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Abstract Haploid megagametophytes from a full-sib
cross of Pinus radiata were used to construct a genetic
linkage map for radiata pine based on random ampli-
fied polymorphic DNA (RAPD) markers. The map,
which was made from 222 markers, was used to carry
out a QTL analysis of growth using measurements
made on seedlings from which these megagameto-
phytes were collected at an early germination stage.
Trends in the expression of QTLs for stem diameter,
volume and height were compared using measurements
made at 5 months of age, and at 1, 2 and 3 years of age.
None of the observed trends showed complete stability,
i.e. none of the putative QTL positions detected at any
one age was strongly expressed at all of the four stages
of measurement. However, 45% of the trends showed
partial stability, i.e. putative QTLs significant at one
age were also detected at a subsequent age. Trends in
QTL expression with age followed one of three pat-
terns: (1) putative QTLs at some locations showed
a gradual linear increase in influence from 5 months of
age and were highest at 3 years of age; (2) QTLs
detected at 5 months of age gradually became less
significant with age; and (3) some putative QTLs
showed a curvilinear increase in effect from 5 months of
age, reaching their peak expression at 1 to 2 years, and
sometimes were still detected at 3 years of age.
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Introduction

A major problem in forest-tree breeding is the changes
in the genetic control of growth that occur during the
long life cycle of trees. Growth assessment and selection
at a stage well before rotation would markedly increase
the efficiency of tree improvement. However, age-
related changes make it difficult to predict mature
characteristics from juvenile traits and, so far, efforts at
developing early testing criteria have met with limited
success (see reviews by Greenwood and Volkaert 1992).

Marker-assisted selection (MAS) methods can im-
prove the accuracy of early selection by direct identi-
fication of individuals carrying quantitative trait loci
(QTLs) for superior later-age growth. Recent reports
on the genetic architecture of superior growth, i.e. the
number, chromosomal location, mode of action and
magnitude of effects of QTLs, increase enthusiasm
about the potential of MAS as a breeding tool (Brad-
shaw and Stettler 1995; Grattapaglia et al. 1996; Byrne
et al. 1997). However, QTL expression may not be
stable across years of growth. The genetic control of
growth may vary with time, such that progenies show-
ing good growth in the initial stages may not necessar-
ily be performing the same in subsequent years.

Past studies on the molecular genetics of stand devel-
opment in forest trees have concentrated on the most
obvious example of change: the shift from vegetative to
reproductive development (see reviews by Hutchinson
and Greenwood 1991). However, many significant
changes also occur in stem growth as the seedling
progresses from the embryonic to the post-embryonic
(i.e. the vegetative) stage of development. Plomion et al.
(1996) recently reported the variable expression of
QTLs for height in maritime pine grown for 2 years
under accelerated growth conditions.

In this study, we have constructed a linkage map of
random amplified polymorphic markers (RAPDs)
(Welsh and McClelland 1990; Williams et al. 1990)



scored on haploid DNA of radiata pine (Pinus radiata).
By co-segregation of these markers with growth traits
measured over a 3-year period, we sought to determine
whether QTLs at similar chromosomal locations
accounted for observed variation in the growth of
seedlings under field conditions.

Materials and methods

Plant materials

P. radiata seeds from the full sib cross 30040]80121 were obtained
from CSIRO Forestry and Forest Products. To ensure uniform
germination, approximately 300 seeds of the F

1
full-sibs were placed

in a Petri dish lined with three layers of filter paper and stratified for
30 days at 4°C. Ninetythree of the germinants were picked out onto
150-mm-diameter pots filled with a porous medium and grown for
10 days before the megagametophytes were rescued and stored at
!80°C for subsequent DNA extraction.

DNA extraction and RAPD screening

Total DNA was extracted from megagametophytes according to
Dellaporta et al. (1983). To identify primers which amplified poly-
morphic bands, DNA from six megagametophytes were tested with
an array of 432 primers, consisting of 194 Operon primers supplied
by Operon Technologies, Alameda, Calif., and 238 primers from the
‘‘conifers RAPD set’’ obtained from Dr. John Carlson, University of
British Columbia. Based on the number of polymorphic bands
produced, and on their sharpness, 132 primers were selected for
genetic linkage-map construction. All of the chosen primers were
used to amplify DNA of the mapping population, which consisted of
93 progenies from the cross, including the six already tested and used
this time as a repeatability assay.

Linkage-map construction

RAPD reaction mixtures and assay conditions were as described in
Emebiri et al. (1997). A total of 267 polymorphic markers that
satisfied a 1 : 1 segregation test (P40.05) were initially employed for
linkage-map construction as a backcross dataset, using JOINMAP
ver. 2.0 (Stam and Ooijen 1995). Linkage groups were formed with
a LOD of 4.0, while the linear order within each linkage group was
determined with a ‘ jump’ of 3 and a triplet value of 8. A ripple was
performed after the addition of every three markers, and map distan-
ces calculated using the Kosambi function.

Progeny phenotyping

Seedling trees were planted out in the field after 5 months of growth
in the glasshouse. On each individual seedling tree, trait measure-
ments were made at 5 months, and then at 1, 2 and 3 years of age.
Total height was measured from ground level to the tip of the
growing shoot. Basal diameter was measured as the average of two
measurements taken at right angles from 20 mm above ground level.
Stem volume was estimated as total height ] stem basal area.

QTL mapping

The chromosomal locations of putative QTLs were determined by
the method of interval mapping (Lander and Botstein 1989) using

the approximate multiple-QTL (composite) method of (Jansen and
Stam (1994) and Zeng (1994)). The approximate multiple-QTL
method is a two-stage procedure in which, in the first stage, impor-
tant markers are selected in a step-wise multiple regression of the
phenotype on all markers. The second stage involved interval map-
ping with the selected markers used as co-factors to absorb the
major part of variation induced by QTLs located elsewhere in the
genome.

The analyses were performed with the MAPQTL program of
Ooijen and Maliepaard (1996) using 15 pre-selected markers. Evid-
ence for a single putative QTL was assessed every 2 cM on the
genome, and when the LOD score exceeded a genome-wide thre-
shold, the evidence was considered significant. The genome-wide
critical threshold for a"0.05 was estimated with the aid of QTL
CARTOGRAPHER (Basten et al. 1997) from 1000 permutations of
the phenotypic data for each trait. The error threshold obtained
from permuted data for each trait varied only slightly, and a mean
value of 2.5 was chosen to provide a common significance threshold.

Results

Linkage-map construction

From the 132 selected primers, 267 segregating RAPD
markers were scored on the mapping population. At
a LOD threshold for linkage of 4.0, linkage analysis
with JOINMAP 2.0 assigned 262 of the markers to 14
linkage groups, with five unassigned. In general, poly-
morphic loci identified by the same primer were as-
signed to different linkage groups. However, when such
markers co-segregated, i.e. when markers amplified by
the same primer showed little or no recombination
with one another, they were considered to be putative
co-dominants. Seven pairs of markers were observed to
be co-segregants, and only one of such pairs was re-
tained in the dataset. To check for genotyping errors,
the JOINMAP module for genotype checking was used
to calculate, for all loci, the probability of obtaining the
present genotype, conditional on both the genotypes at
the two flanking loci and on map distances. We con-
sidered loci with a threshold of 53 for the test statistic
as having improbable genotypes. Such loci were deleted
from the data file, and the linkage maps re-calculated.
The genotype checking was continued until the linkage
groups had their loci showing a test statistic of less
than 2.0.

The data files were then imported into MAP-
MANAGER (Manly and Cudmore 1994) to check
further for possible genotyping errors. The final
maps (Fig. 1) were constructed with 222 markers and
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Fig. 1 RAPD-based genetic linkage maps of radiata pine consisting
of 222 markers and constructed using JOINMAP and MAP-
MANAGER softwares. Segregation data were obtained from hap-
loid DNA of 93 megagametophytes. Marker identification, given on
the right of the bars, follows a standard convention with the ‘OP’
and ‘BC’ prefixes indicating primer source and with fragment size
given in base-pairs; interval distances (in centiMorgans, cM) are
indicated to the left of the bars
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Table 1 Summary of the
distribution statistics for
measurements made at various
stages of growth on 93 seedlings
of radiata pine from a full-sib
cross

Traits Min. Max. Mean CV%! KS distance" P-value

Diameter
5 months (mm) 1.88 4.77 3.64 17.35 0.14 0.06
1 year (mm) 8.45 32.95 22.89 21.64 0.05 '0.10
2 years (mm) 19.21 53.40 38.42 16.71 0.05 '0.10
3 years (mm) 14.99 91.49 67.31 16.82 0.07 '0.10

Volume
5 months (cm3) 0.20 5.57 2.74 48.52 0.15 0.02*
1 year (m3) 0.02 1.02 0.41 50.81 0.08 '0.10
2 years (m3) 0.21 4.75 2.08 43.61 0.10 '0.10
3 years (m3) 0.31 6.86 3.29 42.75 0.06 '0.10

Height
5 months (cm) 7.00 31.20 23.6 22.90 0.10 '0.10
1 year (m) 0.34 1.24 0.91 16.83 0.08 '0.10
2 years (m) 0.71 2.30 1.68 15.79 0.08 '0.10
3 years (m) 0.61 3.42 2.55 15.20 0.06 '0.10

! Coefficient of variation (%)
"Kolmogorov—Smirnov distance statistic

covered a total distance of 1665 cM. The maps pro-
vided a resolution of one marker every 8 cM, on aver-
age. The number of markers per linkage group ranged
from 7 to 25, while the proportion of missing genotypes
per linkage group ranged from 2.9% to 6.7%.

The extent of genome coverage was determined by
first estimating the expected total length of the radiata
pine genome using ‘‘method 3’’ of Chakravarti et al.
(1991). The largest observed map distance between lin-
ked markers at a LOD score of 54.0 was 26.8 cM. The
observed number of locus pairs with a LOD score of 4.0
or greater (K) was 735. These values were used to calcu-
late the expected length of the radiata pine genome as
1789 cM. Thus the current set of 222 loci is apparently
distributed over approximately 93% of the genome.

Age—age variation in stem growth

The means and coefficients of variation for age-specific
measurements made at various stages of radiata pine
seedling growth are presented in Table 1. Although
observed phenotypic variations (as determined by the
coefficients of variation) for diameter and height were
not large, they were substantial for stem volume. Nor-
mality tests for all traits showed no evidence of a signifi-
cant departure from a normal distribution, except for
stem volume at 5 months of age. The data was log-
transformed to improve normality, but results from
QTL analysis using the transformed data did not differ
from those with untransformed data. Therefore, only
untransformed data were used.

QTL dissection of stem growth variation

The total number of putative QTLs detected for stem
growth variables ranged from 12 for stem volume to 21

for diameter, and were spread across 10 of the 14
linkage groups in our linkage map (Table 2). The ex-
plained variation associated with significant QTLs
ranged from 6.8% to 30.0%. Most of the high percent-
age effects were associated with QTLs affecting stem
volume, suggesting that major QTLs might be seg-
regating for this trait in the mapping population.
Across traits, the highest number of putative QTLs was
detected for the first-year growth traits and the least for
the third-year measurements.

We observed 31 age—age QTL trends in which at
least one significant LOD score was observed across
the four ages considered for all traits (height, diameter
and volume). None of the 31 trends showed complete
stability, i.e. none of the putative QTL positions detec-
ted at any one age was strongly expressed at all of the
four stages of measurement (5 months, 1, 2 and 3 years
after germination). However, 45% of the trends showed
partial stability, i.e. putative QTLs significant at one
age were also detected at a subsequent age. The
observed trend in QTL expression with age can be
broadly classified into three categories, which are sum-
marised as follows (Fig. 2).

(1) QTLs at some locations showed a gradual linear
increase in influence from 5 months of age, the LOD
peaks and explained variation showing a linear trend in
magnitude as the seedlings aged and were highest at
3 years of age (‘A’ in Fig. 2; Table 2). This trend can be
most aptly illustrated for a putative QTL detected for
diameter and volume in linkage group 1 (Fig. 3). For
both traits, the LOD peaks at the QTL position closest
to marker BC239—1000 showed a gradual increase from
0.02 for measurements taken at 5 months of age to
a maximal value of 6.4—7.7 at 3 years of age. This
pattern of QTL expression was the least common and
was encountered only four times in a total of 31 trends
observed across all traits.
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Table 2 Biometrical parameters of detected QTLs affecting seedling growth at 5 months, 1, 2 and 3 years of age in the radiata pine family
30040]80121

Trait Linkage Closest Peak LOD Observed
group marker trend!

5 months 1 year 2 years 3 years

Diameter 1 BC239—1000 0.02 2.40 5.24 6.37 A
2 OPB03—1400 2.63 0.51 1.04 0.86 B
2 BC533—1150 4.12 3.11 0.36 0.21 B
3 OPAB18—450 0.21 0.01 1.12 2.88 A
3 OPX04—600 2.91 0.36 0.41 0.42 B
3 BC460—500 0.31 2.79 0.20 0.71 C
4 OPA11—600 0.16 3.39 0.49 1.78 C
6 BC295—300 3.34 2.68 0.45 0.33 B
6 BC268—600 3.54 0.82 0.23 0.01 B
8 OPAC14—1000 0.00 0.27 3.77 0.26 C
9 BC580—600 0.10 3.35 2.65 0.53 C

11 OPO02—1200 0.03 3.26 5.78 3.10 C
13 OPB01—950 1.38 3.03 2.81 2.29 C
14 OPX04—1000 0.10 0.06 4.16 0.98 C

No. of QTLs 5 7 6 3
Volume 1 BC239—1000 0.02 0.35 2.45 7.65 A

6 OPA11—900 7.89 5.17 0.58 1.02 B
6 BC268—600 4.50 1.57 0.07 0.05 B
9 OPE02—750 0.23 6.45 0.69 1.83 C

11 OPO02—1200 0.01 4.60 5.90 4.19 C
12 BC533—1100 0.02 0.25 0.48 2.62 A
13 OPB01—950 0.00 5.08 4.64 2.70 C

No. of QTLs 2 4 2 4
Height 1 BC366—2072 0.97 3.33 0.48 0.78 C

1 BC625—850 2.52 1.13 0.33 0.09 B
2 OPB03—1400 2.85 0.33 0.8 0.70 B
2 BC181—700 3.63 0.73 0.01 1.20 B
6 OPB11—950 5.44 4.07 4.12 0.82 B
7 BC408—350 0.57 3.27 3.94 0.08 C
9 OPE02—750 1.29 3.77 0.76 0.54 C

11 OPO021200 0.00 2.72 3.91 0.76 C
12 OPZ09—800 1.07 3.50 3.83 2.09 C
13 BC519—800 3.02 0.18 1.45 0.33 B

No. of QTLs 5 6 4 0

!See text for explanation of the A~, B~ and C-type trends

For height measurements, the LOD profile in link-
age group 1 suggested a different pattern of age—age
QTL expression (Fig. 3). Instead of a gradual increase
in expression of a single QTL with age, a shift in
location to adjacent intervals was observed for putative
QTLs affecting height at the various stages of growth
considered.
(2) A common trend observed in age—age QTL expres-
sions involved putative QTLs detected at 5 months of
age that gradually became less significant as the seed-
lings aged, and no longer showed any influence on the
character at 3 years of age (‘B’ in Fig. 2; Table 2).
Twelve of the thirty one age—age trends in QTL expres-
sion fit this pattern, which is best illustrated for a region
in linkage group 6 (Fig. 3). For all three traits, the LOD
scores were maximal at 5 months of age, ranging from
3.3 to 7.9. At 1 year of age, some peak LOD scores at

these locations were still significant, but at 2 years only
the peak for height was significant and at 3 years the
LOD scores had dropped to a mean value of 0.4.
(3) Another common trend involved some putative
QTLs which showed a gradual curvilinear increase in
effect from 5 months of age, reaching their peak expres-
sion at 1 to 2 years, and sometimes were still detected at
3 years of age (‘C’ in Fig. 2; Table 2). The LOD profiles
obtained for putative QTLs affecting diameter and
volume in linkage groups 11 and 13 demonstrate this
observed pattern (Fig. 4). In the two linkage groups, the
peak LOD scores for diameter and volume at 5 months
of age were not significant. However, at 1, 2 and 3 years
of age, the peak LOD scores at the same genomic
locations exceeded the threshold value of 2.5, indicating
a partially stable expression of the putative QTLs. For
height measurements, the peak LOD scores were stable

1057



Fig. 2 Graph of the observed pattern of QTL expression (A—C)
using mean value of LOD scores (A

1
—C

1
) and the explained vari-

ation (A
2
—C

2
) of putative QTLs detected for all traits (height, dia-

meter and volume) measured at various growth stages (time from
germination)

for the first 2 years, but were below the threshold value
at 3 years of age.

Discussion

Although changes in the genetic control of growth
in forest trees have been studied in the past using
quantitative genetic methods (Namkoong et al. 1972;
Matheson et al. 1994), traditional heritability estimates
represent the cumulative effects of all genes (Vasquez
and Dvorak 1996) and say nothing about any par-

ticular gene. However, there is a surprising degree of
consensus among researchers on the genetic basis of
growth. For example, Kremer (1992) proposed that
a given set of genes affect height growth and is pro-
gressively modified: after each season a portion of the
set is replaced and, several years later, the original set
has been totally modified. Hodge and White (1992)
gave the same genetic interpretation in a synthetic
study of many progeny tests of slash pine (Pinus elliotti
Engelm. var. elliottii) measured at different ages. Gen-
etic factors controlling height growth could be the
same, but depending on annual conditions and the age
of the trees the expression of these genes would be
variable. Costa and Durel (1996) are of the view that
growth could be determined by a more constant set of
genes whose expression is only slightly modified during
the course of tree development.

Using the methods of quantitative trait locus analy-
sis, this study demonstrated variable expression of stem
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Fig. 3 LOD score profile of linkage groups 1 and 6 for stem growth
measurements made over a 3-year period. SD5m, Ht5m and SV5m
represent LOD plots of measurements on diameter, volume and
height made at 5 months of age. Plots for the 1-, 2- and 3-years
measurements are similarly indicated. The dotted horizontal lines
indicate the 5% significance threshold

growth QTLs during the early vegetative growth peri-
od of radiata pine. Our results showed conformity with
the suggestion of Atchley (1984) that growth variations
may result from the activation and repression of genes
responsible for changes in growth. The number of puta-
tive QTLs detected for any of the measured traits
varied with age, and none of the QTLs detected at any

one age was strongly expressed at all of the four stages
of measurement. Across all putative loci and traits, half
of the age—age QTL trends followed a curvilinear pat-
tern, while loci in the other half showed a linear in-
crease or decrease in influence. Thus, superimposed on
the age—age QTL trends, outlined above in the Results
section, was a general pattern of QTL activation and
repression throughout the period of study, suggesting
that genes were being switched on and off.

We also observed an interesting pattern of QTL
activation-repression for height in linkage group 1
where there was a progressive shift to adjacent intervals
involving putative QTLs detected at different ages
(Fig. 3). The region involved probably contained
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Fig. 4 LOD score profile of linkage groups 11 and 13 for stem
growth measurements made over a 3-year period. SD5m, Ht5m and
SV5m represent LOD plots of measurements on diameter, volume
and height made at 5 months of age. Plots for the 1-, 2- and 3-years
measurements are similarly indicated. The dotted horizontal lines
indicate the 5% significance threshold

a cluster of QTLs for height and, as the genome faced
changes in the environment over the study period,
some loci were repressed while new ones were activated
to deal with these changes. In contrast, LOD scores
obtained for diameter and volume in the linkage group
did not show any evidence of a progressive shift along
a genomic region (Fig. 3). Rather than a switch in QTL

position, there was a progressive temporal change in
the phenotypic effect of a single QTL residing at the
same location.

It might be tempting to suggest from our results that
age—age variation in trees arises from the differential
expression of stem growth QTLs. However, this would
be premature at this stage because we have considered
only the first 3 years of a tree’s lifetime. The main
environmental influences upon seedling growth at this
stage are microclimate and micro-site soil variable fac-
tors. It was not possible to determine whether the
differential expression of stem growth QTLs at this
stage is related to maturational effects or to the differ-
ential ability to adapt to a new environment. Moreover,
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marker-locus]age interaction could result from resid-
ual variations caused by non-genetic factors, which
differ largely over years of growth. The magnitude of
the non-genetic variation directly influences the ex-
plained variance of a QTL, and thus its LOD score
(Ooijen 1992). Measurement errors, as well as the num-
ber of replications (in this case, the size of the mapping
population), influence residual non-genetic factors.

Our results, however, agree well with those obtained
for other perennial plant species. Verhaegen et al.
(1997) reported recently that, in a study with Euca-
lyptus, no QTLs affecting growth and wood properties
were significant across three ages of trait measurement.
Similarly, Plomion et al. (1996) reported that in a study
done with maritime pine, none of the QTLs significant
at one stage of height growth were also significant at
another stage. Asins et al. (1994) showed that only 3 out
of 17 detected QTLs affecting morphological traits in
almond were homogenous across 3 years of growth.
Sondur et al. (1995) found QTLs affecting growth in
papaya (Carica papaya L.) to be developmentally sensi-
tive, influencing growth during different seasons.

Given the importance of QTL stability for marker-
aided selection, an understanding of the pattern and
stability of QTL expression in the course of tree growth
is essential. The field trial used for this study may
be re-measured over the years to provide additional
insights on the pattern and stability of stem-growth
QTLs.
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