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Abstract. A 10 x 10 full diallel cross was made in a native population of Pinus cembra L.
from high elevation, to provide information about genetic variation and inheritance of important
breeding traits, for the species. In October 1991, seeds were sown in individual polyethylene pots,
in spruce humus. The families, including selfed and open pollinated parents, were arranged in a
randomized complete block design with 4 replication and 12 seedlings per plot. Six traits were
measured, prior to field planting, when the progenies were 6 years old: total height (H.6), height
increment in the 6th year (h.6), diameter at root collar (DRC), number of buds around the leader bud
(NBAL), total number of branches (TNB) and lamma shoots formation (LS). In addition, the weights
of 100 seeds (100 SW) of each family were measured prior to sowing and cotyledon number (CN)
was counted after seed germination. Computer analysis of balanced modified full diallel using
Schaffer and Usanis' DIALL program produced the results presented below. The most important
result was that significant (p < 0.05) and highly significant (p < 0.01; p < 0.001) differences
occurred in the all 8 traits for g.c.a., s.c.a., maternal and reciprocal effects. This suggest that the traits
were controlled by nuclear (additive and non-additive) and extra nuclear genes, and by nuclear x
extra nuclear gene interactions. Additive and non-additive genetic variances accounted for 25% and
27% for H.6 and 25% and 17% for h.6 of the phenotypic variance, respectively, indicating that both
variances were important for height growth in this population. There were found parents with
significant g.c.a. effects for growth and other traits. Narrow - sense heritability estimates varied
between 0.081 to 0.477 for CN and LS, respectively, while the H.6 accounted for 0.292. By selecting
the best 10 to 40 families, a genetic gain in H.6, between 6.0% and 3.1% could be achieved. In
conclusion, the improvement of the growth by using both additive and non - additive gene effects
should be possible.

Key words: Pinus cembra, diallel cross, additive variance, combining ability, genetic correlation,
heritability.

I NTRODUCTION

The natural distribution area of the stone pine (Pinus cembra L.) is restricted to the high
elevations of the Alps and Carpathians (Holzer, 1963; Critchfield and Little, 1963). In the Alps, the
species ranges between 1200 and 2500 m elevation ( Contini and Lavarelo, 1982) but the main zone
is between 1500 and 2000 m ( Holzer, 1975). In Romania, stone pine ranges between 1350 and 1880
m elevation in the northern Carpathians ( Gubesh, 1971) and between 1350 and 1986 m in the
southern Carpathians (Beldie, 1941; Tataranu and Costea, 1952; Oarcea, 1966).

The stone pine is important for : (1) reforestation of the subalpine zone to raise the timber
line, to its initial limit, where it plays a leading part in watersheds, for stabilizing avalanche areas
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and for reducing the effects of the flash floods (Holzer, 1972a, 1975); (2) spruce-larch-cembra mixed
stands creation at high elevation in order to increase their windbreak resistance ( Blada, 1996); (3)
its dense - brown - reddish wood useful for handicrafts (Contini and Lavarelo, 1982); (4) its high
resistance to blister-rust caused by Cronartium ribicola Fisch. ex Rabenh. (Bingham,1972;
Holzer,1975; Hoff et al., 1980; Blada, 1982; 1987; 1990a; 1994); (5) landscaping purposes due to
its conic - oval shape when grown as single tree (Blada, 1996);

Insofar, as can be determined, not too many breeding work with stone pine have been
reported. Until now, the main experiments have concentrated on cone and seed studies (Rohmeder
and Rohmeder,1955, Nather 1958, Holzer 1972b; Blada and Popescu, 1992), provenances testing
(Blada,1997), half-sib families testing (Holzer, 1975; Blada, 1996), full-sib families testing (Blada,
1995) and interspecific hybridization (Blada, 1987; 1994).

A genetic improvement program with stone pine have been started in Romania (Blada, 1990
b, 1995) that has the following objectives : (1) phenotypic selection of parents in natural populations;
(2) testing provenance and half-sib families; (3) intra and interspecific crosses; (4) full-sib families
testing, estimates of genetic parameters and selection of the best combiners and families; (5) seed
orchard establishment with the best combiners for both mass seed production and base population
for advanced - generation breeding. Four papers, as part of this program, have been published until
now (Blada and Popescu, 1992; Blada, 1994, 1995, 1997), and one is presented now. The objective
of this paper was to provide information about genetic variation and inheritance of important
breeding traits useful in the breeding of the stone pine.

MATERIALS AND METHODS

Initial material and mating design

The 10 parents trees used in the crossing scheme were randomly chosen from Gemenele old
natural population located in the Retezat Mountains from Southern Carpathians, at about 1800 m
elevation. Actually, reproductive fertility was taken into consideration in parent selection in order
to obtain the necessary number of flowers for pollination. The flowers were isolated in paper bags
prior to local pollen dissemination. Fresh pollen was used for all crossings. A full - diallel mating
design according to Griffing's (1956) Method 1 was used, during July 1989.

Progeny test and experimental design

One hundred seedlots from controlled crossing were collected in October 1990. Before
sowing, the filled seeds were separated from empty seeds by immersing each seedlot in 90° alcohol.
This procedure was good because only the full seeds were sown; but, from statistical standpoint, it
may not be correct because it produced a decrease of environmental error variance and an increase
of other components of phenotypic variance, such as SCA and reciprocal variances.

Seeds was sown in November 1989 in individual polyethylene pots (22cm x 18cm) in a
potting spruce humus. Based on results of previous local experiments (Blada, 1996), by sowing the
stone pine seed during the autumn, the seed develop its embryo and germinate in the next spring
eliminating a complicated, costly and risky 180 days stratification period as Kriebel (1973)
recommended. But, if sowing was done during autumn, control measures for seed predation by mice
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in the nursery beds was compulsory.
After sowing, the seeded pots were placed in nursery beds and arranged in a randomized

complete block design. Each of 100 families was represented by a 12 seedling plot in each of 4
blocks. The seedlings were kept in pots throughout the 6 years testing period.

Measurements

Six traits were measured, prior to field planting, when the progenies were 6 years old. In
addition, the weights of 100 seeds of each family were measured prior to sowing and cotyledon
lumber was counted after seed germination (Table 1). Lamma shoots was measured using 5 indices:
H no lamina shoots; 2 = only a small number of new needles present; 3 = slight flushing on leader
and secondary branches; 4 = leader and / or branches with 1 - 2 cm growth; 5 = leader and / or
Branches with more than 2 cm of growth. The other traits listed in table 1, do not require additional
;explanation . The plot means comprised the basic data for statistical analysis.

Statistical analysis 

Although initially a full diallel mating design was used, the analysis was performed
Lccording to the modified full diallel mating design known as Griffing's (1956) Method 3, where
he parents (selfed) were excluded; such analysis leads to unbiased estimates. However, the parents
vere included in the material grown in the experiment so that comparisons of hybrids with their

parents could be made in other type of analyses.
The mathematical model for analysis was a combination of Hayman (1954a) and Griffing's

1956) models, such as:

Plot means of the eight measured traits were analysed using the least - squares method by
means of the computer DIALL program prepared by Schaffer and Usanis (1969). The analysis of
balanced modified full diallel according to Griffing's (1956) Method 3, was based upon the random
model assuming that the parents were random samples from a random mating population. This
assumption make possible estimates of the additive and non-additive genetic variance of the parent
population.

The model of analysis of variance, expected mean squares and formulas for estimating the
variance components were listed in table 2.

Standard errors (SE) of variance components were computed with the formula given by
Anderson and Bancroft (1952):
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RESULTS AND DISCUSSIONS

Genetic variation

The most prominent feature of this experiment was that significant (p < 0.05) and highly
significant (p < 0.01; p < 0.001) differences occurred in all traits for g.c.a. , s.c.a. and reciprocal
effects. Maternal effects were statistically significant (p < 0.05) for H.6, DRC and TNB and highly
significant ( p < 0.01; p < 0.001) for 100 SW and CN (Table 3). This suggest that all traits, including
growth ones, were controlled by nuclear (additive and non-additive) genes and by nuclear x extra
nuclear gene interactions, whilst the extra nuclear genes were involved only in five traits.

Table 4 presents the best and the poorest six full-sib families indicating large genetic
variation among family means for several traits. Thus, the H.6 mean of the poorest 6 families
averaged 19.7 cm whilst the best 6 families averaged 28.2 cm, i.e. 43% taller. The differences
between the two groups were even larger for some other traits, such as : 96% for DRC, 46% for TNB
and 94% for LS (see D1 in table 4) In the same context, the mean top 6 families surpassed the test
mean in 100 SW, CN, H.6, h.6, DRC, NBAL, TNB and LS by 22%, 5%, 18%,18%, 77%, 17%, 19%
and 37%, respectively (see D2 in table 4).

Low to high genetic variation coefficients were found among full-sib families (Table 7). The
value of this coefficients varied between 3% for CN and 19% for LS, while the H.6 one accounted
for 12%.

Large genetic variation was found not only among cross-pollinated families but among self-
pollinated ones, as well. Two-way variance analysis of the 10 selfed parent families showed that
significant (p < 0.05) and highly significant (p < 0.01; p < 0.001) differences were found among
them for all tested traits (Table 5). This result demonstrated that the variation within S 1 population
in still very high.

Surprisingly, higher genetic coefficients of variation (GCV) were calculated within self- than
within cross-pollinated population, i.e., the GCV values of the self- and cross-pollinated families
ranged between 10% and 37% (Table 5) and between 3% and 19% (Table 7) respectively. Self-
pollinated families (SP) have strongly contrasted with those from cross-pollinated (CP) ones, in 7
out 8 traits (Table 6). A comparison of overall means indicated that, CP trees performed 52% and
39% better in H.6 and DRC, respectively, than SP trees. However, CP mean was almost equal in CN
and lower in LS than SP mean.

In conclusion, progeny testing has demonstrated a high within population genetic variation
that could be exploit in a breeding program.

Variance components

Variance component estimates, standard errors and dominance ratios were listed in table 7.
The diallel analysis indicated that GCA and SCA variance components were important sources of
variation for all eight tested traits. Additive and non-additive genetic variances accounted for 25%
and 27% for H.6, 25% and 17% for h.6 and 14% and 22% for DRC, respectively, of the phenotypic
variance. Therefore, the magnitude of GCA variance relative to SCA variance for these traits
suggested that additive gene effects may be almost as important as non-additive ones, in this young
population indicating that progress under selection is possible to a considerable degree.
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Dominance variances exceeded additive ones in five out of eight traits, i.e. in 100 SW, CN,
H.6, DRC and TNB. For example, the ratios of non-additive to additive variances were 2.1 : 1.0 for
100 SW, 1.1 : 1.0 for H.6 and 1.6 : 1.0 for DRC , indicating a clear over dominance in these traits,
while a partial dominance was noticed in h.6, NBAL and LS with the following ratios: 0.7 : 1.0 and
0.9 : 1.0, and 0.4 1.0, respectively.

The maternal component of variances significantly contributed to the phenotypic variances.
The largest maternal component of this study was 10% of the phenotypic variance and it was
associated with 100 SW, while the smallest one of 1% was associated with both NBAL and LS. The
maternal variance of the H.6 and DRC accounted for 4% and 5%, respectively, of phenotypic
variance. Thus, with one exception, the experimental material of six years old, supported evidence
that maternal effects were moderately large.

The reciprocal variance components accounted for between 6% for LS and 31% for 100 SW
of the phenotypic variance. High proportion of reciprocal variance was calculated in H.6 and DRC,
i.e. 25% and 21%, respectively. Consequently, the contribution of reciprocal variance was large in
growth traits, accounting for about the same percentage of the phenotypic variance as did GCA and
SCA variances. Therefore, reciprocal, as well as maternal variances could be important in a breeding
program for stone pine.

It must be stressed that GCA, SCA, maternal and reciprocal variance component estimates
were associated with small standard errors at all but one cases, indicating their reliability.

The above mentioned results offered support for adopting full diallel mating design (though
it is very costly) for estimation not only GCA and SCA but maternal and reciprocal variance
components, as well.

It was evident that all variances were well represented in almost all traits, suggesting that a
selective breeding program utilizing not only nuclear but maternal gene effects, as well, could be
adopted.

General combining ability

General combining ability effects calculated for each parent tree were listed in table 8. Both
positive and negative g.c.a. effects which significantly differed from the test mean were found for
7 out of 8 traits. Parent X had the largest positive g.c.a. effects for 100 SW, H.6, h.6 and DRC,
whereas parent Z was the second highest for both H.6 and h.6. On the other hand, parents 3 and 45
had the largest negative values for H.6 and h.6. Consequently, parents X and Z should be selected
for their high positive g.c.a. effects and breeding value for growth traits whereas parents 3 and 45
and some others have to be rejected because of their high negative g.c.a. effects for the same growth
traits.

In conclusion, if two out of ten randomly selected parents exhibited significant positive g.c.a.
effects for growth, then one may assume that 20% of trees within natural population, (where the
parents have been growing), could be selected as good combiners.
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Correlations

Both phenotypic and genetic correlations between traits were calculated (Table 9). There
were found significant (p < 0.05) and highly significant (p < 0.01; p < 0.001) positive phenotypic
correlations between: 100 SW and H.6, 100 SW and h.6; 100 SW and DRC; CN and DRC; H.6 and
h.6, H.6 and DRC, H.6 and NBAL, H.6 and TNB; h.6 and DRC, h.6 and NBAL, h.6 and TNB; DRC
and NBAL, DRC and TNB.

Substantial positive genetic correlations were found between: 100 SW and DRC; CN and
DRC; H.6 and h.6; H.6 and DRC; h.6 and DRC.

According to indirect selection principle, the strong positive genetic correlations between
H.6, h.6 and DRC imply genetic gain in any of these traits even if selection was practiced on only
one. On the other hand, due to some positive correlations one could expect some negative
economical results. For example, total number of branches, will increase with H.6, h.6, DRC and
NBAL, and for this reason a conscious effort should be made to find fast growing trees with a small
number of branches.

The previous results needed to be confirmed from long-term juvenile-adult correlations and
correlations with additional characters of economic and ecologic value.

Heritability and genetic gain

Estimates narrow-sense heritability on a plot mean basis were fairly consistent for five traits,
such as: 0.292 for H.6, 0.354 for h.6, 0.293 for NBAL, 0.267 for TNB and 0.477 for LS. However,
the heritabilities were low for the other three traits (Table 7).

Table 10 showed that the highest genetic gain could be achieved in LS. But this genetic gain
is doubtful because lamma shoots formation in species growing in temperate or at higher latitudes
could frequently be positive correlated with frost susceptibility. By selecting the best 10, 20, 30 or
40 out of 90 full-sib tested families, a genetic gain in H.6 and DRC of 6%. 4.7%, 3.9%, 3.1% and
2.7%, 2.1%, 1.7%, 1.4%, respectively, could be expected. Such a gain could be economically
important if the improved planting material will be used on a large area. These gains at age 6 may
be good predictors of later results. However, later age correlations, wich are not available, will be
more reliable for final gain estimation.

It should be noted that the parental selections were random with regard to vigor and all were
selected in a single native population. In this situation, some parents were probably related and there
was, therefore, a closer than half-sib average relationship among the progenies. For this reason,
heritabilities and genetic gains probably were underestimated.

The results indicated that selection on the basis of family comparisons could be effective and
might be economically acceptable if the loss in selection differential and testing time could be made
small.
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CONCLUSIONS

The results illustrated the existence of sufficient additive as well as non-additive genetic
variance within the breeding population for growth traits to utilize in an improvement program.

Maternal and reciprocal variance could also be taken into consideration for stone pine
improvement.

Parents with a good general and specific combining ability for growth traits to be used in a
breeding program could be found within P. cembra natural population where the parents have been
growing. Narrow - sense heritabilities of the traits were low to fairly large.

The existence of substantial positive genetic correlations between several traits, including
growth ones, suggested that indirect selection could be applied.

A genetic gain in growth, and other traits, could be achieved by selecting and planting the
best families and individuals from tested population.

This test supports the adoption of a full diallel mating design in P. cembra even if it requires
more effort than a half diallel one; by this way is possible to detect the maternal and reciprocal
effects.
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Figure 1 . Full diallel mating design according to GRIFFING's (1956) Method 1

Parents 2 3 45 50 205 206 209 X Y Z
2 X x x x x x x x x x
3 x X x x x x x x x x
45 x x X x x x x x x x
50 x x x X x x x x x x

205 x x x x X x x x x x
206 x x x x x X x x x x
209 x x x x x x X x x x
X x x x x x x x X x x
Y x  x x x x x x x X x
Z x x x x x x x x x X

Table 1. Measured traits

Traits Units Symbol
100 seed weight g 100 SW
Cotyledon number No CN
Total height at age 6 cm H.6
Height increment in the 6-th year cm h.6
Diameter at root collar mm DRC
Number of buds around the leader bud No NBAL
Total number of branches No TNB
Lamma shoots Index 1-5 LS
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Table 2. Analysis of variance of modified full diallel, random effects model, in a randomized block
layout in one environment.

Table 3. Analysis of variance of modified full diallel of P. cembra tested traits
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Table 4. Means of the 6 best (upper part) and the 6 poorest (lower part) full-sib families

Rank Traits

100 SW CN H.6 h.6 DRC NBAL TNB LS

1 24.7 10.8 29.7 12.9 12.6 4.4 5.4 3.5
2 24.3 10.6 28.6 12.8 11.8 4.4 5.2 3.4
3 23.3 10.4 28.2 12.3 11.8 4.3 5.1 3.4
4 21.7 10.4 27.6 12.2 11.6 4.2 5.0 3.4
5 21.5 10.3 27.5 12.2 11.5 4.1 5.0 3.1
6 20.9 10.3 27.4 12.0 11.5 4.1 5.0 3.0

Sub-mean 22.7 10.5 28.2 12.4 18.8 4.2 5.1 3.3

40 15.7 9.7 21.1 9.1 9.8 3.1 3.8 1.8

41 15.5 9.6 20.5 9.0 9.7 3.1 3.7 1.8
42 15.4 9.6 19.9 9.7 9.7 3.1 3.6 1.7

43 15.3 9.5 19.6 8.3 9.6 2.9 3.5 1.7
44 13.7 9.5 18.8 8.0 9.6 2.8 3.3 1.5

45 13.3 9.3 18.6 7.7 9.3 2.8 3.0 1.4
Sub-mean 14.8 9.5 19.7 8.5 9.6 3.0 3.5 1.7

Test

mean
18.6 10.0 23.9 10.5 10.6 3.6 4.3 2.4

D1(%) 53 11 43 46 96 40 46 94

D2(%) 22 5 18 18 77 17 19 37

D 1 and D2 = differences (%) between the poorest 6 and the best 6 families
and between test mean and the best 6 families, respectively
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Table 9. Genetic correlations at GCA level (upper line) and phenotypic correlations (lower line with
43 degree of freedom)

CN H.6 h.6 DRC NBAL TNB LS

100.SW

CN

H.6

h.6

DRC

NBAL

TNB

0.02

0.20

0.14
0.39*

0.03
0.13

0.26

0.41*

-0.18

-0.01

0.95

0.94***

0.53
0.60***

0.71
0.35*

0.56
0.67***

0.50
0.58***

-0.72
-0.13

0.31
0.16

0.32
0.49***

0.11
0.34*

0.03
0.30*

-0.13
0.15

0.34
0.13

0.13
0.42**

0.03
0.32*

0.38
0.56***

0.05
0.31*

-0.24
-0.33*

0.09
0.04

0.10
-0.13

-0.09
-0.20

0.04
-0.19

0.08
-0.07

0.40
0.10

Table 10. Expected genetic gain (AG) for the main traits

Traits AG (%) if the best 10, 20, 30, 40 of

the 90 families were selected

10 20 30 40

H.6 6.0 4.7 3.9 3.1
h.6 8.9 7.1 5.8 4.7

DRC 2.7 2.1 1.7 1.4
LS 17.4 13.7 11.2 9.1

160



Fig. 2 - The structure of the phenotypic variance for total height
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