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Genetic linkage maps provide essential information for molecular breeding. In this paper, the genetic
linkage map of Pinus koraiensis was constructed using an F1 progeny of 88 individuals. One hundred
and thirty (130) of molecular markers were mapped onto 6 linkage groups, 4 triples and 15 pairs at the
linkage criteria LOD 4.0. Nine primer combinations were applied to map construction. The consensus
map gained covers 620.909 cM, with an average marker spacing of 4.776 cM. The presented map
provides crucial information for future genomic studies of P. koraiensis, in particular for QTL
(quantitative trait loci) mapping of economically important breeding target traits.
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INTRODUCTION

Genetic linkage maps provide essential tools for plant
genomic research. The main applications of genetic maps
to plants are: (1) basic knowledge of genomic structure,
(2) mapping and detection of complex quantitative trait
loci (QTL) (Miles et al., 2009), (3) comparative genomic
study and genetic diversity study of different species.
Moreover, high-density genetic maps are prerequisite for
marker-aided selection (MAS) to improve the selection
efficiency and accelerate breeding process. This is parti-
cularly significant for long generation species, such as
forest tree genera including Pinus, Eucalyptus, Populus
(Bradshaw et al., 1994; Devey et al., 1994; Grattapaglia
and Sederoff, 1994). Until now, a large number of genetic
maps have been reported in pine species (Costa et al.,
2000; Wilcox et al., 2001; Shepherd et al., 2003; Yin et
al., 2003; Zhou et al., 2003).

Pinus koraiensis (Korean pine) is a dominant tree spe-
cies of the climax vegetation (broadleaved mixed forests)
in North-eastern China. This tree species has important
economic (excellent timber quality and delicious seeds)
and ecological values (climate regulation and water con-
servation). But it grows more slowly and requires many
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years to assess most attributes. Moreover, our know-
ledge of Korean pine is limited in comparison with that of
many other species. Thus, it is necessary to start with the
molecular breeding work such as quantitative trait loci
(QTL) mapping to facilitate early-stage selection.

Many marker methods have been applied in map cons-
truction of conifer species. Compared with other marker
methods, AFLP (amplified fragment length polymorphism)
(Vos et al., 1995) has higher polymorphic level. The
method has been proven to be appropriate to saturate
genetic maps in species with large genomes such as
Picea abies (Achere et al., 2004), Pinus tedea (Remington
et al., 1999) and Pinus sylvestris (Yin et al., 2003).

The present paper reports the first AFLP-based genetic
map of Korean pine. The availability of the genetic map
can provide more genomic information on Korean pine
and will be used for the detection of loci contributing to
quantitative trait expression.

MATERIALS AND METHODS

Plant materials

Higher genetic variability was found in clone 2151 (maternal, origin-
nating from Hebei of Heilongjiang Province) and 2049 (paternal,
originating from Fenglin of Heilongjiang Province) of Korean pine
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Table 1. AFLP primer combinations and statistics.

Primer Pstl primer | Msel primer | Number of polymorphic | Number of Bands in map Nbuar:z:ri:f
combination extension extension bands scored construction LG(s)
A-1 GAA CAA 150 15 13
A-2 GAA CAC 127 16 11
A-6 GAA CTC 126 27 20
A-7 GAA CTG 113 19 13
A-3 GAA CAG 157 29 23
C-1 GAG CAA 134 23 12
C-5 GAG CTA 162 25 10
D-6 GAT CTC 124 19 14
D-8 GAT CTT 147 14 14
Total — — 1240 187 130
Average — — 137.8 20.8 14.4

(unpublished data). Eighty-eight F1 individuals from across between
clone 2049 and 2151 were used in the study. The population was
generated by hand pollinating at Hongguang Forestry Farm
(127°47'E, 42°31'N) in Jilin Province in 2006. Needle samples were
taken from the 88 individuals, stored in ice box in the field and in
-40°C in the laboratory.

DNA extraction

Total DNA was extracted from the fresh leaves using the Plant
Genomic DNA Kit (DP305, TIANGEN and Beijing). The DNA pre-
parations of each sample were quantified by 0.8% agarose gel
electrophoresis. The DNA samples were stored at -20°C in the
laboratory for future use.

AFLP analysis

Restriction digests and ligations were performed using the AFLP
Pstl /Msel Kit (A016, Dingguo, Beijing) with 200 ng of DNA. Pre-
amplification was carried out with standard Psfl (P) and Msel (M)
adaptors with three additional nucleotides in a 25 ul reaction
volume containing 100 ng of DNA, 0.2 mM of each dNTP, 0.4 mM of
each primer, 2.5 pl 10 x buffers and 1 U Tag DNA polymerase. Cyc-
ling was carried out on a PE 9600 thermocycler (Perkin Elmer,
USA) with a 94°C hold for 2 min followed by 30 cycles of 94°C for
30 s (denaturation), 56°C for 30 s (annealing) and 72°C for 80 s
(extension) respectively, followed by a final hold at 72°C for 5 min.

Selective amplifications were carried out in a 20 u | volume
consisting of 2 pl of diluted pre-amplification template under the
same reaction conditions, as pre-amplification except for 5 ng of a
Pstl primer and 30 ng of Msel primer per reaction. Selective ampli-
fication cycling was performed on a PE 9600 with the following
programme: an initial cycle of 94°C for 30 s (denaturation), 65°C for
30 s (annealing) and 72°C for 80 s (extension), respectively, then
10 cycles of 94°C for 30 s (denaturation) with an annealing tempe-
rature starting at 65°C for 30 s but decreasing by 1°C each cycle,
72°C for 80 s (extension); finally, 23 cycles of 94°C for 30 s
(denaturation), 55°C for 30 s (annealing) and 72°C for 80 s
(extension) respectively, with a final hold at 72°C for 5 min.

After selective amplification, AFLP fragments were denatured by
adding an equal volume of loading-buffer (98% formamide, 10 mM
EDTA and 0. 25% bromophenol blue). The PCR products of selec-
tive amplification were separated on 6% denatured polyacrylamide
gels (19:1 acylamide: bis; 7.5 M urea; 1 x TBE buffer). Electro-

phoresis was performed using an ABI PRISM 377 sequencer for 1 -
2.5 h, with a voltage of 40 - 50 W and 1200 V, respectively. Bands
were analyzed and scored with Genescan 3.1 and Binthere
software (developed by N.Garnhart, University of New Hampshire).

Linkage analysis

The linkage maps were constructed with JoinMap 3.0 (Voorrips and
Ooijen 2001), which analyzes cross-pollinated populations derived
from heterozygous parents to create a consensus linkage map.
Polymorphic markers were separated into four types: (1) Those
showing segregation only for the female parent (clone 2151), that
is, male A1A1, female A1A2; (2) those showing segregation only for
the male parent (clone 2049), that is, male A1A2, female A1A1; (3)
those showing segregation for both parents (hetero-zygous in both
parents), that is, male A1A2, female A1A2; and (4) non-parental
bands. For each marker, a chi-quest (p < 0.05) was used to identify
deviations from the expected Mendelian ratios. Markers were
placed into linkage groups with the “LOD groupings” command
using the Kosambi map function (Kosambi, 1944). Calculation
parameters were set for a minimum LOD threshold of 4.0. Markers
showing slight segregation distortion (0.05 < p < 0.01) were
included in the final map if their presence did not alter surrounding
markers’ order on the linkage group. Maps were drawn using the
Mapchart version 2.0 software (Voorrips 2002).

RESULTS
AFLP markers

Sixty four primer combinations (8 Pstl primers x 8 Msel
primers) were screened against both parents and 10
progeny individuals. Among these primer combinations, 9
were selected for subsequent use based on the ability to
generate numerous polymorphic bands and to show
better repeatability (Table 1). These primer combinations
amplified a total of 1240 polymorphic bands (138 on ave-
rage). Around 659 markers (53.1%) which were the non-
parental polymorphic bands were excluded from further
linkage analysis. Of the 225 testcross markers (18.1%),
138 were heterozygous in “2049” and the remaining 87 in
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Table 2. Main characteristics of markers and genetic distances (GD) per linkage group in Pinus koraiensis.

Linkage group Total Genetic distance | Average distance Distorted
markers markers (cM) (cM) (0.05<P <0.01)
LG 55 43.120 0.784 0
LG2 6 43.067 7.178 0
LG3 5 10.200 2.040 5
LG4 5 50.302 10.060 1
LG5 8 69.958 8.745 0
LG6 9 58.102 6.456 1
LG7 3 34.263 11.421 0
LG8 3 19.232 6.411 1
LG9 3 22.776 7.592 1
LG10 3 3.224 1.075 3
LG11 2 6.365 3.183 2
LG12 2 13.268 6.634 0
LG13 2 28.369 14.185 0
LG14 2 18.990 9.495 0
LG15 2 22.293 11.147 1
LG16 2 14.304 7.152 1
LG17 2 6.411 3.206 1
LG18 2 25.972 12.986 1
LG19 2 8.167 4.084 0
LG20 2 29.004 14.502 1
LG21 2 35.657 17.829 0
LG22 2 24.757 12.379 1
LG23 2 21.091 10.546 0
LG24 2 1.606 0.803 2
LG25 2 10.411 5.206 0
Total 130 620.909 4.776 22

“2151”. Three-hundred and fifty-six markers (28.7%) were
heterozygous in both parents.

One-hundred and eighty-seven markers (20.8 on
average) (Table 1) were selected for the map const-
ruction. Eighty four (44.9%) and 103 (55.1%) (p < 0.01)
out of the 187 detected AFLP markers segregated in the
1:1 and 3:1 ratios, respectively. The chi-square test
revealed biased segregation, 65 out of 187 markers
(34.8%) showed slight distortion (0.05 < p < 0.01) from
the expected Mendelian segregation ratios. The number
of paternal markers (51) was higher than that of the
maternal markers (33). Among the 187 polymorphic mar-
kers, 130 were mapped onto the genetic map (Table 1).

Parental maps

For the integrated map, 187 markers were used to cons-
truct a framework map. One hundred and thirty molecular
markers were assembled into 6 groups, 4 triples and 15
pairs. Twenty five linkage groups (pairs) were established
covering a total map distance of 620.909 cM, with an
average space of 4.77 cM between anytwo adjacent

markers (Table 2 and Figure 1). The size of the linkage
groups (pairs) ranged from 1.606 to 69.958 cM (4.776 cM
on average). The number of markers per linkage group
varied between 2 and 55. Twenty two of the mapped
markers (16.9%) showed delete distorted segregation.
Fifty seven markers could not be linked to any other
linkage groups at a LOD threshold of 4.0.

DISCUSSION
Mapping population

Segregation populations obtained from crosses between
inbred lines are usually utilized to construct genetic link-
age maps. However, such populations are generally not
known for trees because of their long growth generation
(Grattapaglia and Sederoff, 1994). In this study, the F1-
mapping population which had been widely adopted in
trees for their higher heterozygosity (Wu et al., 2000;
Achere et al., 2004) was utilized. The marker data were
analyzed according to the double pseudo-test cross
strategy. The separated parental maps (data not shown)
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Figure 1. Linkage map of Pinus koraiensis. Loci are listed on the right and recombination distances (cM, Kosambi) are listed on the right of each linkage group. Markers showing
slight distorted segregation are labeled with one asterisk depending on the significance level (0.05 < p < 0.01) of the x?test. AFLP markers are identified by the PEC (primer-enzyme
combinations) code (the first three letters correspond to the selective nucleotides of the Pstl primer and the last three letters correspond to the selective nucleotides of Msel primer).



were integrated using the 3:1 dominant markers (Figure

1).

Marker identification

A genetic linkage map, especially a high-density genetic
linkage map, requires not only an appropriate mapping
population but also a large number of molecular markers.
The present paper is the first attempt to use AFLP as a
basis molecular marker for Korean pine genetic maps’
construction. Although more parameters are required for
AFLP (Wang et al.,, 2004), this technique can recover
numerous polymorphic markers (14-29 in our experiment)
(Table 1) in the same assay. This merit makes it much
more efficient than RAPD. Moreover, PCR reactions of
AFLP technique are more reliable and reproducible as
they are carried out under stringent conditions (Vos and
Kuiper, 1997). As a result, we can generate a large
amount of good-quality polymorphic markers using this
method.

In this study, 659 non-parental polymorphic bands were
found, accounting for a large number of the polymorphic
bands (53.1%). Such kind of non-parental bands were
firstly reported in RAPD molecular markers in offspring
from both baboon and human CEPH pedigrees (Riedy et
al.,, 1992). According to Ayliffe et al. (1994), the non-
parental products were heteroduplex molecules formed
by the annealing of two amplified allelic sequences,
which differs in length. This kind of molecules represent
PCR artifact potentially capable of confusing RAPD-
based analysis (Ayliffe et al., 1994). No other rational
explanations were reported in molecular genetics for the
reason of the appearance of non-parental bands in AFLP,
so this kind of bands were discarded from further analysis.

Map construction

Based on karyotype analysis, pine species are known to
contain 12 (similar-sized) pairs of homologous chromo-
somes (Saylor, 1972; Kormutak, 1975). Inconsistent with
these previous reports, our map contains 6 groups, 4
triples and 15 pairs (Figure 1 and Table 2). But the
number of linkage groups identified in our maps (25)
(Table 2 and Figure 1) is comparable with previously
published findings for other Pinus species (Plomion et al.,
1995; Echt and Nelson, 1997; Hayashi et al., 2001;
Shepherd et al., 2003;Yin et al., 2003; Kim et al., 2005).
In our study, some clustering of the AFLP markers
appeared in some portions of the linkage groups as
previously reported (Wu et al., 2000; Cavalcanti and
Wilkinson, 2007). This can be explained by the uneven
distribution of restriction sites of Psti-based markers
throughout the plant genome (regions around centromeres
and telomeres) (Boivin et al., 1999). The uneven distribution
may reduce the frequency of crossover during meiosis
and cause marker clustering (Luckaszewski and Curtis,
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1993).

High-density genetic map should be a valuable refe-
rence for detecting important QTL on the genetic maps
that will facilitate marker-assisted selection (MAS) of
important traits. MAS are helpful for improving the selec-
tion efficiency of breeding program and allowing inferior
seedlings to be removed early in growth. In the long term,
the present study is helpful in positioning cloning when
linkages between molecular markers and important
genes are established.
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