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1 Introduction

The genetic diversity and mating systems of tree species have been studied
extensively during the last two decades by allozyme analysis (Hamrick 1989).
The resulting information is important for forest management and conserva-
tion. In particular, information on genetic differentiation among populations
of forestry species is necessary for the conservation of genetic resources.
Highly polymorphic genetic markers such as microsatellite markers (Litt and
Luty 1989; Weber and May 1989), are highly sensitive at detecting the dynam-
ics of gene flow within and among populations (Dow and Ashley 1996). These
markers give us information on selfing rate and biparental inbreeding (Kelly
and Willis 2002; Obayashi et al. 2002), the differential paternal contribution
of each individual tree to future populations, and the fine-scale genetic struc-
ture within forests (Ueno et al. 2000). As we can understand pollen flow
within forests when we use these markers, we can determine the best man-
agement system to maintain genetic diversity among fragmented natural
populations and man-made populations for the purposes of forestry and
conservation.

Fagus crenata and F. japonica are monoecious, long-lived, woody angio-
sperm species with an outcrossing breeding system based on wind pollina-
tion, with gravity- and animal-dispersed seeds (Kitamura and Murata 1979).
Both grow in Japan. F. crenata is considered to be important as an ecosystem
component and for the conservation of bio-diversity; the World Heritage
listed Mt. Shirakami is dominated by F. crenata forests (UNESCO 2002). How-
ever, since the 1950s, many areas of beech forest have been logged and con-
verted to coniferous forests for timber production. Coniferous forests planted
in high-altitude or heavy-snowfall regions sometimes are not adapted to the
severe environmental conditions and do not grow well. Forest rehabilitation
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has been used to recover such forests by the planting of native species such as
F. crenata. To maintain the genetic diversity of planted populations and to
adapt them to the prevailing conditions, superior tree selection of F. crenata,
clonal propagation by grafting, and construction of an experimental seed
orchard have been started in the Forest Tree Breeding Center of Japan. Micro-
satellite markers are a very powerful and sensitive tool for evaluating the
genetic diversity of collected superior trees in a seed orchard, and, unlike
allozyme markers, can detect subtle changes in genetic diversity.

In this chapter, we describe an effective method for developing microsatel-
lite markers, and discuss forest conservation and management based on
information such as the genetic structure and gene flow of Fagus popula-
tions. We demonstrate that the pattern of gene flow is influenced by several
factors – reproductive system, mating system, environment, and others – by
using data obtained from fine-scale genetic structure studies between closely
related species in different environmental conditions, and from a gene flow
study in a seed orchard.

2 Development and Evaluation of Microsatellite Markers
in Fagus

Several improvements in methodology have been reported recently for effi-
cient development of simple-sequence repeat (SSR) markers, including the
vectorette polymerase chain reaction (PCR) strategy (Lench et al. 1996), the
random amplified hybridization microsatellites (RAHM) method (Cifarelli et
al. 1995), and the library enrichment method for SSR regions (Ostrander et
al. 1992; Karagyozov et al. 1993; Lyall et al. 1993; Kirkpatrick et al. 1995; Taka-
hashi et al. 1996). The library enrichment method for the development of
microsatellite markers is much more efficient and less labor-intensive than
nonenrichment methods. Several procedures have been developed for enrich-
ment of DNA libraries, among which the magnetic bead method is well estab-
lished and has a very high efficiency of enrichment. We adopted two modi-
fied methods to develop microsatellite markers in Fagus, the RAHM method
(Cifarelli et al. 1995) and the enrichment method using magnetic beads
(Fischer and Bachmann 1998; Hamilton et al. 1999), and compared their effi-
ciency.

The RAHM procedure, based on PCR, is very convenient because it is not
necessary to prepare high-quality genomic DNA to make a genomic DNA
library (Cifarelli et al. 1995), so we merely selected the RAPD fragments con-
taining SSR regions. The screening efficiency is very high compared with that
of the colony hybridization method, because one random primer amplifies
many DNA fragments, which can be screened at the same time. We detected
60 positive fragments by using 38 out of 360 random primers; thus, 10.6% of
primers yielded positive fragments (Tanaka et al. 1999). Some plant species
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have high contents of secondary metabolites in their cells, so if we use the
colony hybridization method, we have to exclude the components during the
DNA extraction before we can prepare the genomic library. We developed
nine polymorphic microsatellite markers in F. crenata by using the RAHM
method, eight of which are available also in F. japonica. The polymorphic
level was extremely high in both species; the average heterozygosity was 0.615
and 0.660, respectively.

Our method for enriching a genomic DNA library containing SSR regions
is based on the methods of Fischer and Bachmann (1998) and Hamilton et al.
(1999). We used the following procedure to develop SSR markers in F. cre-
nata. Genomic DNA of F. crenata was extracted by using a modified CTAB
method (Murray and Thompson 1980) and purified by ultracentrifugation.
Ten micrograms of DNA was digested with NdeII and electrophoretically sep-
arated on a 1.2% agarose gel. DNA fragments ranging from 300 to 1000 bp
were recovered. Approximately 600 ng of the fragments was ligated to 5 pmol
of Sau3AI cassette (TaKaRa). The nick between the genomic DNA and the
cassette sequence was filled by using DNA polymerase I. One hundred ng of
DNA fragments with Sau3AI cassettes were denatured at 95°C for 15 min and
hybridized at 70°C overnight to 2 pmol of biotinylated oligonucleotides,
(CT)15, in 100 ml of buffer containing 6×SSC and 0.05% SDS at 55°C. These
hybrids were captured with 20 mg of pre-washed streptavidin-coated mag-
netic beads (Dynal), and microsatellite-containing fragments were enriched
and recovered in eluate as described by Hamilton et al. (1999). Double-
stranded conformation was performed by PCR with the Primer C1 (Takara).
The PCR products were digested with Sau3AI to remove the cassette, ligated
into pUC118 (Takara) plasmid vectors, and cloned into competent cells of E.
coli. Plasmid DNA was extracted from positive clones and sequenced on a
3100 Genetic Analyzer by using the Big Dye Terminator Cycle Sequencing Kit
(Applied Biosystems). PCR primer pairs for microsatellites were designed by
using OLIGO software (National Biosciences). After PCR optimization, suc-
cessful forward primers were fluorescently labeled, and amplifications were
carried out in 10- ? l reactions containing 1×PCR buffer (10 mM Tris·HCl (pH
8.3), 50 mM KCl, 100 mM of each dNTP), 1.5 mM MgCl2, 0.25 U Taq polymer-
ase, 0.2 mM of each primer, and 5–10 ng of template DNA. The PCR condi-
tions were 3 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at primer-specific
annealing temperature, 30 s at 72°C; and final extension at 72°C for 7 min.
The PCR products were run on a 3100 Genetic Analyzer with GeneScan soft-
ware (Applied Biosystems), and genotypes were determined. We obtained a
highly enriched DNA library containing SSR regions. The proportion of SSR-
containing clones was about 61%: sequence data were obtained from 806
clones, of which 496 contained SSR regions. PCR primers to amplify SSR
regions were designed by using sequence data that had pure repeats after
redundancy was excluded. Finally, we designed PCR primers for at least 96
loci in F. crenata; 16 of the markers showed clear patterns and high polymor-
phisms (Asuaka et al. 2004a).
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Both methods are effective for developing SSR markers. The RAHM
method is much simpler than the enrichment method using magnetic beads,
but the latter is much more efficient; in particular, many markers are needed
for construction of the linkage map. The RAHM procedure is a step-by-step
method that can be followed by an operator who is not a specialist in molecu-
lar biology techniques. The genomic library is not necessary in this method
because of the PCR based-method, thus, high quality DNA is also not needed.
Conversely, the enrichment method using magnetic beads requires a rela-
tively high level of skill in molecular biology techniques. For the purpose of
genetic monitoring of a forest population, fewer than ten loci of SSR markers
are probably adequate if the markers show high polymorphism because we
can determine the pollen and seed dispersal using these markers. Therefore,
both methods can be used for the purpose of genetic monitoring, but, for the
construction of a genetic linkage map, the latter method is much more effec-
tive.

3 Spatial Analysis of Genetic Structure Within Forests
by Microsatellite Markers

3.1 Differences in Fine-Scale Genetic Structure Between F. crenata
and F. japonica

We compared the spatial genetic structures of F. crenata and F. japonica by
using four microsatellite markers (Takahashi et al. 2004, in press). The study
site was a 2-ha plot within a mixed population on Mt. Takahara, central Hon-
shu, Japan. Two statistics, genetic relatedness and number of alleles in com-
mon, were used to detect spatial genetic structure. A significant negative cor-
relation between genetic relatedness and spatial distance was detected among
all individuals in each species. However, this correlation was weak; the
genetic structures likely resulted from extensive pollen flow caused by wind
pollination. Similarly, Merzeau et al. (1994) and Streiff et al. (1998) also
detected weak genetic structure in one of three Fagus sylvatica stands and in
Quercus petraea and Q. robur, which are wind-pollinated species whose seeds
are gravity-dispersed, like those of Fagus. Spatial genetic clustering in F.
japonica was stronger than in F. crenata over short distance classes. The pres-
ence of self-incompatibility may also influence genetic structure (Loveless
and Hamrick 1984; Doligez et al. 1998). Self-incompatibility can induce
decreases in spatial genetic structure within populations (Doligez et al. 1998).
Furthermore, if self-incompatibility combines with family structure, pollen
dispersal becomes large and genetic subdivision is less likely (Loveless and
Hamrick 1984). Although only two studies investigated self-incompatibility
in F. crenata (Kouno and Mukouda 1985) and F. japonica (Igarashi 1996),
they suggested that the ratios of mature and immature seeds in F. japonica
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were higher than in F. crenata in controlled pollination experiments. The
reproductive system might also influence the difference in spatial genetic
structure between the two species. The regeneration of F. crenata depends
mainly on the growth of seedlings or saplings under canopy gaps (e.g., Naka-
shizuka 1987). On the other hand, F. japonica forms stools by vigorous
sprouting, and the stools help to maintain trees (Ohkubo 1992). Thus, an F.
japonica stool can reach a substantial age – about 1000 years, against about
200–300 years for F. crenata. Differences in genetic structure between those
species would be caused by different periods of generation overlap.

3.2 Influence of Environmental Differences and Forest History
on Spatial Genetic Structure

The spatial genetic structure of F. crenata in a 4-ha plot (200×200 m2) of an
old-growth beech forest was analyzed by using microsatellite markers (Asuka
et al. 2004b). Two types of coefficient were used to assess the genetic struc-
ture: Moran’s I spatial autocorrelation coefficients and genetic relatedness.
The correlation between spatial distance separating individuals and genetic
relatedness was tested by a Mantel test. Correlograms of both Moran’s I and
Mantel’s r values showed significant positive values for short distance classes,
indicating weak genetic structure, the same as in the previous studies (Kita-
mura et al. 1997; Takahashi et al. 2000). The genetic structuring within the
population is probably created by limited seed dispersal, but likely weakened
by extensive pollen flow and overlapping seed shadows. Genetic structure
was detected in an eastern subplot of 1 ha (50×200 m2) with immature soils
and almost no dwarf bamboo (Sasa spp.), but none was found in a western
subplot of the same size with mature soils and Sasa cover. The apparent
genetic structure detected in the 4-ha plot was, therefore, due to the structure
in the western portion of the plot. The heterogeneity of genetic structure pre-
sumably reflects variation in regeneration, which is strongly influenced by
heterogeneity of environmental conditions.

Takahashi et al. (2000) examined the effect of logging on within-po-
pulation genetic structure by comparing two forests (selectively logged and
unlogged) by allozyme analysis. They found that logging slightly, but signifi-
cantly decreased the genetic variability and reinforced the spatial genetic
structure by reducing the mixing of half-sib progeny derived from a limited
number of reproductive trees. They also found that linkage disequilibrium
was higher in the logged forest than in the unlogged forest, and suggested
that this value might be a good indicator of forest decline. However, linkage
disequilibrium is influenced by population history and natural selection as
well. Therefore, by considering the history and natural selection of each for-
est, we will be able to use the value of linkage disequilibrium for suitable
management.
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Table 1. Paternity analysis of seed orchard of Fagus crenata

Parent clone No. seedlings
investigated

No. seedlings with paternity
assigned

No. selfed
seedlings

Male parent
not in nursery

One male
parent

Two pos-
sible male
parents

Three or
more pos-
sible male
parents

Ajigasawa 102 40 29 3 0 1 7
Fukaura 101 14 14 0 0 0 0
Fukaura 102 42 30 8 3 0 1
Hirosaki 103 40 35 3 0 0 2
Iwaizumi 103 49 37 8 2 0 2
Tayama 104 32 27 4 0 0 1

Total 217 172 26 5 1 13
Proportion (%) 79.3 12.0 2.3 0.5 6.0

3.3 Gene Flow Within Seed Orchard Revealed by Microsatellite Analysis

To understand gene flow within a seed orchard of F. crenata, we investigated
seedlings derived from open-pollinated seeds of six clones by using four
microsatellite loci (Tanaka et al. 1999). The seed orchard consisted of 38
clones, which were established by grafting in 1979. We searched for pollen
donor candidates for each seedling. When we found a single match between
seedling haplotype and pollen donor haplotype, we could determine the pol-
len donor.

Finally, we could determine the pollen donor for 172 out of the 217 seed-
lings. The assigned paternity rate for each parent clone ranged from 71.4 to
100.0%, with an average of 79.3% (Table 1; “1 male parent” column). Thirty-
one out of the remaining 45 seedlings had more than one candidate paternal
clone in the seed orchard (“2 possible male parents” and “3 or more possible
male parents” columns). We could not find a candidate within the six parent
clones in the seed orchard for 13 seedlings. The pollen responsible would
have traveled a long distance, because no reproductive mature trees grow
within 500 m of the seed orchard. The degree of long-distance pollen trans-
port is generally high in wind-pollinated species (contamination rate;
69–71% in Picea abies, Pakkanen et al. 2000; 48% in Pinus taeda, Friedman
and Adams 1985; about 70% in Quercus robur, Buiteveld et al. 2001). Thus,
this seed orchard seems to be isolated from beech forests, because the pollen
contamination was only 6%. We also found only one selfed seedling, and thus
the outcrossing rate is very high (99.5%), which reconfirms that Fagus is an
allogamous species.

The contribution of the parent clones to seedling paternity differed
greatly: Sanbongi-103 fathered 43.4% of all seedlings (Table 2), followed by
Fukaura-101 (17.3%), Ajigasawa-102 (7.5%), and the rest ( X 5%). Sanbongi-
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Table 2. Paternity contribution of parent clones in the seed orchard

Female clone Male clone

Sanbongi
103

Fukaura
101

Ajigasawa
102

Tayama
102

Tayama
104

Hirosaki
102

Tohno
101

Other 15
clones

Ajigasawa 102 15 5 1 0 0 1 0 8
Fukaura 101 7 0 2 0 0 0 0 5
Fukaura 102 6 16 5 0 1 2 0 0
Hirosaki 103 15 7 1 0 3 1 0 8
Iwaizumi 103 19 0 1 0 1 0 5 11
Tayama 104 13 2 3 5 0 1 0 3

Total 75 30 13 5 5 5 5 35
Proportion (%) 43.35 17.34 7.51 2.89 2.89 2.89 2.89 20.23

103 has the highest pollen fecundity in the orchard. Pollen fecundity and flo-
wering phenology might be highly related to success of mating.

Microsatellite analysis showed that F. crenata is an almost completely out-
crossing species that F. crenata trees with high pollen fecundity may contrib-
ute disproportionately to future generations, and that F. crenata pollen trav-
els long distances. In our seed orchard, three clones fathered 68.2% of all
seedlings. However, to maximize genetic diversity, it is important to select
several clones with synchronous flowering and comparable pollen fecundity.
With regard to long-distance gene flow, allozyme study showed that genetic
differentiation between populations is very low (GST=0.038; Tomaru et al.
1997), because gene migrants from neighboring populations frequently come
into a population in pollen. Pollen fecundity, flowering phenology, and pollen
contamination are critical issues for genetic diversity and production of high-
quality seedlings in seed orchards.

4 Genetic Management of Fagus Forests for Conservation
and Sustainable Use

Forests frequently experience fragmentation or isolation by human distur-
bance and thus suffer genetic bottlenecks. Severe bottlenecks, such as drastic
reduction in population size, result in genetic erosion and loss of adaptation
to environmental change. In a small and isolated population, inbreeding
depression as a result of mating between relatives reduces the variability and
viability of forest. These forces cause forests to decline and can change the
forest environment. To maintain relatively high genetic diversity within for-
ests, long-term genetic monitoring is needed. Microsatellite markers are very
suitable for this purpose due to their high polymorphism. This marker can be
traced to the pollen and seed movements. This kind of information is neces-
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sary to maintain adequate genetic diversity within forests especially for the
conservation and management of forest tree species.

Fagus forests are widely distributed in Europe, eastern Asia, and eastern
North America (Peters 1997), but their area has been decreased and frag-
mented by exploitation for land and timber. In particular, suburban spread
has promoted fragmentation. For the conservation of such forests, mainte-
nance of genetic diversity is very important. Data on the heterozygosity, alle-
lic richness, genetic differentiation between local populations, outcrossing
rate, and genetic structure of those forests are important for conservation.
Gene flow through pollen is not strongly restricted in Fagus, because this spe-
cies is wind-pollinated. An allozyme study of 23 populations of Fagus forest
showed that the genetic differentiation between populations was low
(Tomaru et al. 1997). However, gene flow through seeds is strongly restricted:
genetic differentiation revealed by both mtDNA and cpDNA polymorphisms
between populations was extremely high (Tomaru et al. 1998; Fujii et al. 2002;
Okaura and Harada 2002). Guidelines for gene conservation within popula-
tions can be based on information on maternal inherited DNA markers such
as mtDNA and cpDNA. However, an understanding of gene flow within a for-
est through pollen and seed is necessary for conservation and sustainable
use. Fine-scale genetic structure is influenced by the regeneration system,
forest history, and microenvironment heterogeneity, such as forest floor con-
ditions. Generally, long-lived, wind-pollinated, dominant species such as
Fagus, Quercus, and conifers in temperate regions show weak spatial genetic
structure (Merzeau et al. 1994; Streiff et al. 1998; Takahashi et al. 2000; Epper-
son and Chung 2001). If the structure becomes strong, this indicates that a
forest is declining.

Tree density is an important factor in maintaining a high outcrossing rate
and genetic diversity (Rajora et al. 2000; Obayashi et al. 2002). Inbreeding
increases in an isolated or low-density forest, and the forest declines owing to
inbreeding depression. Most forest tree species are predominantly alloga-
mous, and some are self-incompatible.

The outcrossing rate and a fixation index can be used to assess the integ-
rity of a forest. Takahashi et al. (2000) suggested that reduced genetic vari-
ability and linkage disequilibrium would have a significant influence over
several generations. Reductions in genetic variability imply a higher potential
for inbreeding depression, and the existence of linkage disequilibrium means
distortions in the composition of the gene set in the population. If the natural
composition of the gene set is assumed to be the most highly adapted to a
given environment, linkage disequilibrium also implies reductions in the
adaptability of populations in succeeding generations, which could be detri-
mental to the conservation of important genetic resources. For rehabilitation
programs, indicators such as spatial genetic structure, outcrossing rate, fixa-
tion index, and linkage disequilibrium can be used to assess the integrity of
planted populations.

394 Y. Tsumura et al.



5 Conclusions

We could develop a sufficient number of microsatellite markers in F. crenata
using the enrichment method of the microsatellite region. These markers will
provide important information for the conservation and management of F.
crenata forests.

Fine-scale genetic structure was influenced by life history such as the
regeneration system, microenvironment, and forest history. Fagus crenata
had a weaker fine-scale genetic structure than that of F. japonica, probably
due to the different level of self-incompatibility and longevity. The genetic
structure of F. crenata has also been changed by their microenvironment
such as soil type and forest floor, which are closely related to forest history.
The parameter of linkage disequilibrium could be one of better indicators to
understand the forest history, which might show the maturity and stability of
forest population. Combining ecological and environment data together with
genetic data, we can understand the integrity of forest population and may
take a suitable strategy for conservation and management. For the rehabilita-
tion program of Fagus forest, seed sources with high genetic diversity and
genetic similarity to introduced population is critically important to main-
tain original genetic component of the population. For that purpose, the suit-
able seed orchard is necessary to supply such seedlings for the plantation.

We believe that microsatellite markers are the best markers to monitor the
gene flow within a forest, fine-scale genetic structure, and to investigate
genetic diversity and similarity between the seed source and the rehabilita-
tion forests for conservation and management of Fagus populations.
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