-WEINBERG proportions (ROUSSET and
RaymoND, 1995) in each population showed two significant
deviations. Population Sobaek had a excess of heterozygotes,
whereas Taebaek had a deficiency of heterozygotes. However, a
global test across all loci as well as all populations showed no
significant deviations.

Total genetic diversity (H,) in the species, averaged over 10
polymorphic loci, was 0.254, and Hg, the genetic diversity
within populations, was 0.230 (Table 3). G4, was 0.067, a moder-
ate value for conifers (HAMRICK et al., 1992; LEDIG, 1998). This
can be interpreted to mean that 93.3% of the total genetic
variation is within populations and 6.7% among populations.
Exact tests for genic differentiation and genotypic differentia-
tion indicated significant population differentiation at 6 and 4
polymorphic loci, respectively. The degree of population differ-
entiation was especially high at MDH-3, MNR-1, and SKDH-1
both at allele and genotype levels. This differentiation might be
caused by distinctive allelic and genotypic frequency distribu-
tions in the Halla population (see Table 1).

Estimates of genetic distance (NEI, 1978) among populations
also provides an indication of genetic structure of Japanese
yew (Table 4). Values ranged from 0.000 between Taebaek and
Sobaek to 0.062 between Ohdae and Halla. The average was



Table 2. — Genetic diversity estimates for 5 Japanese yew populations. Standard errors appear in paren-

theses.
Population A Pos Poy H, H.
Ohdae 1.8 35.7 64,3 0.137 0.132
(0.2) (0,062) (0.0s1)
Taebaek 1.8 57.1 64.3 0.180 0.201
(0.2) (0.055) (0.058)
Sobaek 1.8 57.1 64.3 0.226 0.194
(0.2) (0.074) (0.059)
Dukyoo 1.6 28.6 42,9 0.143 0.138
0.2) (0.061) (0.057)
Halla 1.7 50,0 64.3 0.175 0.174
(0.2) (0.059) (0.056)
Mean 1.7 45,7 60,0 0.172 0.168
Species 2.1 50.0 71.4 0.172 0.181
level (0.2) (0,054) (0.054)

A, average number of alleles per locus including monomorphic loci; P,

05> Proportion of polymorphic loci at

95% level (A locus is considered if the frequency of most common allele does not exceed 0.95); P,,, propor-
tion of polymorphic loci at 99% level; H , observed heterozygosity; H,, expected heterozygosity (unbiased

estimate).

Table 3. — NET's (1973) genetic diversity for 10 polymorphic loci of the 5
Japanese yew populations.

Locus Hr Hs Gsr

GOT-2 0,197 0,191 0.031
IDH-1 0.345 0.325 0.058
IDH-2 0,023 0.023 0.018
MDH-2 0.033 0.032 0.022
MDH-3 0.395 0.367 0.070
MNR-1 0.568 0.475 0.164
PGI-2 0.093 0.090 0.029
PGM 0.056 0,055 0.023
SKDH-1 0.330 0.252 0.235
SKDH-2 0.500 0.491 0.016
Mean 0.254 0.230 0.067

H,, total genetic diversity of the species; Hg, mean within-population
genetic diversity; G, the proportion of the total genetic diversity found
among populations.

Table 4. — NEI's (1978) unbiased genetic distance estimates among 5
populations of Japanese yew.

Population  Ohdae  Tabaek Sobaeck Dukyoo Halla
Ohdae - 0.013 0.013 0.007 0,062
Taebaek - 0,000 0.007  0.029
Sobaek - 0,006 0,029
Dukyoo - 0.049
Halla -

0.022. This is a modest value compared with that of other
conifers. To better visulaize the results, a dendrogram produced
by the UPGMA clustering technique (SNEATH and SOKAL, 1973)
is presented in figure 3. This dendrogram shows some decisive
geographic trends; the most closely located populations,
Taebaek and Sobaek were the most closely related genetically,
while the Halla population, the most distinctive population
geographically (Fig. 1), was the most distinctive genetically. In
fact, a positive correlation existed between genetic and geo-
graphic distances (r = 0.794, p = 0.006).

Nm, the number of migrants per generation, estimated from
Gy was 3.48. The measure of gene flow based on the number of
private alleles after correction, as proposed by BARTON and
SLATKIN (1986), gave an Nm estimate of 2.87, similar to the
estimate of WRIGHT’s (1951). The number of private alleles was
one and the average of population sample size, n, was 27.5.

Discussion

As compared to other gymnosperms and outcrossing, wind-
pollinated woody plants, Japanese yew in Korea possesses
similar allozyme variation (A, P, H, H,, Hg Tables 2 and 3;
comparisons from HAMRICK et al., 1992 and LeDiG, 1998); and
when the genetic variation maintained by Japanese yew was
compared to that of other yew species, it was similar to or
slightly higher than that of 7. brevifolia (A = 1.7; P = 42.3%, H,
= 0.166, EL-KAssABY and YANCHUK, 1994; A = 1.5, P = 41.6%, H,
= 0.124, WHEELER et al., 1995), but less than that of 7. baccata
(A = 27, H, = 0.44 (polymorphic loci only); HERTEL and
KOHLSTOCK, 1996). Japanese yew in Korea generally occurs in
rather small, widely scattered populations with low densities.
It is generally known that genetic diversity within populations
is influenced mainly by the geographic distribution of the
species, mating system, the method of seed dispersal, and the
methods of reproduction (HAMRICK et al., 1992). Among these
factors, geographic range seems to be most highly correlated
with genetic diversity (HAMRICK et al., 1992). That is to say,
species with restricted ranges and discontinuous distribution
often have low genetic diversity relative to more widespread
species with similar life history traits. So, from the distribution
pattern of Japanese yew in Korea, we expected a low level of
genetic diversity, as previously reported in other yew species
with similar geographic distribution and biological traits
(WHEELER et al., 1995). However, genetic variation of Japanese
yew at the species level (A, = 2.1, P, = 714, H, = 0.181) is
similar to that of other gymnosperms (A, = 2.38, P, = 71.1, H,_
= 0.169; HAMRICK et al., 1992) in general, and slightly higher
than that of woody plants with regional geographic range (A, =
1.87, P, =55.7, H, = 0.169; HAMRICK et al., 1992).

One possible explanation for the moderate level of genetic
variation of Japanese yew may be its breeding system,; i.e., out-
crossing by wind pollination. In addition, inbreeding via selfing
cannot occur because Japanese yew is a dioecious species, and
monoecious trees are rarely reported (LEE, 1987). Thus, mating
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Fig. 3. - UPGMA-derived dendrogram showing the clustering of the five
natural populations of Japanese yew based on the genetic distance of
NEI (1978).

system might contribute to the maintenance of genetic varia-
tion in this species. It is generally known that the genetic
diversity value for outcrossing wind-pollinated tree species is
higher than that of mixed-mating species, which allow out-
crossing as well as selfing (HAMRICK et al., 1992).

The fixation index can be used to estimate the outcrossing
rate under the assumption that equilibrium has been reached
(ALLARD et al., 1968):

t=(1-F)(1+F),

where F, is the equilibrium fixation index. Assuming Fig
represents the equilibrium, ¢ is 1.10. This value suggests that
Japanese yew is a completely outcrossing species (actually,
outcrossing rates greater than 1.00 are not biologically
possible, even though values of ¢ greater than 1.00 are statisti-
cally possible). However, we should be very cautious when
interpreting this result, because the ¢ value is an indirect
estimating (LEDIG et al., 1997). For a better understanding of
this issue, we need more detailed specific studies such as the
estimation of the outcrossing rates by isozyme analysis of the
embryo alongside its megagametophyte. On the other hand, it
is generally known that seeds of Japanese yew are dispersed by
birds. These vectors could provide long-distance dispersal, and
possible establishment of new populations by seeds from rela-
tively few individuals (i.e., founder effect). In this case, inbreed-
ing can occur through consanguineous mating. If inbreeding
were significant, observed levels of heterozygosity should be
lower than expected. However, in this study, observed levels of
heterozygosity were higher than expected in 4 of 5 populations.
Additionally, observed heterozygosity was higher than expected
at the species level. From these results, we could deduce that
inbreeding in Japanese yew is not effective. This is in good
agreement with the estimate of ¢ value.

Another possible explanation may be population structure.
As already mentioned, Japanese yew occurs rather sporadically
in its range in Korea. However, it sometimes occurs in pure
stands and many individual trees are widely scattered around
denser concentrations. If these scattered individual trees con-
tribute to the effective population size by means of gene flow
between individuals within populations and themselves, the
level of genetic diversity of this species might be maintained at
a level comparable to that of other conifers. Additionally, these
scattered individual trees might have played an important role
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in the yew’s genetic structure. In fact, genotype frequencies
observed for most polymorphic loci in most populations con-
formed well to the HARDY-WEINBERG expectations.

WHEELER et al. (1995) reported the low level of genetic diver-
sity in Pacific yew which has ecological characteristics and geo-
graphic distribution patterns similar to Japanese yew. They
suggested that inbreeding and genetic drift (and/or founder
effect) might be critical reasons for the lack of genetic diversity.
However, in Japanese yew, we could find no evidence for in-
breeding or genetic drift. For example, the distribution of allele
frequencies of Japanese yew showed the typical U-shaped
distribution (Fig. 2) which is commonly observed in conifers
(CHAKRABORTY et al., 1980). When a species is influenced by
genetic drift, the distribution of allele frequencies may
approach a uniform distribution (LEDIG et al., 1997). Besides,
populations that have experienced a recent reduction of their
effective population size generally show a correlative reduction
of allele numbers and gene diversity (H,, or HARDY-WEINBERG
heterozygosity) at polymorphic loci (CORNUET and LUIKART,
1996; LUIKART and CORNUET, 1998). In this case, the allele
number is reduced faster than the gene diversity. Thus, in a
recently reduced population and/or a recently expanded
population after a reduction (i.e., bottlenecked population), the
observed gene diversity (H,) is higher than the expected
equilibrium gene diversity (H, ) which is computed from the
observed number of alleles under the assumption of a constant-
size (equilibrium) population (CORNUET and LUIKART, 1996,
LUIKART and CORNUET, 1998). In the meantime, in a population
at mutation-drift equilibrium (i.e., the effective size of which
has remained constant in the recent past), there is approxi-
mately an equal probability that a locus shows a gene diversity
excess or a gene diversity deficit. We conducted the WILCOXON
sign-rank test to determine whether each population studied
here shows a significant number of loci with gene diversity
excess under three different models; Infinite Allele Model
(IAM), Stepwise Mutation Model (SMM), and Two-phased
Model of Mutation (TPM) (for more details, see LUIKART and
CORNUET, 1998). For this test, we used the BOTTLENECK
computer program (CORNUET and LUIKART, 1996). From this
analysis, we could not find a significant excess of heterozy-
gosity (H,>H, ) in all populations under all three models. Con-
sequently, we could deduce that Japanese yew populations
have not recently experienced either a severe reduction in
population size (genetic drift) or a bottleneck effect, although
we do not have records on the historical population sizes of
Japanese yew. The lack of linkage disequilibrium (only six
(3.9%) of 154 two-locus combination in disequilibrium) also
suggests that genetic drift and/or inbreeding have not effective-
ly affected the genetic structure of Japanese yew (LEDIG et al.,
1999).

With Japanese yew in Korea, more than 93% of genetic
variation resided within populations (G4, = 0.067, see Table 3).
Generally, the level of allozyme diversity is influenced by ecolo-
gical and life-history characteristics of species, and significant-
ly correlated with those traits (HAMRICK et al., 1992); namely,
woody species with widespread distributions, outcrossing
mating systems, and widely dispersed seeds (by means of wind
and animal vectors) tend to have more genetic variation within
populations and less variation among populations than species
with other combinations of traits. The mean Gy, value for
Japanese yew is comparable to that of woody plants with simi-
lar ecological traits as well as similar life history (G4, = 0.073
for gymnosperm; Gy, = 0.065 for regional geographic range;
Ggp = 0.077 for outcrossing-wind breeding system; G, = 0.051
for seed dispersal by animal ingestion, see HAMRICK et al.,
1992). On the other hand, the G, value for Japanese yew is



much lower than that of Pacific yew (Gg, = 0.104; WHEELER et
al., 1995). As mentioned before, Japanese yew in Korea has
wide-spread populations in its native range, even though the
size of those populations is relatively small. In addition, it has
numerous individual trees widely scattered around popula-
tions. These small, but widely distributed populations as well
as individual trees may be a plausible explanation for the
lower degree of genetic differentiation of Japanese yew com-
pared to that of Pacific yew; namely, it is likely that those two
factors have functioned as a bridge increasing gene flow among
populations (i.e., corridor effect). Actually, when we excluded
the Halla population, the most distinctive genetically as well as
geographically (Fig. 1 and 3), from the analysis, the G, value
(= 0.037) for Japanese yew was reduced by half. The moderate
Gy value resulted in a moderate estimate of gene flow (Nm =
3.48 based on WRIGHT’s (1951) method and Nm = 2.87 based on
SLATKIN’s (1985) method) compared with that of wind-
pollinated tree species (GOVINDARAJU, 1988).

A positive correlation existed between genetic and geo-
graphic distance (r = 0.794, p = 0.006): the populations in close
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Fig. 4. — Logm(ll,\l ) based on WEIR and COCKERHAM’s 6 (a) and NEI's Gy,
(b) plotted against log, (distance) for the Japanese yew. The lines were
generated using a conventional regression: log(M) = 2.473-0.782 log(d)
with an R? value of 0.435 for 9 and log(M) = 2.467—0.702 log(d) with an
R? value of 0.666 for G,

geographic proximity, tended to cluster into the same group.
So, we tested "Isolation by Distance® according to the method of
SLATKIN (1993). For this test, we calculated M (SLATKIN, 1993)
based on 6 (WEIR and COCKERHAM, 1984) as well as G, (NEI,
1973) for each pair of populations. Then we estimated values of
regression coefficients of log(M ) against log(d), where d is the
geographic distance (logw(M ) = a + blogw(d), see SLATKIN,
1993). A log-log graph of M against distance would be approxi-
mately linear in a population at equilibrium under restricted
dispersal (SLATKIN, 1993). Figure 4 shows plots of all pairwise
M values against geographic distance. This shows that there is
an apparent pattern of isolation by distance. The slopes of the
regression of logm(]\Al ) on log,(distance) are —0.782 when
using 6 and -0.702 when using Gg,, respectively, and the
regression line for each case 6 and Gg;) explains 43.5% and
66.6% of the variation in the data, respectively. The above
results suggest that Japanese yew in Korea does reveal isola-
tion by distance as if it were at equilibrium under dispersal
and genetic drift. However, without direct observations of
dispersal, we cannot draw a firm conclusion about the popula-
tion structure of this species. Regardless, the above results
suggest a possible hypothesis about population structure,
namely that Japanese yew is at an approximate equilibrium
under certain levels of gene flow that is geographically restrict-
ed to some extent. As a result, we can be reasonably sure that
long distance dispersal is not sufficiently common to prevent
isolation by distance. Actually, gene flow between Halla and
other populations must have been very difficult due to the geo-
graphic distance (see Fig. 1), even though Japanese yew allows
outcrossing by wind-pollination and long-distance seed disper-
sal by birds. We can also be reasonably certain that Japanese
yew has not colonized its current habitat very recently, because
it would not have had sufficient time for isolation by distance
to become apparent (SLATKIN, 1993).

Selection (even though isozymes are generally considered
selectively neutral), drift by isolation, colonization and/or
founder effect might be explanations for the distinctness of the
Halla population. The Halla population is located on Cheju
island, the most southern part of Korea. The climate of Cheju
island is very different from the inland areas. So, environ-
mental factors might function as a selection force. In addition,
gene flow from other populations inland may be restricted. If
that is the case, then the Halla population has a unique genetic
structure. We can find evidence for this issue from the distribu-
tion pattern of alleles and genotypes. For instance, at the locus
SKDH-1, allele ¢ was most common in Halla, while allele b was
most common in the other populations with a frequency of
more than 0.800 (Table 1). And the frequency of genotype bc
(0.571) at Halla was much higher than that of the other popu-
lations. Additionally, in the case of locus MNR-1, the frequency
of allele ¢ was relatively high in most populations (0.232 to
0.521), while at Halla it was very low (0.014); only one of 37
trees had the allele ¢ as heterozygote ac, while the other 36
trees were homozygotes, aa. In addition, allele & of MNR-1 was
not found at Halla, whereas the other populations had it with a
frequency of 0.033 to 0.286.

In situ conservation efforts could be focused on a population
such as Sobaek with high genetic diversity as measured by
number of alleles per locus, percent polymorphic loci and
expected heterozygosity. In fact, Sobaek has been preserved,
designated as a natural protection forest. However, given the
fact that genetic variation in Japanese yew is distributed more
or less randomly among populations, sampling or preservation
of any one population may not insure that all the variation in
Japanese yew is captured. In other words, we should consider
that several populations are probably worthy of conservation;
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especially, the Halla population, because of its unique genetic
structure. Finally, we can anticipate a restoration program for
populations destroyed by natural and/or man-made disturb-
ances. Some populations, such as Dukyoo in this study have
been severely disturbed recently, by the construction of a ski
resort and other activities. In this case, we can collect seeds,
grow seedlings and transplant them back to the disturbed
sites. If the seedlings survive and mature, this would help
maintain an effective population size.
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Analysis of Half-diallel Mating Design with Missing Crosses: Theory and SAS
Program for Testing and Estimating GCA and SCA Fixed Effects
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Abstract

The half-diallel mating design, particularly a series of
disconnected half-diallels has been widely adopted as a mating
design for estimating genetic parameters and for future selec-
tion in many commercially important tree species.
Standard commercial statistical packages do not allow direct
specification of the linear model associated with the half-diallel
design and therefore are not capable of analysing diallel
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mating designs, even for balanced diallel matings (no missing
crosses). Published special computer programs for diallel
analyses do not provide an adequate solution for GCA and SCA
fixed effects in diallels with missing crosses. This paper
presents the least squares theory for analysing half-diallel
mating designs with missing crosses, and a SAS computer pro-
gram (DIAFIXED.SAS), developed to test the significance of
GCA and SCA effects and estimate the GCA and SCA fixed
effects. The program is flexible enough to accommodate differ-
ent number of parents, multiple environments and missing
individual trees as well as missing whole plots. The DIA-
FIXED.SAS output includes (1) hypothesis testing for GCA and
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