
Abstract Genetic linkage maps were constructed for
loblolly pine (Pinus taeda L.) and radiata pine (P. radi-
ata D. Don) using a common set of RFLP and microsat-
ellite markers. The map for loblolly pine combined data
from two full-sib families and consisted of 20 linkage
groups covering 1281 cM. The map for radiata pine had
14 linkage groups and covered 1223 cM. All of the
RFLP probes readily hybridise between loblolly and
radiata pine often producing similar hybridisation pat-
terns. There were in total 60 homologous RFLP loci
mapped in both species which could be used for compar-
ative purposes. A set of 20 microsatellite markers de-
rived from radiata pine were also assayed; however, only
9 amplified and revealed polymorphic loci in both spe-
cies. Single-locus RFLP and microsatellite markers were
used to match up linkage groups and compare order be-
tween species. Twelve syntenic groups were obtained
each consisting of from 3 to 9 homologous loci. The or-
der of homologous loci was colinear in most cases, sug-
gesting no major chromosomal rearrangements in the
evolution of these species. Comparative mapping be-
tween loblolly and radiata pine should facilitate genetic
research in both species and provide a framework for
mapping in other pine species.
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Introduction

Loblolly pine (Pinus taeda L.) and radiata pine (P. radi-
ata D. Don) are two of the most important pine species
for plantation forestry. Loblolly pine is extensively
planted in the south-eastern United States, and the larg-
est producers of radiata pine are Australia, New Zealand
and Chile. Taxonomically, P. taeda and P. radiata are in
the same subgenus (Pinus) and section (Pinus), but dif-
ferent subsections (Australes and Oocarpae, respective-
ly) (Little and Critchfield 1969). Both are diploid organ-
isms with 2n = 24 chromosomes. 

Loblolly or radiata pine restriction fragment length
polymorphism (RFLP) probes readily hybridise to both
species using the same stringency conditions. A common
set of probes derived from loblolly pine cDNA were
used to construct linkage maps for two loblolly pine full-
sib families (Devey et al. 1994; Groover et al. 1994). A
consensus map has also been constructed for these two
families (Sewell et al. 1999). A subset of loblolly pine
probes plus additional probes derived from radiata pine
genomic DNA were used for map construction in a radi-
ata pine full-sib family (Devey et al. 1996). 

Microsatellite markers have also been used for map
construction in radiata pine (Devey et al. 1996). They are
highly polymorphic and usually reveal only a single lo-
cus. At least in animals, microsatellite markers are con-
served among species, making it possible to use heterol-
ogous polymerase chain reaction (PCR) primers between
related species (Moore et al. 1991). In plants, heterolo-
gous primers may not always amplify or reveal polymor-
phism depending on the degree of relationship between
species (Byrne et al. 1996; Kijas et al. 1995). 

Comparative mapping has provided a means for
studying the chromosomal organisation of related spe-
cies or genera. Genome maps using a common set of
RFLP markers have been produced for a number of plant
and animal species (Ahn and Tanksley 1993; Kowalski
et al. 1994; Levan et al. 1991; Saghai Maroof et al. 1996;
Tanksley et al. 1992; Van Deynze et al.; 1995). These
maps show remarkable colinearity and provide insights
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segregating on maternal and paternal sides of each pedigree. Prog-
eny data were coded in a backcross configuration with respect to
grandparental genotypes so that the markers could be analysed
within a phase-known model. For those markers where grandpa-
rental data were missing or where both grandparents were hetero-
zygous for the same pair of alleles, the data were “reciprocally”
coded to represent both possible phase options (Nelson et al.
1993). Intercross markers (ab x ab) could not be analysed with
MAPMAKER or MAPMANAGER.

Initial linkage analysis was done using JOINMAP. Chi-square
values were determined by JMSLA and used to test markers for
goodness-of-fit to expected Mendelian ratios. Those markers
which showed highly significant segregation distortion (P<0.001)
were excluded from further analysis. Marker loci from the two
loblolly families were combined and grouped based on pairwise
recombination at LOD >5.0. The radiata family, which had some-
what fewer markers, was grouped using a LOD >4.0. Single-locus
RFLP and microsatellite markers were used to determine which
groups were homologous between the two species, and corre-
sponding groups were numbered accordingly.

Order within groups was determined with MAPMAKER. Sep-
arate male and female maps were constructed for each group using
the “first order” command at LOD >3.0 and q <0.40 and verified
by permutating all adjacent triplets using the “ripple” command.
The “compare” command was used to calculate likelihoods for
different orders if there were any discrepancies among families or
between species. The data files were then imported into MAP-
MANAGER to visually inspect the orders and to check for excess
double recombinants and possible genotyping errors. 

The final maps for each species were then constructed with
JOINMAP using the “fixed order” established by MAPMAKER.
At this step, data from intercross markers could be placed relative
to other markers in the fixed order. JOINMAP combined male and
female maps from each species and was also used to merge the
two loblolly mapping populations into a single family-averaged
map. 

Results

Loblolly pine

Linkage analysis in loblolly pine was based on segrega-
tion of 158 RFLP and 11 microsatellite loci in the base
pedigree, and 290 RFLP and 10 microsatellite loci in the
“qtl” pedigree. Of these, 157 loci were common between
both families. Initially, separate maternal and paternal
linkage maps were constructed using MAPMAKER;
marker order was colinear among the four maps with a
few statistically non-significant exceptions (LOD <3.0 as
determined from the “compare” command). JOINMAP
was used to obtain a consensus map from combined data
consisting of 20 linkage groups of 3 or more markers;
unlinked markers and groups with only 2 loci are not
shown (Fig. 1). Five of the smaller groups consisted only
of markers segregating in the “qtl” family. Linkage
groups consisted of from 3 to 27 loci and ranged in
length from 9 to 127 cM. An average distance between
markers of 4.3 cM was observed. A total distance of
1281 cM was covered. Of the 211 mapped RFLP loci, 52
were revealed by probes derived from radiata pine and
159 were revealed by loblolly probes (Table 2). 

Although the present analysis included additional
RFLP and microsatellite loci and did not include previ-
ously reported RAPD and isozyme loci, the correspon-
dence with results obtained by Sewell et al. (1999) was
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into genome structure and evolution of the species stud-
ied. There is also the possibility of identifying homolo-
gous genes or quantitataive trait loci (QTLs) for traits of
economic importance (Lilley et al. 1996). 

A similarity between loblolly and radiata pine geno-
mes is expected based on their taxonomic relationship.
In this report we present a comparison of the genetic
maps for the two species which were constructed using a
set of common RFLP and microsatellite markers.

Materials and methods

Mapping populations and genetic markers

Data from the published maps were obtained from existing dat-
abases. The two loblolly pine maps (Devey et al. 1994; Groover et
al. 1994), referred to here as “base” and “qtl” maps, respectively,
consisted primarily of RFLP loci revealed by cDNA probes de-
rived from loblolly pine. The radiata pine map was constructed us-
ing two sources of probes: 93 of the loblolly probes and 76 probes
derived from a radiata genomic DNA library (Devey et al. 1996).
In the present study, 55 of the radiata probes which revealed a
comparatively simple hybridisation pattern were used for mapping
in the two loblolly families. Random amplified polymorphic DNA
(RAPD) data were also available for the mapping families; how-
ever, as it would be very difficult to establish homology across
species using RAPD markers, these data were not considered in
the present study. The pedigrees and total number of RFLP loci
analysed for each family are listed in Table 1. 

DNA isolation and RFLP procedures were as described previ-
ously (Devey et al. 1996). For comparative purposes, the two radi-
ata parents were included on loblolly progeny blots and two lob-
lolly parents were included on radiata progeny blots.

PCR conditions for microsatellite primers were optimised for
use in radiata pine (Smith and Devey 1994). A set of 20 markers
were assayed in both species using the same conditions. DNA
(50 ng) was amplified in a total volume of 10 µl containing 0.2 µM
of each primer, 20 mM TRIS-HCl (pH 8.4), 50 mM KCl, 1.8–3.0
mM MgCl2, 100 µM of each dNTP, 1 mg/ml BSA and 0.4 U Plati-
num™ Taq polymerase (GibcoBRL). Samples were processed
through 30 cycles of 10 s at 94°C, 30 s at 55°C, 30 s at 72°C and a
final extension of 72°C for 1 h. One of three annealing tempera-
tures (50°, 55° or 60°C) was used depending on the conditions de-
termined for each primer pair. Primers were designed with differ-
ent dye labels for in situ labelling of PCR products. Two-microli-
ter aliquots of the PCR reaction were combined with 15 µl deioni-
sed formamide and an internal-lane size standard for analysis on
an ABI PRISM™ 310 Genetic Analyzer. 

Linkage analysis

Linkage analysis was performed using a method similar to that de-
scribed by Sewell et al. (1999). Three mapping programmes were
used: MAPMAKER Macintosh Ver 1.0 (Lander et al. 1987),
MAPMANAGER Ver 2.6.5 (Manly 1993) and JOINMAP Ver 2.0
(Stam 1993). Separate sets of data were derived for those markers

Table 1 Loblolly and radiata pine mapping populations

Family Female Male Number of
parent parent offspring

Radiata 31053 31032 96
Loblolly base 20–1010 11–1060 95
Loblolly “qtl” a a 48

a Confidential
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Fig. 1 RFLP and microsatellite
linkage maps for loblolly and
radiata pine. Loblolly linkage
groups are on the left; radiata
linkage groups are on the right;
centi Morgan distances in Hal-
dane (cM) are indicated on
scale to left. Microsatellite loci
are shown in bold font and be-
gin with the letters Pr, e.g.
Pr9.3. RFLP loci correspond-
ing to cDNA probes derived
from loblolly pine do not have
a decimal point, e.g. 2564A.
Loci 1A7A and 1D11A were re-
vealed by loblolly pine genom-
ic DNA probes, and loci S6A
and S72q1 were revealed by a
P. sylvestris Cab cDNA (Jans-
son and Gustafsson 1990).
Those loci corresponding to ge-
nomic DNA probes derived
from radiata pine have a deci-
mal point followed by two dig-
its, e.g. 15.01 A. Where an
RFLP probe reveals only a sin-
gle locus and is therefore likely
to be homologous among spe-
cies or families, it appears in
bold type. Loci which were as-
sumed to be homologous based
on a comparison of size, num-
ber and pattern of hybridisation
fragments and also confirmed
by map position are lisited in
italics. Other loci which were
not used for hybridisations in
both species or for which ho-
mology could not be clearly de-
termined, end with lowercase
b, q or r and a number depend-
ing on whether they came from
loblolly base, qtl, or radiata
families, respectively
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very close. Linkage groups 1–11, 16, 17 and 19 are num-
bered to correspond with the previous study. The only
differences are in linkage group 12, which was previous-
ly numbered 14, and in linkage groups 13, 15, 18 and 20,
which did not seem to be present. Linkage groups 12 and
14 were renumbered because it was found that the previ-
ous group 14 was syntenic to radiata group 12. For the
markers that were common to both studies, the order
within groups was also very similar.

Radiata pine

A genetic linkage map for radiata pine was similarly
constructed based on segregation of 190 RFLP and 20
microsatellite markers in one full-sib family. One hun-
dred fifty-seven RFLP and 16 microsatellite markers
were mapped, including 77 RFLP loci revealed by
probes derived from radiata pine and 80 revealed by lob-
lolly probes (Table 2). When grouped at a LOD >4.0, the
loci which comprised group 3 were split into 2 smaller
groups; however at a LOD of 3.0 and based on results
obtained in loblolly pine (with an even higher LOD
>5.0) these markers were combined to form a larger
group. They were therefore combined in radiata. This re-
sulted in 14 linkage groups of 3 or more markers and
which covered 1223 cM (Fig. 1). The groups consisted
of 3–22 markers and ranged in length from 16 to 159
cM, with an average distance of 7.0 cM between pairs of
loci.

Comparison of loblolly and radiata pine

Determining homology of RFLP loci between species or
even among families within the same species can be dif-
ficult in pines because the hybridisations often reveal
complex gene families. There were 96 RFLP probes in
common between loblolly and radiata pine. Among
these, two classes of comparative loci were identified.
The first class consisted of those in which the RFLP
probe revealed only a single-locus – 2 fragments per in-
dividual or in some cases 3 or 4 cosegregating frag-
ments, but still only a single locus detected. Single-locus
probes are almost certainly homologous and were quite

useful for comparisons between the species (Fig. 1, list-
ed in bold font). An example of one of the single-locus
RFLP probes, 14.05, is shown in Fig. 2. The number of
these probes was limited, and unfortunately they were on
average less polymorphic than other RFLP loci. There-
fore only 31 revealed segregating loci and were mapped
in both species. The second class of comparative loci
were those assumed to be homologous based on a com-
parison of size, number and pattern of hybridisation frag-
ments; there were 29 of these loci mapped in both spe-
cies (Fig. 1, italics). If the locus was segregating in both
species, homology could also be confirmed by map posi-
tion. If a probe was not used for hybridisations in both
species or if there was any uncertainty as to whether a
particular locus was homologous, it was given a different
locus designation depending on which mapping family
the polymorphism was observed, e.g. 7.18b1, q1 or r1
for a locus revealed by probe 7.18 in base, “qtl” or radi-
ata mapping populations, respectively.

PCR conditions for microsatellite markers were op-
timised for radiata by varying the annealing temperature
and magnesium concentration; the same conditions were
used for amplification in loblolly pine. Of the 20 micro-
satellite loci assayed, 12 amplified and revealed poly-
morphic loci in one or both loblolly families. Of those
markers revealing polymorphisms, null alleles were ob-
served in at least one of the loblolly families for Pr4.6,
Pr9.3, Pr44 and Pr111. The presence of nulls made it
difficult, or impossible in one case, to score the locus.
Loblolly microsatellite loci were assumed to be homolo-
gous with the same loci in radiata pine and mapped to
similar positions except for Pr44 and Pr28 which
mapped to linkage groups 10 and 11, respectively, in
radiata but appeared on smaller non-syntenic groups in
loblolly pine. 

Using homologous RFLP and microsatellite loci we
were able to match up groups between loblolly and radi-
ata pine and to compare orders. Twelve syntenic groups
were obtained each of which had from 3 to 9 homolo-
gous loci. In most cases, the order was colinear. A slight
discrepancy in order occurred on linkage group 9 for loci
624A and Pr9.3; however, the differences in LOD were
not significant, i.e. <3.0. The only significant discrepan-
cy occurred on radiata linkage group 2. The order ob-
tained from MAPMAKER and confirmed with MAP-
MANAGER was consistent with that obtained for loblol-
ly group 2; however, JOINMAP would not place the
markers in this order even when a “fixed order” was
specified. The problem was attributed to marker 1A7,
which was subsequently dropped from the analysis in
radiata. If this locus was included, JOINMAP would
place it at either end of the linkage group (LOD >1). Its
placement also significantly rearranged the order of oth-
er homologous loci. Without 1A7, the other loci could be
positioned colinearly with respect to loblolly and in
agreement with MAPMAKER and MAPMANAGER.

A number of large linkage blocks spanning up to 9
homologous loci were conserved. Overall distances are
nearly the same in both species (965 vs. 967 cM), al-

Table 2 Summary of RFLP loci mapped in loblolly, radiata, and
common loci mapped in both species

Source of probes Homologous loci

Loblolly Radiata Total Single-locusa Othersb

Loblolly 159 52 211 42 37
Radiata 80 77 157 33 30
Both 42 54 96 31 29

a Single-locus RFLP loci are listed in bold font in Fig. 1
b Others are loci assumed to be homolgous based on a comparison
of size, number and pattern of restriction fragments and confirmed
by map position. These are listed in italics in Fig. 1
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though considerable differences were observed in two re-
gions on linkage groups 2 and 10. The difference ob-
served on linkage group 2 is primarily due to the interval
between 2564A and 66A which is 68 cM in loblolly pine
and 9 cM in radiata. And on linkage group 10, the differ-
ence is primarily accounted for by the interval between
7.06A and 602A.

Discussion

Genetic linkage maps were constructed for loblolly and
radiata pine using a common set of RFLP and microsat-
ellite markers. A total of 60 comparative RFLP loci were
identified and were useful for lining up the maps. There
were also 9 microsatellite loci mapped in both species.
Twelve syntenic linkage groups were obtained corre-
sponding to the haploid number of 12 for pines. Each
group consisted of from 3 to 9 homologous loci, and
colinearity was observed in all groups except 2 and 9.
The discrepancy on group 9 was not significant, and that
which occurred on group 2 is probably due to some
anomaly in the data or linkage programme rather than to
a real genetic rearrangement. A colinear order for group
2 was obtained with MAPMAKER and confirmed with
MAPMANAGER but could not be obtained with JOIN-
MAP. The discrepancy appears to be attributed to locus
1A7A on radiata group 2. This may have been a phase
problem, since the locus could be placed at either end of
the linkage group. JOINMAP determines phase from
progeny segregation, whereas with MAPMAKER, phase
was determined from grandparental data. It could not be
determined which was correct, and this marker was sub-
sequently dropped from the analysis. It is also possible
that 1A7A in radiata was not homologous with the same
locus mapped in loblolly group 2, since there were 2 oth-
er loci revealed with this probe in these families. 

Linkage groups in the present analysis were num-
bered to correspond with those obtained in Sewell et al.

(1999). They had 14 consensus groups; however, there
were no common markers between loblolly and radiata
pine for groups 12 and 13, and it was found that loblolly
group 14 was syntenic to radiata group 12. Loblolly link-
age groups 12 and 14 were therefore renumbered in the
present study.

Whereas all of the RFLP markers worked equally
well in either species, there were some difficulties with
the microsatellite markers. The microsatellite markers
were derived from radiata pine, and a set of 20 were as-
sayed in both species. All of these worked in radiata;
however, only 12 amplified and revealed polymorphism
in loblolly pine using the same PCR conditions that were
used in radiata. Of the microsatellites that revealed poly-
morphisms in loblolly, there were 4 loci where null al-
leles were observed (or not observed). It has been report-
ed that heterologous microsatellite primers do not ampli-
fy as well in distantly related species, as evidenced by a
lack of amplification and null alleles (Byrne et al. 1996;
Kijas et al. 1995). Loblolly and radiata pine are closely
related; however, there is still evidence of some se-
quence divergence. 

On average, linkage distances between common
markers were conserved in loblolly and radiata pine, al-
though there were some considerable differences. The
biggest difference occurred on linkage group 2 between
2564A and 66A. Regions of unequal recombination be-
tween populations are common even within a species
(Beavis and Grant 1991; Sewell et al. 1999) and are most
likely due to sampling error. Double recombinants which
occur as a result of scoring inaccuracies can also affect
distances.

Genome length estimates for pines have varied con-
siderably (Plomion et al. 1995; Nelson et al. 1993). Etch
and Nelson (1997) compared three pines, P. strobus, P.
palustris and P. pinaster, and found the average theoreti-
cal genome length to be close to 2000 Kosambi cM. The
theoretical map distance was greater than the observed
map coverage for all three species, ranging from 1204 to
1845 cM. Using the same methods, Sewell et al. (1999)
estimated the average genome length of loblolly pine to
be 1661 cM. If results obtained in the present study are
comparable, a distance of about 1200 cM obtained for
loblolly and radiata pine would represent about 75% of

Fig. 2 Hybridisation of RFLP probe 14.05 to EcoRI-digested
DNAs from 22 progeny of the loblolly pine base map family and
radiata pine parents, 31053 and 31032 (right 2 lanes). Lamb-
da/HindIII molecular weight standard is in the first lane
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the expected genome coverage (does not include linkage
groups with only 2 markers). Additional informative and
single-locus markers would be useful to join together
smaller groups and increase map coverage. 

The majority of pine RFLP probes reveal large gene
families, and the size of these families can vary consid-
erably among different species (Kinlaw and Neale 1997;
Ahuja 1994). This was observed for 2 probes, 1457 and
658 on loblolly linkage group 1, both of which revealed
single loci in loblolly pine; however, when used as
probes in radiata pine they revealed complex hybridisa-
tion patterns with numerous restriction fragments. Inter-
estingly, these 2 loci map to within 10 cM of each other.
This would suggest an amplification of this region of the
genome in radiata which has not occurred in loblolly
pine.

The similarity of loblolly and radiata pine genomes
should facilitate gene mapping in both species. Colinear-
ity of marker loci is of particular interest for gene map-
ping since homologous loci linked to genes of impor-
tance in one species may predict the location of these
genes in the other. Groover et al. (1994) identified a
number of QTLs for wood density in loblolly pine. Some
of these genes may also be segregating in radiata pine,
and the markers identifying them in loblolly pine may be
useful starting points for similar studies in radiata. Many
of the RFLP probes used in this study have been shown
to hybridise across a range of pine and other conifer spe-
cies (Ahuja et al. 1994), suggesting the possibility for
development of a “generic” pine map. The probes de-
scribed here could provide a useful framework for such
studies as well as information on the evolution of the
pine genus.
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