
Abstract Thirty four microsatellite markers for Crypt-
omeria japonica D. Don were developed by searching
three types of library: a database of C. japonica cDNA
sequences, a standard non-enriched genomic DNA libra-
ry and a microsatellite-enriched library using magnetic
particles. The enrichment of microsatellite sequences us-
ing magnetic particles is very efficient compared to the
other two methods both in terms of the numbers of mark-
ers generated, and in the polymorphism they detect. The
microsatellites developed from the genomic DNA library
generally have longer repeat sequences and are more
polymorphic than those from cDNA. All the developed
microsatellite markers in this study showed polymor-
phism among 28 plus trees selected from locations scat-
tered throughout Japan. The mean number of alleles per
locus (MNA) detected in the 28 plus trees ranged from 2
to 21 with an average of 7.5. The Polymorphism Infor-
mation Content (PIC) ranged from 0.160 to 0.936 with
an average of 0.666. Co-dominant segregation of alleles
in a three-generation pedigree of C. japonica was dem-
onstrated at 34 microsatellite loci, and the segregation
was not distorted from Mendelian expectation for all lo-
ci. In 12 out of 34 loci, a null allele was detected. Key
relationships between polymorphic parameters, such as
MNA and PIC, and the characteristics of microsatellite
sequences, such as the longest repeat number, total re-
peat number and total number of nucleotides, were in-
vestigated using rank correlation coefficients, Kendall’s
τ. A positive correlation was found between repeat
lengths and polymorphisms. The markers provide suffi-

cient resolution for investigating gene flow within for-
ests and seed orchards, and for genome mapping.
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Introduction

Microsatellites, also called simple sequence repeats
(SSRs), are tandem repeats of short (1–6 nucleotide) mo-
tifs that are interspersed throughout eukaryotic genomes
(Stallings et al. 1991; Charlesworth et al. 1994). The first
microsatellite markers were developed in humans (Litt
and Luty 1989; Weber and May 1989), then in other
mammalian and crop species. Microsatellite loci are 
co-dominant markers and characteristically exhibit high
levels of variation in the number of repeat units. Further-
more, once specific primers have been designed, they
can be amplified from small amounts of DNA by PCR.
Due to these advantages, microsatellite makers are useful
and powerful molecular tools for determining parents
and for linkage mapping.

Sugi (Cryptomeria japonica D. Don) is coniferous
species that is naturally distributed in a wide range of 
Japan and a part of China. The genome size is about 
5.0 × 109 bp and the chromosome number is 2n = 22. 
C. japonica is one of the most important commercial
afforestation species in Japan, and about 45% of all the
man-made forests of Japan are comprised of this species.
Because of the importance of C. japonica timber, exten-
sive genetic and breeding studies of this species have
been performed. Recently, cleaved amplified polymor-
phic sequences (CAPS), which are PCR-based codomi-
nant markers, have been abundantly developed to study
its genetic diversity and to design breeding programs
(Tsumura et al. 1997; Iwata et al. 2001). Linkage maps
of C. japonica have also been constructed using several
kinds of DNA marker including CAPS (Mukai et al.
1995; Nikaido et al. 2000; Iwata et al. 2001).
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Microsatellite markers are more effective for integrat-
ing different linkage maps than CAPS markers because
of their high degree of polymorphism. Microsatellite
markers are also very useful for determining the pollen
donors of seeds and/or seedlings within forests. For these
reasons, it is very common to develop microsatellite
markers. Microsatellite markers have been developed for
several coniferous species; from sequence data of a
cDNA library such as Picea abies (Scotti et al. 2000)
and from a standard non-enriched genomic DNA library
such as Pinus radiata (Smith and Devey 1994), P. abies
(Peiffer et al. 1997) and Pinus sylvestris (Kostia et al.
1995). In a non-enriched method it is difficult to develop
microsatellite markers efficiently. Recently, the improve-
ment in methodology using enrichment helped the effi-
cient development of microsatellite markers (Kijas et al.
1994; Lench et al. 1996; Takahashi et al. 1996; Hamilton
et al. 1999). There are some reports using a microsatel-
lite-enriched library in coniferous species such as Pinus
taeda (Elsik and Williams 2001) and Picea glauca
(Hodgetts et al. 2001). However, they were not well 
discussed for the characterization of the developed mi-
crosatellite markers and the relationship between the re-
peat length and the polymorphism in each conifer.

We discuss here the efficiency of development using
different three methods and the characterization of the
developing microsatellite markers. Polymorphism in de-
veloped microsatellite markers was investigated using 28
individuals of C. japonica in order to evaluate the practi-
cal value of the markers in future studies. We also char-
acterized the observed polymorphisms in relation to the
repeat length of the microsatellites, to make the future
development of microsatellite markers more efficient.
Finally, we discuss the relative efficiency of developing
microsatellite markers using the three methods exploited
in this study.

Materials and methods

Three strategies (cDNA database search, construction standard
non-enriched genomic DNA library and construction enrichment
DNA library) were used to develop microsatellite markers for 
C. japonica.

cDNA database search

A search was conducted of a C. japonica cDNA database includ-
ing sequence data of approximately 4,500 cDNA clones (Ujino-
Ihara et al. 2000) to identify microsatellite sequences. We detected
one run of five or more uninterrupted repeats, and ten or more un-
interrupted repeats of mononucleotides using the search algorithm
developed by K. Yoshimura.

Construction of standard non-enriched genomic DNA library

The F1 hybrid YA38 between ‘Saga3 (female)’ and ‘Ukiha7
(male)’ which are local cultivars was used for the construction of
the genomic DNA library. The genomic DNA was extracted from
needle tissue of C. japonica, YA38, using a modified CTAB meth-
od (Tsumura et al. 1995), and was purified using a CsCl density

gradient with ultracentrifugation. The genomic DNA of C. japonica
was digested with HincII and HindIII. The digested fragments
ranging from 200 to 1,000 bp were ligated into pUC119, and the
ligation mixtures were transformed into Escherchia coli JM109.

Construction of genomic DNA library enriched for microsatellites

We constructed an enriched library using magnetic particles based
on the modified method of Fischer and Bachmann (1998) to enrich
fragments including microsatellite sequences. Genomic DNA of
YA 38 was digested with NdeII, and fragments ranging from 200
to 1,000 bp were ligated into Sau3AI cassettes (TaKaRa). After 
repairing the nicks, the fragments were amplified by PCR with
Cassette Primer C1 (TaKaRa). These products were resolved in
binding buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl,
pH 7.5) and hybridized to a 5′ digoxigenin-labelled oligonucle-
otide probe, 5′DIG(CT)203′, after denaturation. The hybrids were
subsequently isolated by binding them to anti-digoxigenin mag-
netic particles (Boehringer). After rinsing the particles with wash-
ing buffer (10 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, pH 7.5),
DNA fragments that bound to the probe sequence were recovered
by resuspending the particles in elution buffer (6 M Guanidine-
HCl). The recovered fragments were then amplified by PCR, and
the PCR products were digested with NdeII to remove the cas-
settes. The enriched fragments were ligated into pUC18, and the
ligation mixtures were transformed into E. coli DH5 α.

Hybridization procedure

Recombinant colonies from the two libraries were transferred to
Hybond N+ membranes (Amersham Pharmacia) separately and
screened using two synthetic oligonucleotides, (CT)20 and (CA)20,
labeled by DIG. The hybridization was carried out at 36 °C in 
hybridization buffer (6 × SSC, 50% formamide) for each probe.
Plasmid DNAs from the positive clones were purified using a
Quantum Prep Plasmid Miniprep Kit (BIO-RAD) or by an auto-
matic plasmid purification robot (TA 100 Gene Extractor, Takara,
Kyoto). The insert DNA of the plasmids was amplified by PCR
using primer1 (CCCAGTCACGACGTTGT) and primer3
(GGAAACAGCTATGACCATG). PCR products were purified by
an Ultra-Clean PCR purification kit (MO BIO) or Quantum Prep
PCR Kleen Spin Columns (BIO-RAD), and were used as template
DNA in sequencing reactions. Sequencing was performed using
an ABI 377 automatic DNA sequencer with a BigDye Terminator
kit (Applied Biosystems) according to the manufacturer’s instruc-
tions.

Primer design

Based on the sequences containing microsatellites, obtained
through the three approaches listed above, PCR primers comple-
mentary to the flanking region of the microsatellites were de-
signed, using the OLIGO computer program (National Bioscienc-
es). Primers were chosen so that the PCR products would be about
100–300 bp in length (see Table 3).

Polymorphism and inheritance of microsatellite markers 
in C. japonica

To evaluate the polymorphism of the developed microsatellite
markers, 28 plus trees (i.e. elite trees selected according to their
excellent phenotype), selected from locations scattered throughout
Japan, were used as a screening panel. The DNAs of these individ-
uals were extracted from needle tissue using a modified CTAB
method (Tsumura et al. 1995). PCR amplifications were carried
out using a GeneAmp PCR System Model 9600 (Applied Biosys-
tems) in a total volume of 25 µl containing 20 mM Tris-HCl,
pH 8.0, 50 mM KCl, 1.5 mM MgCl2, 0.16 mM of each dNTP,
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5 µM of each primer, 5 ng of template DNA, and 0.625 unit of Taq
polymerase (Promega) or ExTaq polymerase (Takara), with the
following temperature profile: 5 min denaturation at 94 °C; fol-
lowed by 32–40 cycles of 30 s denaturation at 94 °C, 30 s anneal-
ing at 52–65 °C, and 30 s extension at 72 °C; with a final exten-
sion step of 72 °C for 5 min. Genotypes of 28 individuals for each
microsatellite marker were determined by 7.5% polyacrylamide
gel electrophoresis as described by Davis (1964) and Ornstein
(1964). The PCR products were stained with ethidium bromide or
SYBR gold (Molecular probes).

The segregation of alleles at 34 microsatellite loci were com-
pared with expected Mendelian ratios by a χ2 test. The segregating
population of 22 individuals was a sib-crossed pedigree of F1
hybrids from a cross between ‘Saga3 (female)’ and ‘Ukiha7
(male)’ which are local cultivars of C. japonica. DNAs of the fam-
ily and their parents were extracted from needle tissue using a
modified CTAB method (Tsumura et al. 1995), and were purified
using a CsCl density gradient with ultracentrifugation.

Data analysis

From the genotype data of the 28 individuals comprising the
screening panel, the number of alleles per locus (NA), and poly-
morphism information content, PIC, (Botstein et al. 1980), were
obtained for each locus using the program G-DIVERSE developed
by H. Iwata (see Table 3). The PIC was calculated as follows: 

where pi and pj refer to the frequency of alleles Ai and Aj, respec-
tively, and summation extends over lalleles.

The relationships between polymorphic parameters such as the
mean number of alleles per locus, MNA and PIC and characteris-
tics of microsatellite sequences such as the longest repeat number
(MAX), total repeat number (TOTAL) and the total number of nu-
cleotides (NUC) were examined using the rank correlation coeffi-
cient, Kendall’s τ (Kendall 1970). The detected microsatellites
were classified as follows (Weber 1990). Perfect repeat sequences
are defined as tandem repeats without interruption and without 
adjacent repeats of another sequence. Imperfect repeat sequences
are defined as two or more runs of uninterrupted repeats separated
by no more than three consecutive non-repeat bases. Terminal runs
of uninterrupted repeats (outside of non-repeat bases) must each
be at least three full repeats in length. Internal runs of uninterrupt-
ed repeats must be at least 1.5 repeats in length. Compound repeat
sequences are defined as runs of repeats separated by no more
than three consecutive non-repeat bases from a run of at least five
uninterrupted repeats of different motif or at least ten uninterrupt-
ed mononucleotides. Compound repeats are further divided into
perfect or imperfect sub-classes. Kendall’s τ values were comput-
ed using JMP4 software (SAS Institute).

Result

Microsatellites from cDNA

The database search of approxuimately 4,500 cDNA
clones of C. japonica identified 303 clones containing
five or more repeats. Of these repeats 212 (70.0%) were
unique. These included 207 perfect repeats, four imper-
fect repeats and one compound (perfect) repeat 
(Table 1a). The 211 non-compound repeats consisted of
79 tri-nucleotides, 87 di-nucleotides and 45 mono-nucle-
otides (Table 1b). In the microsatellites from the cDNA
database search, the most abundant motifs for mono-, 

di- and tri-nucleotides were A, AT and AAT, respectively
(Table 2b). 

Microsatellites from the genomic library

The approach based on screening a standard non-
enriched genomic library generated only three positive
clones, which were isolated from about 2,200 genomic
C. japonica clones. However, from the enriched library,
219 positive clones were isolated from about 2,100
clones. Of the 222 positive clones obtained from these
two genomic DNA libraries, 156 (70.3%) had five or
more repeats in their inserts. Of these repeats 131
(84.0%) were unique and the longest repeat was (CT)42.
They included 87 perfect, 26 imperfect, five perfect
compound and three imperfect compound repeats. The
other ten clones also had microsatellites, but their 
sequences were unclear and could not be unambiguously
resolved (Table 1a). The 123 non-compound repeats con-
sisted of one tri-nucleotide and 122 di-nucleotides 
(Table 1b). Three kinds of microsatellites were inconsis-
tent with the enriched motif (Table 2a). The microsatel-
lites obtained from the genomic DNA libraries were gen-
erally longer than those obtained from cDNA (Table 2a
and b). 

Primer design

Of the 434 sequences obtained by these three methods,
112 contained either di- or tri-nucleotide repeats with ten
or more repeats, excluding mononucleotide repeats. We
designed PCR primers to amplify the microsatellite re-
gions with ten or more repeat units, because Weber
(1990) reported that the informativeness of human mi-
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Table 1 Characteristics of microsatellites detected by searching
a cDNA database (cDNA), a standard non-enriched genomic DNA
library (standard) and a microsatellite-enriched library (enrich-
ment). The figures show number of clones obtained, and the clas-
sification follows Weber (1990)

Item cDNA Non- Enrichment
enrichment

(a)
Perfect repeat 207 3 87
Imperfect repeat 4 – 26
Compound (perfect) repeat 1 – 5
Compound (imperfect) repeat – – 3
Unclear – – 10
Total 212 3 131

(b)
Mononucleotide repeat 45 – –
Di-nucleotide repeat 87 3 122
Tri-nucleotide repeat 79 – 1
Compound 1 – 8
Total 212 3 131



crosatellite sequences with ten or fewer repeats was very
low or zero. Of the microsatellites obtained from the
cDNA database search, 12 sequences included ten or
more repeats. We were able to design PCR primers from
three of these sequences. Of the microsatellites obtained
from the genomic library, 100 sequences included ten or
more repeats. Of these 100 sequences, 36 did not permit
primer design because they had insufficient flanking se-
quences or sequences with low reliability. Finally, we
were able to design 67 microsatellite primer pairs from
the 112 sequences including ten or more repeats. After

PCR optimization, 34 primer pairs each produced a sin-
gle variable locus (Table 3). The pairs derived from the
cDNA and genomic DNA libraries were given designa-
tions with the prefixes Cjcssr and Cjgssr, respectively.
Among these Cjgssr primers, all but Cjgssr01 were de-
veloped from the enrichment DNA library. 

Characterization of microsatellite markers

The number of alleles per locus, NA, detected in the
DNA from the 28 plus trees ranged from two to 21 with
an average of 7.5 (Table 3). PIC ranged from 0.160 to
0.936 with an average of 0.666.

Segregation in the sib-crossed pedigree was assessed
at 34 microsatellite loci (Table 3). Twenty nine loci were
polymorphic but the other five loci were monomorphic
in the investigated population. Cjgssr140 was excluded
from the further test because the pattern was not unam-
biguously determined in this population. In the result of
the χ2 test, no significant deviations were found, except
for Cjgssr7. In the segregation analysis, a null allele was
detected in 12 out of 34 loci (35.3%).

We examined the correlations between two measures
of variation (MNA and PIC) on one hand and three mea-
sures of length [(MAX), (TOTAL) and (NUC)] on the
other by Kendall’s rank order test to characterize the de-
veloped microsatellites. Cjgssr124 and Cjgssr170 were
also excluded from the test because its sequence could
not be unambiguously determined, and its repeat number
was uncertain. We found significant positive correlations
between the three measures of length [(MAX), (TOTAL)
and (NUC)] and PIC, and between (MAX) and MNA
(Table 4). 

Discussion

Sequence characterization

Development of microsatellites from the enriched library
was more efficient than using standard non-enriched ge-
nomic library. In the microsatellites from the enriched li-
brary, most motifs were CT except for two CA motifs
due to the enrichment using the (CT)20 probe (Table 2a).
The two CA motifs were presumably detected because
we also used a (CA)20 probe for hybridization. Except
for the microsatellites using the enrichment process, the
most abundant motifs for mono-, di- and tri-nucleotides
in C. japonica were A, AT and AAT, respectively 
(Table 2b). In rice, the most abundant motifs of detected
microsatellites are AT, A, AG and AAT (Wang et al.
1994), in Arabidopsis they are A, AT, AAG and AG
(Cardle et al. 2000), and in maize, CT, CCT and CCG
(Chin et al. 1996). Thus, the C. japonica motifs identi-
fied in this study are similar to those observed in rice,
Arabidopsis, and in most common plants (Lagercrantz et
al. 1993). In coniferous species such as Pinus taeda, 
P. strobes and P. radiata, the most abundant motifs were
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Table 2 The motifs and numbers of repeats of microsatellites ob-
tained from the genomic DNA library using the enrichment pro-
cess (a) and cDNA database search (b)

Item 5–9 10–19 20–29 >30 
repeats repeats repeats repeats

(a)
CT 24 38 34 14
CA 1 1
TCC 1
Unclear 10
Compound 8
Total 25 38 35 15 18

Item 5–9 10–19 >20 
repeats repeats repeats

(b)
G 1
GA 13 4
GAA 2
GAC 1
GAG 1
GAT 1
GCA 3
GCC 3
GCG 1
GCT 3
GGA 3
GGC 6
GT 6
GTA 3
GTC 3 1
GTG 4
A 43
AAG 6
AAT 9
AC 3
ACC 2
ACG 1 1
ACT 1
AG 14 2 1
AGA 5
AGC 1
AGG 6
AGT 1
AT 43 1
ATA 2
ATC 2
ATG 2
ATT 2
Compound 5
Total 153 53 6
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Table 3 Primer sequences of microsatellite markers in C. japonica and the PCR conditions used to amplify them

Locus Motif PCR primers Annealing Fragment NA PIC Segregation Expected χ2 Pr
tempreture size (bp)
(°C)

Cjcssr01 (TTA)11 TGGGAAAAGTAGAGGAAGT 52 195 3 0.160 Invariant
AGGGATCTCATTATTCTAACAT

Cjcssr02 (TA)11 GACCCCTTCGATTAAAGAAATG 53 84 2 0.325 Invariant
TGGCTTTGTGGAGCTTGTT

Cjgssr01 (CT)31 TAATGCACCTAGCTAGACTTG 58 693 5 0.732 9:13 1:1 0.75 0.386
AAATGAGGGAGTGATAGTTGT

Cjgssr5 (GA)12 CAAGGTGTGGCAGAGCTGAC 65 133 9 0.804 7:11:4 1:2:1 0.88 0.643
GTCCTTTCTCCTCCACCGAATC

Cjgssr7 (TC)15A(TC)6 ATCAAATGTGAAGCAAACAGT 60 125 10 0.811 16:6 1:1 5.73 0.017
AGAGGGAAGAGGAAGATAAAGA

Cjgssr26 (TC)3TG(CT)10 ACTTTTTGCTCTACCTCACAT 60 190 3 0.165 9:13 1:1 0.75 0.386
GCAGAAAGTAGAGAACAAGAAC

Cjgssr30 (CT)11 TCAACATGCTACTATCAACACT 60 130 4 0.217 9:13 1:1 0.75 0.386
TGGTGGGAGAGACCTAGA

Cjgssr31 (CT)23 TCTCTCAATATCCCCTTATTCT 60 145 10 0.808 7:9:6 1:2:1 0.81 0.668
GGGGATATAGGGATGTATGG

Cjgssr33 (GT)21 GGTGGTGTAGAGTTGTCACTT 62 181 3 0.359 6:16 1:3 0.06 0.811
AATTGTCGTTGATTGCTACTTA

Cjgssr39 (GA)15 GGGATAGAGAGCGATAATATAA 60 190 4 0.597 10:12 1:1 0.18 0.669
TCCTTGTTTTTAATTCCTTTC

Cjgssr47 (TC)19TT(TC)4 GAAAGAGAGGAAGAGACCATAG 60 235 6 0.631 7:5:4:6 1:1:1:1 0.98 0.807
CCTTGCATCAACCTCACT

Cjgssr77 (CT)10 CCTTGTACACTTATTTGTACCT 60 106 10 0.785 4:11:7 1:2:1 0.88 0.643
AGGGAGGAGAAATAGACAT

Cjgssr78 (GA)21 AAGAAGGCATCCAAGAGTGA 60 157 8 0.787 10:12 1:1 0.18 0.669
ACTGCCGATTAACTGATAGCTC

Cjgssr81 (TC)10 TTTCCCTCCTATTCTTTCATTA 60 161 2 0.325 6:10:6 1:2:1 0.18 0.912
TTATGAGAGGTTGAGAGTGTTG

Cjgssr83 (CT)25 GTGGAGTGCTTTCATACTTATT 60 170 8 0.774 5:13:4 1:2:1 0.92 0.631
GCTCAGACAAGAGACAACA

Cjgssr95 (AG)11G(GA)3 ATGGATAGAGATTGAGAGAAAG 60 146 3 0.334 Invariant
GG(GA)3

TCTCCCCCACTCTCTTAC
Cjgssr101 (GA)24 AGGGATAGAAAATAGAAGAAGG 55 167 8 0.766 3:9:3:7 1:1:1:1 5.85 0.119

GG(GA)9
GTTCCTCTTGCATGTTAT

Cjgssr120 (CT)21CC(CT)6 GGGACTTCCCTCCTTTTG 60 230 10 0.842 3:9:10 1:2:1 4.55 0.103
AGGACGAACATCATGTAGAAGA

Cjgssr121 (CT)25 TAGCCATTGTTTTTCATATTTG 60 205 14 0.910 4:8:4:6 1:1:1:1 1.95 0.583
TGCAACTCTGAAATCCTTTTA

Cjgssr122 (TC)25 CCTCATACCCTTTAGTTGACAT 62 198 21 0.936 6:7:3:6 1:1:1:1 2.49 0.477
GGCACTCATACCCAAAGTAAT

Cjgssr123 (AG)3G(AG)22 TCCATATTACTCTTGCTCAATC 60 172 8 0.846 8:13 1:1 1.26 0.261
AGATGGAGAGGTAGAGATGAA

Cjgssr125 (CT)18 TCTCTGTATATCTCCCACAATC 60 142 5 0.649 3:13:5 1:2:1 2.18 0.336
AGGGAAATAGAGGGAAATAGT

Cjgssr130 (CT)13 TCCCTCCCCATCCATCTC 60 141 3 0.573 Invariant
GGGTATCATCAAGCCAAAACAA

Cjgssr140 (CT)21 GGGAAGAGGGAAAGAGTTCAT 60 199 4 0.326 –
GGAGTGGGAGAGAGGTGAG

Cjgssr142 (GT)9(GA)21 ACCCAATTTTATAGTGACTCCA 62 261 10 0.860 7:7:7:1 1:1:1:1 21.21 0.000
CGCATCAACTCGACATAATATC

Cjgssr149 (GA)11 GGCAACACTAGGGACAACA 60 120 11 0.834 8:14 1:1 1.77 0.184
AGATTGGGAGGAGGAGTATTTA

Cjgssr159 (CT)23(CA)20 CCACCATTTCTCATTTTGTA 60 227 11 0.858 Invariant
GGGAGGAGATAGCTTGTAAGTA

Cjgssr175 (CT)16 ACCCTTTGAATTATTCCTTGAG 62 186 9 0.820 10:12 1:1 0.18 0.669
AGCGGAAAAAACTACATCAGA

Cjgssr177 (TG)10 ACCGGTATAACTGTAGTAGGTC 60 163 7 0.769 5:12:5 1:2:1 0.18 0.912
(GA)11A(AG)3

ATTCTTGGTCTCTCTTCTTTC
Cjgssr181 (AG)3G(GA)23 AGAGGGAGGGAGGAATACAT 60 240 8 0.738 5:5:3:8 1:1:1:1 2.66 0.447

GGCTGAGAGTTTAGGGTTTACA
Cjgssr193 (CT)15 CTATCTAGTTCACTGCCAATTC 63 166 8 0.777 10:12 1:1 0.18 0.669

ATGGAGAGTAGCAGAGAAGTT



AC or GA (Echt and May-Marquardt 1997; Smith and
Devey 1994).

Microsatellite cDNA

Microsatellite markers of tri- and tetra-nucreotide repeat
motifs provide greater electrophoretic resolusion than 
di-nucleotide repeats (Elsik et al. 2000). In this study, 
tri-nucreotide repeat motifs were detected from cDNA
abundantly, though they are of short repeat length. The
microsatellites developed from cDNA, Cjcssr01 and
Cjcssr02, generally showed low levels of polymorphism
in comparison with those from genomic library. These
results are consistent with a study in which the average
level of polymorphism was found to be significantly
higher for genomic library microsatellites than for cDNA
microsatellites in rice (Cho et al. 2000). This corrobo-
rates theoretical expectations, since functional restric-
tions would be expected to maintain low levels of poly-
morphism among microsatellite sequences in cDNA.
The microsatellites contained in cDNAs may be not suit-
able for developing highly polymorphic microsatellite
markers but are important for EST markers.

Polymorphism of microsatellites

The number of alleles per locus detected in the DNA
from the 28 plus trees ranged from two to 21 with an 
average of 7.5 (Table 3). PIC ranged from 0.160 to 0.936
with an average of 0.666. In P. radiata, the average PIC
value was 0.67 (Smith and Devey 1994), and 0.68 in 

P. taeda (Elsik et al. 2000). Thus, the polymorphism of
microsatellites in C. japonica is similar to those in other
conifers. The level of polymorphism per locus was high-
est in comparison with other molecular markers (Powell
et al. 1996; Russell et al. 1997).

Correlations between variation and length

There were significant positive correlations between the
three measures of length [(MAX), (TOTAL) and (NUC)]
and PIC, and between (MAX) and MNA (Table 4). This
suggests that the length of the longest repeat unit may af-
fect polymorphism in compound or imperfect repeats.
This indicates that microsatellites with high repeat num-
bers have higher variability. The correlations between
measures of variation and length in this study are consis-
tent with reports that long microsatellites have high de-
grees of mutation in Drosophila melanogaster (Gold-
stein and Clark 1995; Schug et al. 1998).

Null allele

In the result of the χ2 test, no significant deviations were
found, except for Cjgssr7 and Cjgssr142. It might have
occurred by chance alone. In the segregation analysis, a
null allele was detected in 12 out of 34 loci (35.3%). The
null allele has serious problems for population studies
due to producing an apparent excess of homozygotes, re-
sulting in incorrect allele frequency estimates and overes-
timates of inbreeding. The null allele was frequently de-
tected in microsatellite analysis, and in P. radiata the fre-
quency of the null allele is approximately 35% (Fisher et
al. 1998), and was 38.1% in Triticum aestivum, (Stachel
et al. 2000). Observation of numerous microsatellite null
alleles might be caused by a high mutation rate in this
species, since the main cause of null or nonamplifying al-
leles at microsatellite loci is mutation in the priming se-
quence (Callen et al. 1993; Jones et al. 1998). Though
PCR-null alleles in C. japonica might appear to be more
than the other organisms, we can use them for genome
mapping without any problem after segregation analysis.
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Table 3 (continued)

Locus Motif PCR primers Annealing Fragment NA PIC Segregation Expected χ2 Pr
tempreture size (bp)
(°C)

Cjgssr124 (CT)36+α AAAATGGGTCATGTCATGT 60 200 11 0.872 4:5:9:2 1:1:1:1 6.53 0.089
CATTCTCCATCTCACTACCTAT

Cjgssr170 (CT)33+α TGGCGATGTGGTTCTTATGG 64 219 8 0.833 5:13:4 1:2:1 0.920 0.631
CAACCGCATCTTTCCCTAATTC

Cjgssr13 (CT)13 GTCGGGTCCAAGTCAACTAGAA 64 270 9 0.824 4:8:3:7 1:1:1:1 3.749 0.290
GGGAGACAGGGAGGTATGTAGA

Table 4 The rank correlation coefficient [Kendall’s τ (Kendall
1970)], between two measures of variation (the mean number
of alleles (MNA) and polymorphism information content (PIC))
on one hand and three measures of length [the longest repeat num-
ber (MAX), the total repeat number (TOTAL) and all number
of the nucleotides (NUC)] on the other

MAX TOTAL NUC

MNA 0.2793* 0.2587 0.2486
PIC 0.3141* 0.2821* 0.2721*

*P < 0.05



Efficient development of microsatellite markers 
in C. japonica

Microsatellite markers have been developed for several
coniferous species using various methods (Smith and
Devey 1994; Pfeiffer et al. 1997; Khasa et al. 2000; Elsik
and Williams 2001). These results suggested that the 
enrichment process is efficient, and is suitable for large-
scale development. Enrichment of target motif or low-
copy sequences from a genomic library improves the 
efficiency of the useful primer pairs identified. There are
some methods for the enrichment process, such as using
magnetic particle (Kijas et al. 1994), microsatellite arrays
(Lunt et al. 1999) and linkers (Hamilton et al. 1999). It is
difficult to compare the efficiency of each method direct-
ly because the efficiency changes by delicate conditions
even in same species. The enrichment process using mag-
netic particles also promoted the efficiency of the devel-
opment of microsatellites substantially in C. japonica.
We could obtain highly informative microsatellite mark-
ers in C. japonica, and these markers can use efficiency
for linkage mapping and for breeding study, such as the
understanding of gene flow in seed orchards.
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