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Summary

The major objective of this paper was to provide basically
information about genetic variation within a 17 years old P.
strobus x P. peuce F1 hybrid population. The progeny trial
involved factorial mating among 5 female x 5 male parents.
The 25 families and the 2 parent species controls were artifi-
cially inoculated at age 2, 3 and 4, by using leaves of Ribes
nigrum L. heavily infected by the Cronartium ribicola. At age
6, the families were planted out at 3 m x 3 m spacing using a
randomized complete block design with 10 trees row-plot in
each of the three blocks. Eleven traits (blister-rust resistance
and growth traits among them) were assessed at age 17 and
the major results are presented here. (1). Highly significant
(p<0.01; p<0.001) differences among hybrid families for all but

one trait were found; (2) The male, female and male x female
effects were highly significant (p<0.01; p<0.001) for both
blister-rust resistance and growth traits; (3) The high parent
heterosis was negative whereas the mid-parent heterosis was
positive for all but one trait; mid-parent heterosis accounted for
27.3% for blister-rust resistance and 27.7% for volume growth;
(4) Tree survivors accounted for 86% for hybrid, 93% for
Balkan pine and only 21% for eastern white pine; (5) Good
general combiners, not only for growth, but for blister-rust
resistance, too, were found among eastern white pine parents
as four of 10 parents had positive significant gca effects for
blister-rust resistance and six for volume growth; (6) Highly
significant positive correlations were found among growth
traits, but no significant correlations between any growth trait
and blister-rust resistance; (7) A genetic gain of 11.5% in
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blister-rust resistance and 8.9% in volume growth could be
expected.

Key words: Pinus strobus, P.peuce, heterosis, factorial mating, correla-
tions, breeding value, genetic gain.

Introduction1)

Intensive introduction in Romania of eastern white pine
(Pinus strobus L.) has rapidly increased after 1960. A few years
later, coincident with that increase has been an increase in
infection by the blister-rust caused by Cronartium ribicola
FISCH. ex RABENH. It was reconized that the only way to con-
troll losses to the fungus in white pine plantations is to im-
prove genetic resistance, instead of wasting money, energy and
time with conventional control methods.

Because of potential importance of eastern white pine and
the danger the blister-rust represents, a genetic improvement
program was started in Romania, in 1977; this program includ-
ed both intra- and interspecific hybridizations and has for a
final objective the establishment of seed orchards composed of
selections with high general combining ability for resistance to
blister-rust (BLADA, 1982). But, in the meantime because of
financial reasons the research project has been continuing on a
restricted base taking into account mainly interspecific crosses.
Some progress reports on this subject were previously publish-
ed (BLADA, 1987, 1989, 1990, 1992, 1994) or are in press
(BLADA, 1999, in press).

This paper provides new information about genetic variation
within a 17 years old P. strobus x P. peuce F1 hybrid population.
These information is based on data from what it is reported as
Experiment 2, which is closely related with the Experiment 1,
whose results will soon be published as earlier mentioned.

Materials and Methods

Parents, mating design and progenies

Pinus strobus x P.peuce progeny trial included a 5 x 5 factor-
ial or Design II (COMSTOCK and ROBINSON, 1952) mating
pattern with all 25 possible crosses completed. All crosses were
carried out in Dofteana Arboretum, and unimproved parent
trees, of unknown origin, could be considered a random selec-
tion with respect to any trait, except reproductive fertility. The
crosses were completed in 1979, cone colection in 1980 and
seed sowing took place in 1981, in individual polyethylene pots
(22 cm x 18 cm) in a potting mixture consisting of 70% spruce
humus and 30% sand. The progenies grew in pots throughout
the first six years and they represented the subject of the
nursery test (BLADA, 1987).

Inoculation and experimental design

The progenies were artificially inoculated three times, i.e. in
late August 1982, 1983 and 1984 when they were two, three
and four years old, respectively. During each inoculation
period, the potted trees were introduced into a polyethylene
tent and arranged in randomized complete block design with
14 seedlings row-plot in each of the three blocks. Two open
pollinated progenies, representing the mean of the parents of
the two species were included as controls. Inoculum consisted
of heavily infected leaves of Ribes nigrum L. collected from a
single plantation. All the other details concerning inoculation
and inoculation tent were approximately similar to those
described by BINGHAM (1972).

At age six, the hybrids and controls were outplanted at a 3 m
x 3 m spacing, in the Caransebes Forest District (at about

45°27’ N latitude and 22°07’ E longitude and 310 m altitude) by
using a randomized complete block design. The field test
design was similar to that from inoculation tent. The only one
exception was that this time only 10 seedlings per row-plot
were planted. No thinning was carried out by age 17.

Measurements

The basic measurements were completed when the progenies
were 17 years old (Table 1). The blister-rust resistance (BRR),
as a major trait, reflects the economical and biological impact
as well as the incidence of disease. It was assessed on a 10
point scale; this scale took into account both the number and
severity of the lesions. Its numerical values assigned, was: 1=
dead tree or total susceptibility (all trees killed by rust in pre-
vious years were included in this cumulative catagory); 2 = four
or more serious stem lesions; 3 = three severe stem lesions; 4 =
three more or less stem severe lesions; 5 = two severe stem le-
sions; 6 = two more or less stem severe lesions; 7 = one severe
stem lesion; 8 = one more or less stem severe lesion; 9 = branch
or very light stem lesions; 10 = free of  lesions or total
resistance.

Table 1. – Measured traits.

Percentages of the trees free of blister-rust (TFBR) and tree
survived (TS) were calculated based on BRR index data, i.e. all
trees with a score 10 were TFBR and all trees with a scor 2 to
10 were considered tree survivors. All percentages were trans-
formed to the arc sin square root of percents for analysis.

Stem straightness was assessed using a 5 point visual scale
where 1 = croocked and 5 = very straight.

Branch thickness was measured at the six major branches
within each of the two whorls nearest the point where the stem
diameter at 1.30 m was taken. To avoid the swelling of stem,
the branch diameter was taken, with a caliper, a 3 cm away
from the stem.

The other traits do not require supplementary explanations.

Plot-mean and individual data were subject to randomized
block and factorial analysis of variance.

Statistical analyses

In order to estimate the genetic components of variance the
following statistical model, applied to plot means, was assum-
ed:

where: xijkh = the observation of the h-th full-sib family from
the cross of the i-th male and j-th female in the k-th block; m =
general mean; Mi = the effect of the i-th male (i = 1,2,...I); Fj =
the effect of the j-th female (j= 1,2,...J); (MF)ij = the effect of
the interaction of the i-th male and j-th female; Bk = the effect
of the k-th block (k = 1,2,...K); eijkh = the random error.

1) A state of knowledge concerning P. strobus x P. peuce hybrids was
given in a previous article (BLADA, 1999, in press at Forest Genetics).
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When parents were random samples from random mating
population and when the families were planted in a complete
randomized block design, a random model for statistical anal-
ysis could be used (COMSTOCK and ROBINSON, 1952). But, in this
case a fix model was chosen because as previously stated, the
question as to whether or not the parent populations were
random mating populations, can not be answered.

The high-parent-heterosis (HPH) and the mid-parent hetero-
sis (MPH) were calculated according to HALAUER and MIRANDA

(1981) formula:

where: Hy, HP and MP are the hybrid mean, the high-parent
mean and the mid-parent value, respectively. As shown above,
two estimates of heterosis were computed, one that compared
to the best parent (HP) and the other that compared to the
mean of the parents, or mid-parent mean (MP) from open polli-
nated controls. According to the broad, modern concept, there
exists positive or negative heterosis, luxuriant, adaptive, selec-
tive or reproductive heterosis and labile or fixed (MAC KEY,
1976). Only positive and negative heterosis was estimated in
this experiment. 

The general combining ability effects (gca) of each parental
tree and the specific combining ability effects (sca) of each
male-female cross were calculated, using GRIFFING’s (1956)
Method 4, adapted to a factorial design. The statistical model
was:

where: xij. is the mean of the i-th female tree crossed to the 
j-th male tree over k replicates; X... is the general mean; gi is
the gca effect associated with the i-th female tree; gj is the gca
effect associated with the j-th male tree; sij is the sca effect
associated with the cross between the i-th female tree and j-th
male tree; eijk is the residual effect.

The computational formulae were as follows:

Genetic gain was calculated as twice the average of gca’s or
the average of the breeding values of the tree and five parents
respectively, selected for the next breeding works (Table 8).

where: xij is the least-square mean of a particular full-sib
family; X... is the general mean of the hybrid population; gcai.
and gca.j = female and male parent trees general combining
ability effects.

Comparisons of rankings of full-sib families based on observ-
ed and predicted genetic values have been used to illustrate
some of the practical implications of relative magnitudes of
additive and non-additive genetic effects in breeding.

The specific combining ability (scaij) of the i-th female tree
mated to the j-th male tree was calculated, such as:

Results

Genetic variation

Statistical analysis indicated highly significant (p<0.01;
p<0.001) differences among P. strobus x P. peuce F1 hybrid
families for all but one traits (Table 2, row 2), suggesting that
selection at family level within hybrid population could be
carried out for most important traits including blister-rust
resistance. As a complete list with all full-sib families could not
be displayed here, the means of the five best and poorest
hybrid families for each trait was given in table 3. A large
variation among means of hybrid family was found. The
poorest group had an average of 6.8 points in blister-rust
resistance and 63.6% in trees free of blister-rust, while the best
group measured an average of 9.5 points and 96.1%, respec-
tively. At the same time the difference between the two groups
of families accounted for 16% in total height and 36% in stem
volume growth. Similarly, the difference between the two
groups accounted for 24% for stem straightness and 17% for
branch thickness. Table 3 showed also that the differences
between the test mean (X) and the top group (X1) were much
smaller than differences between test mean and the poorest
group (X2) in all traits. The figures demostrated both the
magnitude of family variation and large possibilities of
selection at family level.

There was found a large genetic variation among parents
within each sex for all traits analysed. A remarkable result of
this test was that the effects of eastern white pine female
parents were highly significant (p<0.01; p<0.001), not only for
all growth traits but for the three traits related to blister-rust

Table 2. – Analysis of variance of the hybrid traits.

The observed (OGVij) and predicted (PGVij) genetic value of
the full-sib family produced by mating the i-th female tree and
j-th male tree were calculated, such as:
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Table 3. – Means of the five best and poorest hybrid families for each trait.

D1 = differences (%) between mean of the best (X1) and the poorest (X2) five families;
D2 = differences (%) between mean of the best five families (X1) and the test mean (X).

resistance, as well (Table 2, row 3). This suggests: (a) an addi-
tive genetic control in both blister-rust resistance and growth
traits and (b) eastern white pine parents with a good general
combining ability could be selected for breeding. The Balkan
pine as male parents had significant (p<0.05) and hyghly sig-
nificant (p<0.001) effects on all traits including blister-rust
resistance and height growth (Table 2, row 4). It is important
to note that Balkan pine male parents exhibited variable level
of blister-rust resistance; consequently, selection of individuals
within a resistant species (Balkan pine) is as important as the
selection of individuals within the susceptible species (eastern
white pine).

Male x female interaction effects (Table 2, row 5) were highly
significant (p<0.01; p<0.001) for most growth traits and for the
three traits related to blister-rust. This suggests a non-additive
gene action that operated on phenotypic expression of the
mentioned traits. However, no significant interaction effects
were found for stem straightness and branch thickness.

Hybrid performance and heterosis

Comparative hybrid and parent performances and the two
types of heterosis were pictured graphically in figure 1.

As heterosis was calculated by comparison with both high-
parent and mid-parent performances it should remembered
that the eastern white pine was the best parent species for
growth traits, whereas the Balkan pine was the best parent
species for blister-rust resistance.

High-parent heterosis for all but one trait was negative, i.e.
the hybrids exhibited an intermediate performance. Branch
thickness was the only trait with a positive high-parent
heterosis, but unfortunately this is an undesirable heterosis.
Therefore it was indicated that hybrids combined their paren-
tal genes for both blister-rust resistance and growth traits.

Mid-parent heterosis was positive with the exception of stem
straightness. This heterosis accounted for 27.3% for blister-
rust resistance, 51.0% for trees free of blister-rust and 50.9%

Figure 1. – Pinus strobus (�) x P. peuce (�) hybrid (H) performance and heterosis effect: HPH = high-parent heterosis and MPH = mid-parent
heterosis.
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for trees survivors. Also, substantial positive mid-parent
heterosis was found in most growth traits, such as: 21.4% in
diameter, 28.0% in basal area and 27.7% in volume growth.
Total height had the lowest (12.5%) positive mid-parent hetero-
sis, while the stem straightness was the only trait displaying a
negative heterosis.

The hybrids inherited a high blister-rust resistance. For
example, the mean of hybrid population surpassed the mean of
the eastern white pine female parent species in the three traits
related to blister-rust. Thus, the eastern white pine measured
an average of 3.8 points in blister-rust resistance and 18% in
trees free of blister-rust while the hybrid measured 8.4 points
and 83.8%, respectively, i.e. 121% and 366%, more. On the
other hand, the means blister-rust resistance and trres free of
blister-rust were only 9.7% and 9.9%, respectively, lower than
the mean of Balkan pine. Therefore, the mean blister-rust
resistance of hybrid population was very close to the mean of
Balkan pine. 

The hybrids inherited a rapid growth. The mean of hybrid
exceeded the mean of the Balkan pine male parent species in
all growth traits and branch thickness but not in stem
straightness. For example, the Balkan pine measured 49.5 dm
in total height and 22.9 dm3 in volume growth, while the
hybrid measured 73.6 dm and 119.7 dm3, respectivelly, i.e. 49%
and 423% more. For the total height and volume growth, the
mean of hybrids was only 9.4% and 27.2%, respectively lower
than the mean of eastern white pine. It was clear that the
hybrids incorporated in their genotype genes controlling both
blister-rust resistance and growth traits.

Phenotypic correlations 

Phenotypic correlations coefficients were presented in
table 4. 

Highly significant (p<0.01; p<0.001) and positive correlations
were found among growth characteristics, i.e. total height,
diameter, basal area and volume growth; this indicate that

selection for one trait, easily measurable as diameter, will
cause a simultaneous improvement of the others, especially at
the same age.

Phenotypic correlations between growth traits and stem
straightness and between growth traits and branch thickness
were positive but insignificant.

Highly significant (p<0.001) correlations were obtained
among the three traits related to blister-rust, ranging from
0.96 to 0.98. But, low and insignificant correlations were found
between blister-rust resistance and growth traits indicating no
genetic relationship between these two categories of traits.
Consequently, concurent improvement in these traits will be
difficult. 

Combining abilities

Estimates of general ability effects (gca) were computed to
determine the contribution of individual parents to each trait
(Table 5).

Both positive and negative gca effects which significantly
(p<0.05) and highly significantly (p<0.01; p<0.001) differed
from zero were generally found for both male and female
parents for most traits. The range of estimated gca effects
among parents suggested that it may be possible to select
parents with superior breeding values for blister-rust
resistance and growth traits.

The eastern white pine female parents 2 and 8 and the
Balkan pine male parents 13 and 15 had the largest negative
effects for blister-rust resistance. On the contrary, the female
parents 1 and 7 and the male parents 18 and 20 exhibited the
largest positive effects indicating that the use of these parents
in breeding could increase blister-rust resistance. Similarly, the
parents 1, 3 and 7 of eastern white pine and 14, 18 and 20 of
Balkan pine had the largest positive effects for volume growth
suggesting their importance for improving this trait.

The previous data demonstrated that parents 1 and 7 of
eastern white pine and 18 and 20 of Balkan pine were the best

Table 4. – Phenotypic correlations among traits (Df = 23).

***p<0.001

Table 5. – Estimates of general combining ability (gca) effects.
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combiners for both blister-rust rersistance and volume growth
(Fig. 2) and consequently they should be selected and used for
advanced generation selection.

Estimated specific combining ability (sca) effects for blister-
rust resistance and volume growth were shown in tables 6 and
7. Of the 25 crosses, resulting from the 5 x 5 factorial mating
design, two for blister-rust resistance and nine for volume
growth had significant (p<0.05) or highly significant (p<0.01;
p<0.001) positive sca effects.

The best specific crosses for volume growth (Table 7) were
3 x 18, 1 x 14, 8 x 13, 2 x 13, 7 x 20 and 3 x 15 followed by 8 x
20, 2 x 20 and 7 x 18. Five of these nine crosses, involved
parents with a good general combining ability, i.e. parents 1, 7
and 3. Similarly, the best specific crosses for blister-rust
resistance were 1 x 13 and 1 x 15: both of these crosses involv-
ed a good general combiner.

Once desirable crosses were identified, general techniques of
vegetative propagation exist to exploit them for increasing
genetic gain.

In an important programme, the most desirable parents
would be ones that had both gca effects and combined with
other parents to consistently produce families with high sca.
The high gca would insure a high expected full-sib family mean
when the parents were crossed and high sca potential would
provide the possibility of producing better than expected
specific crosses.

Genetic gain

Genetic gain calculated as twice the average of the gca’s, i.e.
the average of breeding values of the best parents was present-
ed in table 8. The best five parents for blister-rust resistance
were female trees 7, 1 and 3 and male trees 20 and 18 (Table 8,
column 1), and their average breeding value was 0.966 points
which represent a genetic gain of 11.5% in the overal mean (8.4
points) for blister-rust resistance. Similarly, for volume growth,
the best five parents were 14 and 20 of Balkan pine and 1, 7
and 3 of eastern white pine (Table 8, column 5) and their aver-
age breeding value was 10.6 dm3 which would represent a
genetic gain of 8.9% in the overall mean (119.7 dm3) for volume
growth.

Figure 2. – General combining ability (gca) effects for volume growth (V)
and blister-rust resistance (BRR).

Table 6. – General (gca) and specific (sca) combining ability estimates for blister-rust resistance of the
male and female parents, observed (OGV) and predicted (PGV) genetic values of full-sib families1).

*p<0.05;  **p<0.01;  ***p<0.001.
1) The top 10 full-sib families according to observed and predicted genetic values can be recognized by
rankings in square breackets.
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Table 7. – General (gca) and specific (sca) combining ability estimates for volume growth of the
male and female parents, observed (OGV) and predicted (PGV) genetic  values of full-sib families1).

*p<0.05;  **p<0.01;  ***p<0.001.
1) The top 10 full-sib families according to observed and predicted genetic values can be recognized
by rankings in square breackets.

Table 8. – General combining ability (gca) estimates breeding values (BV) and genetic gains (�G).

1) Calculated against general mean, i.e. 8.4 points for blister-rust resistance and 119.7 dm3 for
volume growth.

It is also possible to use genetic values estimated to calculate
gains expected from specific combiner selection followed by
limited test cross (CARSON, 1986). If the best two crosses, i.e. 7
x 18, and 7 x 15 were subsequently used for mass vegetative
propagation, the average genetic gain in blister-rust resistance
would be 1.129 points which represents the mean observed
genetic value of 7x18 and 7x15 (Table 6). This genetic gain
represents 13.4% increase in the general mean blister-rust
resistance of hybrid population. If the ten best crosses (7 x 18,
7 x 15, 1 x 15, 7 x 20, 1 x 13, 3 x 18, 3 x 14, 7 x 13, 1 x 20 and
3x20) were mass vegetative propagated, the gain would be
0.896 points (the average of the observed genetic values of the
ten families) or an increase of 10.7%.

A higher genetic gain in volume growth could achieved. If
the best cross 1 x 14 was used for mass vegetative propagation,
the genetic gain would be 30.7 dm3, i.e. the observed genetic
value (Table 7). This gain represents a 25.6% increase in the
general mean (119.7 dm3) for volume growth of hybrid popula-
tion. If the best five best crosses (1 x 14, 3 x 18, 7 x 20, 7 x 14,
7 x 18) were mass vegetative propagated, the genetic gain
would be 19.9 dm3 (the average of the observed genetic values
of the five families), i.e. an increase of 16.6% in the general
mean for volume growth.

The above presented figures demonstrated that substantial
genetic gain could be achieved in both blister-rust resistance
and volume growth by using vegetative propagation of the best
specific crosses.

Implications for breeding strategy

The objective of this experiment was to produce blister-rust
resistant and fast growing F1 hybrids on a large scale to be
used for operational planting programmes. The hybrid planting
stock can be produced both by sexual and vegetative propaga-
tion. For sexual reproduction, the best and the simplest
method for obtaining large amount of hybrid seed is to select,
by genetic tests, the best general combining ability parents,
multiply them by grafting or rooting and then to establish
hybrid seed orchards. In this case such a seed orchard should
consists of a female clone-from Parent 7 (or Parent 1) of
eastern white pine-and the best two male clones-from parents
20 and 18 of Balkan pine. All these parents were good combin-
ers for both blister-rust resistance and volume growth. It is
expected that this seed orchard will be successfully because, in
Romania, the eastern white pine and Balkan pine generally
flower in a partial syncrony (BLADA, unpublished data). The
lack of full flowering syncrony can be compensated by
suplemental artificial pollination with mixed pollen sources.
The hybrid seed that incorporated additive genes, will be
collected from maternal clone only. Non-hybrid progenies will
be removed during the nursery stage.

Hybrid seed could also be produced through controlled polli-
nation among the best general combining ability parents.

There are two major ways to make use of specific combining
ability in a tree improvement programme (Zobel and TALBERT,
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1984). The first is to make crosses, to mass-produce seed from
specified parental combinations; this can be done by control
pollinations or by developing two clone seed orchards. The
second way is to produce commercial quantities of planting
stock by vagetative propagation.

One of the most effective ways for producing planting
material is controlled pollination followed by mass vegetative
propagation using juvenile donor seedlings. PARK et al. (1998)
consider three possible breeding-cloning options that incorpo-
rate breeding and vegetative propagation schemes, depending
on which types of genetic variance are to be exploited: (1)
general combining ability (GCA) variance; (2) specific combin-
ing ability (SCA) variance; (3) clonal variance. The first two
options involve crossing of GCA tested parents and the best
tested full-sib crosses, followed by vegetatative propagation.
The third option involves the direct deployment of tested
clones.

According to the first option or strategy called backward
GCA selection and polycrossing, the breeding value or GCA of
the parents can be determined by evaluating the performance
of their open-pollinated, polycross or half-sib progeny in a
progeny test. Limited quantities of seeds from the best GCA-
parents could be obtained by controlled-pollination with other
selected GCA parents. In this specific case, the controlled-
pollination should be carried out between female parents 7, 1
and 3 of eastern white pine and male parents 20 and 18 of
Balkan pine. These controlled crosses could be carried out in
seed orchard or directly on the selected parents. Then, vegeta-
tive propagation techniques for rooting of cuttings using
juvenile seedlings or somatic embryogenesis techniques could
produce planting stock for field deployment.

According to the second strategy called backward SCA selec-
tion and repeat crossing, selection of full-sib families based on
the progeny test derived from controlled crosses utilizes the
specific combining ability (SCA) of pairs of parents in addition
to their individual GCA’s. Since it usually takes a long time to
idetify superior crosses, vegetative propagation directly from
the test progeny may not be possible. It will, therefore, require
repeating the controlled crossings to obtain seeds for the best
tested full-sib combinations. If the first purpose is to improve
the blister-rust resistance, as in this case, it is recommended to
obtain the following combinations: 1 x 15 and 1 x 13 (see
Table 6). But, if the improvement of volume growth would have
the first priority, the following combinations should be repeat-
ed: 1 x 14, 7 x 20, 7 x 18, 3 x 18, 3 x 15, 8 x 20, 8 x 13, 2 x 20
and 2 x 13 (see Table 7). The resulting quantities of seeds
would provide zygotic embryos for somatic embryogenesis or
juvenile seedling donor plants for steckling production. This
approach, which has been referred to as family forestry, has
been developed in New Zealand (CARSON, 1986; SHELBORUNE et
al., 1989; CARSON and BURDON, 1991) where vegetative propa-
gation was combined with the control-pollinated orchards
concept (SWEET and KRUGMAN, 1977; CARSON et al., 1992).

According to the third strategy called forward clonal selec-
tion and clonal deployment, progenies of controlled crosses will
be field tested. The best individuals in the test will be selected
as clones for deployment.

Conclusions

Blister-rust resistance and rapid growth of the Balkan pine
and eastern white pine, respectively, were successfully
combined in an intermediate F1 hybrid.

The significant magnitude of variation in gca effects suggest-
ed that it may be possible to select parents with high breeding
value for both blister-rust resistance and growth traits.

The improvement of blister-rust resistance and growth traits
by using both additive- and non-additive genetic effects is
possible.

Parents with a good general combining ability were found
within both P. strobus and P. peuce, not only for growth traits
but also for blister-rust resistance.

Because of a lack of significant correlation between blister-
rust resistance and growth traits, no tandem selection can be
applied.

The significant genetic gain that could be achieved, suggests
that planting F1 hybrids seems to be promising.

Both sexual and vegetative propagation could be employed
for mass production of hybrid planting stock.
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