
Abstract Macrogametophytes derived from the seeds
of a tree resistant to pine needle gall midge (PGM) were
analyzed using amplified fragment length polymor-
phism (AFLP). A total of 244 segregating loci were de-
tected among 71 macrogametophytes. Combining the
AFLP results with previously reported segregation data
for 127 random amplified polymorphic DNA (RAPD)
markers, 157 AFLP and 50 RAPD markers with con-
firmed map positions were assigned to 20 linkage
groups and three pairs covering 2085.5 cM with an av-
erage distance of 10.1 cM. The total map distance cov-
ers about 77.1–78.4% of the total genome, estimated to
be approximately 2665–2719 cM in length. Thus, using
AFLP markers, the previous RAPD map of this tree was
improved in terms of the average distance between
markers, the total map distance, and coverage of the ge-
nome. Three RAPD markers linked to a gene associated
with resistance to PGM were also located on this map.
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Introduction

Recently, Kondo et al. (2000) developed a linkage map
of Japanese black pine (Pinus thunbergii) using random
amplified polymorphic DNA (RAPD) markers (Williams
et al. 1990) in a study of 96 macrogametophytes. They
screened 1160 random primers, of which 92 were select-
ed. The total map distance was 1469.8 cM, with 98
RAPD markers spaced 15.6 cM apart, on average, cover-

ing 67.5% of the genome. Although 1160 primers were
used in the study, the total map distance and the density
of markers were insufficient for some purposes. Addi-
tional types of DNA markers were used to extend the
utility of the map.

It has been reported that amplified fragment length
polymorphism (AFLP) markers (Vos et al. 1995) are
more reliable and consistent, and show higher levels of
polymorphism, than RAPD markers (Powell et al. 1996).
Although AFLP markers were initially developed for
plants with small genomes, they have been successfully
used to analyze pine (which has a very large genome) 
after appropriate modifications (Travis et al. 1998; 
Remington et al. 1999; Costa et al. 2000). The linkage
maps for Pine, developed using AFLP markers, each
covered more than 85% of the genome.

By surveying AFLP markers as well as the RAPD
markers analyzed in a previous study (Kondo et al.
2000), and using the same macrogametophytes assessed
in the RAPD analysis, we aimed to reduce the average
distance between markers, to extend the total map dis-
tance, and to integrate linkage groups. Further objectives
were to compare key features of RAPD and AFLP mark-
ers, and to evaluate differences in the regions covered by
the two types of markers, as discussed below. We also
aimed to confirm the location of the markers linked to
pine needle gall midge (PGM) resistance and, if possible,
identify new AFLP markers linked to such resistance.

Materials and methods

Plant materials and AFLP procedure

Seventy one out of 96 macrogametophyte DNAs derived from open-
ly pollinated seeds of the Japanese black pine (P. thunbergii) tree,
designated Taichu-Touokuiku 17, mapped in a previous investigation
(Kondo et al. 2000), were subjected to AFLP analysis in this study.

AFLP analysis was carried out according to the recommenda-
tions of the manufacturer (Perkin-Elmer) of the apparatus involved.
Primers were complementary to the adapters EcoRI and MseI, with
two additional selective 3′ nucleotides (AC and CC, respectively;
Remington et al. 1999) in the first amplification or ‘pre-amplifica-
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tion’ cycle. Forty eight primer combinations, containing the same
sequences as those used in the pre-amplification and one (for the
Eco primer) or two (for the Mse primer) 3′ selective nucleotides,
were used in the second amplification (or ‘selective amplification’)
cycle. PCRs were carried out using a Perkin Elmer 9600 thermal
cycler according to the procedure described by Remington et al.
(1999). After selective amplification, AFLP fragments were detect-
ed on a model 373 DNA sequencer (Perkin-Elmer).

A large number of polymorphic fragments were detected, but
each one used to score segregation had to meet the following crite-
ria. First, the parent had to have the same size of fragment. Sec-
ond, the peak intensity of the fragment had to be stable among the
macrogametophytes. Third, there had to be no other fragments
within 1 bp distance of the candidate fragment.

Linkage analysis

Mendelian segregation of loci was verified by chi-square tests of
the expected 1:1 ratios. AFLP segregation data were combined
with those obtained for the 127 RAPD markers used in our previ-
ous study (Kondo et al. 2000), and analyzed using the MAPMAK-
ER/EXP 3.0 computer program (Lander et al. 1987; Lincoln et al.
1992). Marker phenotypes were reciprocally coded for each locus
so that the program could calculate coupling- and repulsion- phase
linkages from the arbitrary linkage-phase data (Nelson et al. 1993,
1994; Plomion et al. 1995a, b). To identify linkage groups, pair-
wise comparisons and grouping of markers were performed so that
the LOD score was equal to, or greater than, 5.0. In order to estab-
lish the most-likely order of markers within each linkage group,
we compared the best and second-best orders using a LOD score
of 2.0 as an exclusion threshold, and the ‘ripple’ or ‘compare’
commands were employed to confirm the order of the markers. To
evaluate the linkage map, we estimated the genome length, G, of
Japanese black pine using the moment estimator method according
to Hulbert et al. (1988), assuming threshold LOD values of 4.0,
5.0, and 6.0. The Haldane map function was used as in the previ-
ous paper.

Results

Forty eight primer combinations were screened using
eight DNA samples extracted from macrogametophytes
derived from Taichu-Touokuiku 17, a tree of Japanese
black pine (P. thunbergii) which is resistant to PGM. From
these, 24 combinations were selected, which generated
244 polymorphic markers in 71 macrogametophytes (Ta-
ble 1). As four of the 244 markers showed a significant
deviation from a 1:1 ratio (p<0.05), they were excluded
from linkage analysis. Segregation data for the 240 AFLP
markers were combined with those obtained from 127
RAPD markers in previous work (Kondo et al. 2000), and
analyzed using the MAPMAKER program. Of these 367
markers, 228 AFLP and 121 RAPD markers were as-
signed to 23 linkage groups. Of the 349 markers assigned,
the map positions of 157 AFLP and 50 RAPD markers
were confirmed, and assigned to 20 linkage groups and
three pairs, covering 2088.1 cM with an average distance
of 10.1 cM (Fig. 1). The other assigned markers (71 AFLP
and 71 RAPD) were located as accessory markers at their
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Table 1 Number of AFLP
markers generated and mapped
with confirmed positions.
Primer combinations are repre-
sented in terms of the selective
nucleotides used

Method Primer combination Number of scored Number of
fragments for mapped

Eco+3 Mse+4 mapping fragments

AFLP ACA CCAA 10 4
ACA CCAC 6 3
ACA CCAG 5 2
ACA CCTT 5 5
ACA CCTG 5 2
ACC CCAA 5 5
ACC CCAC 5 3
ACC CCAG 15 9
ACC CCTC 4 4
ACC CCTT 9 5
ACC CCGA 8 2
ACG CCAA 20 17
ACG CCAC 11 6
ACG CCAG 2 2
ACG CCCA 3 0
ACG CCTA 11 12
ACG CCTC 7 4
ACG CCTT 17 13
ACG CCTG 11 6
ACT CCAC 19 15
ACT CCAG 9 4
ACT CCTA 24 16
ACT CCTC 5 2
ACT CCTG 24 16

Mean value for 24 10 6.5
primer combinations

Fig. 1 Linkage map of Japanese black pine derived using 157
AFLP and 50 RAPD markers with confirmed map positions, as-
signed to 20 linkage groups, and three pairs (pairs are not shown).
Numbers in parentheses show the linkage groups identified in a
previous RAPD map (Kondo et al. 2000). Of the three markers
linked to the PGM resistance previously reported (Kondo et al.
2000), only OPAX192100 was located with a confirmed map posi-
tion. OPC06580 and OPD01700 were located as accessory markers
at their most likely position (shown by an arrow). Asterisks indi-
cate these three markers
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most likely positions (not shown on the map in Fig. 1).
Eighteen markers (4.9% of the total) remained unlinked.
The estimates of the genome length (G) at various group-
ing LOD scores (Z) were 2718.5 cM at Z=4.0, 2665.0 cM
at Z=5.0 and 2709.1 cM at Z=6.0. Two linkage groups in
the previous RAPD map, 6 and 7, were combined togeth-
er, and became Group 2 in the new map. Another two
linkage groups, 8 and 16, were combined to form Group
1. In contrast to this integration of linkage groups, linkage
group 1 was divided into two linkage groups, Groups 4
and 13. Therefore, the 17 linkage groups on the RAPD
map derived in the previous study were assigned to 16
groups in this study. Of three markers linked to PGM re-
sistance previously reported (Kondo et al. 2000), the map
position of only one, OPAX192100, was confirmed.
OPC06580 and OPD01700 were located as accessory mark-
ers (shown with an arrow). Asterisks in Fig. 1 indicate
these three markers.

Discussion

Higher resolution from the AFLP analysis

Recently, Kondo et al. (2000) constructed a linkage map
using the same materials surveyed in this study. Ninety
eight RAPD markers, including three markers linked to
PGM resistance, were assigned to 17 linkage groups,
covering 1469.8 cM. The genome length was estimated
to be 2138.3 cM, and the map covered 67.5% of the ge-
nome. Since the same macrogametophytes were used in
the AFLP analysis as in the RAPD study, important fea-
tures of RAPD and AFLP markers could be directly
compared. In the AFLP analysis, the mean number of
polymorphic markers detected per primer combination
was ten (Table 1): 7.4-times more than in the RAPD as-
says of the previous study. The average distance between
markers was reduced to 10.1 cM, from 15.6 cM for the
RAPD map. Two pairs of linkage groups of the RAPD
map were integrated into the new map. To identify link-
age groups, a higher LOD score (>5.0) was used in this
study than in the previous, purely RAPD analysis (LOD
>3.0). Nevertheless, the number of unlinked RAPD
markers decreased from twelve to 6. The genome length
was estimated to be 2697.5 cM: 26% longer than the es-
timate obtained from the RAPD data. The total map dis-
tance was 2088.1 cM, covering 77% of the genome, and
42% longer than that of the RAPD map. Thus, the new
map improved upon the previous RAPD map in terms of
average distance, map distance and genome coverage.
The increase in estimated genome length compared to
the previous study might be due to the fact that the
RAPD markers alone were only effectively sampling a
portion of the genome. Six regions, spanning more than
50 cM with no RAPD markers, were mapped with AFLP
markers in linkage groups 2, 5, 6, 7, 14 and 15.

Screening of polymorphic AFLP markers

Remington et al. (1999) and Costa et al. (2000) con-
structed linkage maps of loblolly pine and maritime
pine, respectively. They used the same primer combina-
tions (EcoRI-AC/Mse-CC in pre-amplification and
EcoRI-ACX/Mse-CCXX, where X represents any selec-
tive nucleotide A, T, G or C, in selective amplification),
as those employed in this study. Although many of the
primer combinations we used were the same as those in
the previous pine AFLP studies, the number of polymor-
phic markers per primer combination found in this study
(ten) was less than in the other pines (24.8 in loblolly
pine and 21.4 in maritime pine). However, of 235 AFLP
markers surveyed in maritime pine, only 114 (49%)
were assigned to confirmed map positions using 200
macrogametophytes and a LOD score >6.0. Similarly, in
the loblolly pine study, only 184 markers out of 521
(35%) AFLP markers were assigned to confirmed posi-
tions. In comparison, the proportion of AFLP markers
mapped in this study (65% of 240 markers) was much
higher. From a large number of polymorphic fragments
detected, we chose 244 markers based on the criteria de-
scribed in Materials and methods. Some of the polymor-
phic fragment peaks had poor stability. Differences in
the extent of amplification among DNA samples, or
non-specific amplification of multiple fragments with
the same molecular weight (Nikaido et al. 1999), might
cause this instability. These errors would distort the seg-
regation ratios and make it difficult to map fragments to
unique positions. Some fragments detected in the macro-
gametophytes were sometimes absent in the parent
DNA. This phenomenon might be due to the formation
of artifacts during the preparation of template DNA or
the PCR. Although fewer markers were used in this in-
vestigation, compared to the loblolly pine study
(Remington et al. 1999), the higher proportion of mark-
ers with confirmed map positions might reflect the high
quality of the markers selected according to the rigorous
criteria employed.

Linked marker to Rpgm

Test crosses have revealed that a single dominant gene
controls resistance to PGM (Terada 1992). Three RAPD
markers linked to the resistance gene (Rpgm) were detect-
ed by bulked-segregant analysis (Kondo et al. 2000). Of
these three markers, OPAX192100 was also located in the
confirmed map position in the new map, and OPC06580
and OPD01700 were regarded as accessory markers at
their most likely position. Four AFLP markers and one
RAPD marker were found to be located within 15 cM of
the two RAPD markers linked to Rpgm using macrogame-
tophyte. Although we examined these markers in the
segregating family described in the previous paper 
(Kondo et al. 2000), the segregation ratio of all the
markers did not fit to 1:1. Therefore, it was assumed that
both parents retained these markers heterozygously.
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These markers might be useful in a different mapping
population.
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