tertiary period (BerTsch, 1940; Mirov, 1967) and they could
gain and maintain the unique alleles in particular popula-
tions, in contrast to other populations in Europe, where
the relatively recent reforestation is a result of the migra-
tion of Scots pine from several refugia after the last gla-
ciation. An intensive genes exchange from different sources
was possible.

As the pattern of geographic variability reflects the
migration of Scots pine after the glaciation one can pre-
sume that the populations from the Iberian peninsula are
relics and did not take part in reforestation of Europe after
the last glaciation. This hypothesis is supported by our
findings of the unique alleles not present in populations
from eastern and northern Europe. Also data of Parpos et
al. (1990) from monoterpene analysis confirm this opinion.
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Sum.niary

Many crosses between P. cembra and other white pines
have been attempted but only P. cembra x P. wallichiana
A. B. Jacks. and P. cembra x P. monticola DouGL. were
successful. After 11 years of testing, the following im-
portant results were observed: (1) Significant genetic dif-
ferences were found between hybrids and their parents for
most traits; (2) Both hybrid crosses resulted in individuals
that have some important traits outside the range of the
parents; (3) P. cembra x P. wallichiana was intermediate
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between parents in both blister rust resistance and growth
traits; this hybrid incorporated blister rust resistance
genes from the female parent and fast grvwth from the
male parent; (4) P. cembra x P. monticola displayed
heterosis in 6 of the 9 tested traits, including all growth
traits; it inherited outstanding form and growth from
the male parent; (5) Both hybrids represent a potentially
important planting stock for middle to high altitude sites.

Key words: Pinus cembra, P. wallichiana, P. monticola, hybrid,
heterosis, blister rust resistance, growth traits.
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Introduction

The natural distribution of Swiss stone pine (Pinus
2embra L)) is at high elevations (1200 m to 2600 m) in the
Alps and Carpatian Mountains (GEorGEscu and IoNEscu-
BsrLAD, 1932; BeLpIE, 1941; CrIitcurlELp and LitTLE, 1966;
Houvrzer, 1972, 1975).

Because of its tolerance to low temperature and other
unfavourable climatic factors, this species is widely used
for reforestation of the subalpine zone. It is also impor-
tant on watersheds, for stabilizing avalanche areas, and
for reducing the impacts of flash floods in this zone
(Hovrzer, 1972). In addition, stone pine is a potential source
of genetic resistance to blister rust caused by Cronartium
ribicola FiscH. ex RABENH. (BINGHAM, 1972a; Horr and
McDonNaLD, 1972; HoLrzer, 1975; Horr et al.,, 1980; BLADA,
1982, 1987). Unfortunately earlier trials indicated that
stone pine would not successfully cross with many of the
other 5-needle pine species (RiGHTER and DurriELD, 1951;
WRIGHT, 1959; PaTTON, 1964; HEIMBURGER, 1972; BINGHAM,
1972a; HoLzEr, 1975). BinGHAM et al. (1971) obtained 3 seed-
lings of P. monticola x P. cembra but according to Horr
(1992, personal communication) these seedlings did not
survive. LEANDRU (1982) obtained 4 and 7 hybrid seedlings,
respectively, of P. cembra x P. strobus L. and P. cembra x
P. koraiensis Sies. All of these seedlings died before they
could be outplanted in the field (LEanDru, 1990, personal
communication).

Extensive research on crossability barriers in white
pines by several authors showed that the main reasons for
crossing failure were as follows: (1) Seed failure in pines
can occur before, during or after fertilization (Bucuolz,
1944); (2) Fertilization took place in ovules of P. peuce
GRrIsEB. X P. cembra but degeneration occured inside the
archegonia at the proembryo stage (HacMaN and MIKKOLA,
1963; Dovre, 1963); (3) Embryo inviability, rather than
gametic incompatibility, was the critical factor limiting
crossability in P. strobus x P. cembra and other white
pine species (KrIEBEL, 1967; 1968, 1972); (4) Development of
the gametophytes during the first year after pollination
is normal, regardless of species combination (Uepa et al.,
1961).

The experiments reported here were initiated to test the
following hypotheses: (1) can stone pine be crossed with
would the blister rust resistance of stone pine and the
other white pine species? (2) if hybrids can be produced,
fast growth of other pines be evident in the hybrids? and
(3) would hybrid performance for economically important
traits be equal to, or better than, the parent species?

With these goals in mind, a number of interspecific
crosses between stone pine and other white pines were
attempted in 1979. Only two hybrid combinations were
successful: P. cembra x P. wallichiana and P. cembra x
P. monticola (BLapa, 1987).

The main economically important traits of the 3 crossed
species are, as follows:

— P. cembra is very slow growing (Hotrzer, 1972) but as
earlier stated, it is highly resistant to blister rust;

— P. wallichiana or blue pine, naturally distributed in
the Himalayas, is moderate to fast growing species (AHsAN
and KHan, 1972) and has a moderate to relatively high
level of resistance to blister rust (ParrToN, 1964; BINGHAM,
1972a; HEIMBURGER, 1972; Horr et al., 1980);

— P. monticola or western white pine, from the western
North America, is fast growing but highly susceptible to
blister rust (BingHaMm et al., 1971; BiNngHAM, 1972a);

The performance of P. cembra x P. wallichiana and P.
cembra x P. monticola hybrids at age 11 is reported in
this paper.

Materials and Methods

Parents and mating design

Controlled pollinations were made during July 1979 in a
P. cembra natural population from the Retezat Mountains
(Southern Carpathians). A simple A x B mating design was
used with 10 female strobili for each combination. One
female tree of P. cembra was pollinated by 4 male trees
(of unknown origin), 2 of P. wallichiana and 2 of P. mon-
ticola. Both hybrid seeds and open pollinated seeds of the
parents were collected in October 1980. The seeds for the
interspecific crosses were pooled separately for P. cembra
x P. wallichiana and for P. cembra x P. monticola. Thus,
further comparisons refer to a mixture of 2 progenies of
the same species cross, quite independently of the other
species cross; these are compared with open pollinated
progeny of the mother tree and a mixture of 2 open
pollinated progenies of the 2 father trees. Before crossing,
the parental trees were not tested.

Seeds were stratified according to KriEseL's (1973) proce-
dure, and were planted in March 1981, in individual poly-
ethylene pots (22cm x 18 cm) using a mixture of 70%
spruce humus and 30% sand. The seedlings remained in
these pots for the first 6 years.

Inoculation and experimental design

During the inoculation phase, the hybrids and open
pollinated progenies of their parents were placed in a

Table 1. — Measured traits.

" Traits Symbol Units

"ﬁi.Blister—rust resistance BR Index 1...10
2.Total height growth H dm
3. Annual growth in 1991 h dm
4. Diameter at 1/2 H D cm
5.Basal area at 1/2 H BA dm?
6.Stem volume v dms
7.Stem straightness SS Index 1...4
8.Branch thickness BT Index 1...4
9.Crown width CW dm

10. Number of leaders NL Index 1...4
11. Needle length N1l cm

12. Number of stomata/mm® S No.
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Table 2. — Variance analysis of the hybrid and parent traits.
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Mean squares of some traits were multiplied, as follows: D by 100; BA by 10000; V by 1000. + = p < 0.05;

tent using a complete block design; each family being
represented by a 10-seedling plot in each of 3 replications.
The progenies were artificially inoculated 3 times, between
August 20 and 25, in 1982, 1983 and 1984 when the seed-
lings were 2, 3 and 4 years old. The inoculum was collected
from heavily infected leaves of Ribes nigrum L. Inocula-
tion methods were similar to those described by BInGHAM
(1972b). Due to unforseen problems, only the P. cembra x
P. wallichiana hybrid and its parents were successfully in-
oculated.

At age 6, the seedlings were outplanted in the hybrid
collection area of the Forest Research Station at Timisoara,
using the same experimental design that was used in the
inoculation test. A spacing of 3 m x 3 m was used within
and between rows of trees. This trial was laid out within
a 'Blister Rust Area’.

Measurements and statistical analysis

Twelve traits for P. cembra x P. wallichiana and 9
traits for P. cembra x P. monticola hybrids were measured
at age 11 (Table 1).

Blister rust resistance was measured using a 1 to 10
scale that reflects the economic and biological impuct, as
well as the incidence of the disease; the scale considers
both number and severity of lesions. Numerical valucs
were assigned, as follows: 1 = tree dead or total suscep-
tibility; 2 = 4 or more severe stem lesions; 3 = 3 severe
lesions; 4 = 3 more or less severe stem lesions; 5 = 2
severe stem lesions; 6 = 2 more or less severe stem lesions;
7 = 1 severe stem lesion; 8 = 1 more or less severe stem
lesion; 9 = branch or very light stem lesions; 10 = no
lesions or total resistance.

Stem straightness was assessed by a 1 to 4 scale, where
1 = crocked stem and 4 = straight stem.

Branch thickness was assessed using a 4 point visual
score with 1 = thin branches and 4 = thick branches.
Also, the number of leaders was counted and assigned a
score 1 = 4 or more leaders; 2 = 3 leaders; 3 = 2 leaders:
4 = 1 Jeader: the other {raits are listed in table 1 and do
not require explanation. )

The plot means were the initial data for statistical ana-
lysis (SNEDECOR, 1956).

Heterosis calculation

Hybrid vigor or heterosis was calculated taking into
account ZoseL and TaALBerT's (1984) definition of heterosis
which is in agreement with HaLauer and MIranDpA’s (1981)
formula (1) for heterosis:

Hy—P
He = 100 i1)
P
where: He = heterosis; Hy and P = the hybrid and the
best parent performance, respectively.

Results

P. cembra x P. wallichiana

Significant (p<{0.05) and highly significant (p<<0.01;
p<0.001) differeces were found among hybrid and
parents for all traits except stem straightness (Table 2).

According to Duncan’s multiple range test (Table 3), P.
cembra x P. wallichiana hybrid cross resulted in individ-
uals that had several traits outside the range of the
parents. These traits ,that are intermediate otherwise, are:
blister rust resistance (BR), annual height growth (h), dia-
meter at /2 height (D), basal area at Y2 height (BA), and
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stem volume (V). For other 3 traits, such as: total height
gromth (H), branch thickness (BT) and crown width (CW),
the hybrid fall into the range of the blue pine male parent,
but outside the range of the stone pine female parent.
Therefore, the hybrid carries genes from the blue pine
that controlled H, BT, and CW.

Hybrid performance and presence or absence of heterosis
are shown in figure 1, as follows:

The P. cembra x P. wallichiana hybrid exceeded female
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parent in H, h, D, BA, V, BT, CW and Nl. For example,
the hybrid had almost twice as much total height growth
and 3 times as much volume growth as the P. cembra
female parent.

The hybrid scored lower than the female parent in
blister rust resistance (BR), stem straightness (SS), num-
ber of leaders (NL) and the number of stomata / mm? (S).
It should be emphasized that though blister rust resistance
of the hybrid is lower than that of the stone pine female
parent, the difference is not great. On the other hand, the
lower scores for SS and NL for the hybrid are considered
negative features.

The hybrid outgrew the P. wallichiana male parent only
in BR and NI. It is important to note that the hybrid ex-
hibited a higher rust resistance than P. wallichiana.

The hybrid scores lower than the male parent in H, b,
D, BA,V, SS, BT, NL and S.

Hybrid displayed heterosis (3%) only in NI, while it was
lower than the both parents in SS, NL and S.

It is obvious that the hybrid, for most traits, was inter-
mediate between the 2 parents. Combining stone pine with
blue pine produced hybrids with economically desirable
characteristics from both parents, such as, blister rust
resistance from female parent and fast growth from the
male parent. These traits make the hybrid a potentially
valuable tree for further testing in the subalpine zone.
More work is still needed to improve stem straightness
and reduce multiple-leader formation in the hybrid.

P. cembra x P. monticola

Differences among hybrid and parents were significant
(p<0.05) and highly significant (p<<0.01; p<<0.001) for all
traits except BT and NL (Table 2).

Duncan’s multiple range test (Table 3) demonstrated
that the hybrid had some traits outside the range of the
parents; these traits are H, D and V. For other 4 traits,
such as h, BA, SS and CW, the hybrid fall into the range
of the P. monticola male parent, but outside the range of
the P. cembra female parent. This suggests that these 4
traits were inherited from the male parent.

Hybrid vigor or heterosis and its performance comparad
to the parents are given in figure 2, as follows:

Hybrid exceeded the female parent in H, h, D, BA, V, SS,
BT and CW. The hybrid also exceeded the male parent in
H, h, D, BA, V and CW.

Hybrid displayed definite heterosis, exceeding the best
parent in H, h, D, BA, V and CW by 34%, 19%, 10%, 30%,
62% and 7%, respectively. It inherited outstanding form
and desirable growth traits from western white pine and,
perhaps also blister rust resistance from stone pine. The
heterotic increase by 62% in volume growth over the
western white pine is a remarkable performance.

The hybrid showed no intermediacy for any trait with
the possible exception of stem straightness.

As previously mentioned, this hybrid was not success-
fully inoculated with blister rust. However, it demon-
strated total phenotypic resistance over 11 years of heavy
natural exposure to this pathogen. These observations
suggest a possible blister rust resistant genes transfer
from the stone pine to the hybrid.

This hybrid will continue to be monitored to see if the
advantages in blister rust resistance and growth rates
persist.

Based on these observations, the P. cembra x P. mon-
ticola hybrid should be a good candidate for operational
regeneration programs. The first step is to produce large



£
24 A
< < H 4
2 221 — gl ,_ r" " Hg <
20 : z £ 3 5 0y |l g
x 18 £ 0,900 £ £ 91 £
§1e i 0040 0800f [1 & 4 sl MF] o]
" MM c ' H] (;00_ H . H| S ?W@
M Hild " . 0,030 H 700- H 3+ mg 34 61 H 3-9 Wil
1MW ]—3‘ ' HE:::O H H|[d| e elE
1 W ulks allel % Ha Hl IS miig  19{wlle
8] 4 2{ [y o020 0400 24 24 41 2
. Hda wlid uild Hdoaoo— ulls H|IS 'R niidl  |19lRIIS
1 1 H|IE H||d!
A-EHdz- Hd1-aHd0,010-.—&‘-'6'0,200- Hd 1-9Hd 14 2-9"‘2551-9
gng1 HEl Il QHdMO‘H widl Lol RIIEL LRI R|MId]
z“QHd EIHO’ ol[Hlld iflldl T RlrCl [RME wlgl 1iglmlig]  1iel[rl[d
Traits H h o BA v ss BT _ cW_ NL
- W43 BEH BRR EEE EEE BPF BEH HEE HA:
Heterosis (%) | 3& 19 10 30 62 - 7 -

Figure 2. — P. cembra x P. monticola hybrid performance and heterosis compared to the best parent.

quantities of hybrid seeds using a suitable mating design
and parents selected for their general combining ability.
The next step would be to test for blister rust resistance
and plant the hybrids in a number of different environ-
ments.

Discussion

As mentioned in the Introduction, the blue pine was
found with a moderate to relatively high level of resistance
to blister rust. In the present test, the two pooled progenies
of blue pine male parents proved, under artificial inocula-
tion, to have low resistance. In the same counditions, the
progeny of stone pine female parent was highly resistant.
This suggest that the P. cembra x P. wallichiana hybrid
inherited both genes of resistance from the female parent
and genes of susceptibility from the male parents, resulting
in a hybrid with an intermediate blister rust resistance.

P. cembra x P. monticola hybrid was not successfully
artificially inoculated. But, before and after outplanting,
trials have been placed within a ’Blister Rust Area’ with
high incidence of blister rust. Therefore, the progenies
have been growing under a heavy natural exposure. Du-
ring this 11 year period of exposure, the hybrid and stone
pine female parent open pollinated offsprings remained
disease-free whereas 47% of western white pine male
parents offsprings were killed by blister rust. Although
this test is not significant, it does suggest that the hybrid
phenotypic resistance may be attributed to the resistance
genes passed on from the stone pine parent.

Conclusions

1. P. cembra was successfully crossed with both P. walli-
chiana and P. monticola.

2. The P. cembra x P. wallichicha hybrid was inter-
mediate between parent species for most traits. It probably
incorporated blister rust resistance from the female parent
and some susceptibility to blister rust and fast growth
from the male parents.

3. P. cembra x P. monticola hybrid displayed heterosis
for all growth traits, and inherited outstanding form and
fast growth from the male parents.

4. Both hybrids would probably be useful alternatives for
planting on middle to high altitude sites.

5. The key to success in the future use of either hybrid
will be the degree to which both generative and vegetative
propagation is used operationally.

6. The detection of parents with a good general com-
bining ability is of promise for further breeding work.
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Allozyme Frequency Distributions in Five European Populations
of Black Pine (Pinus nigra Arnold)’)?)

I) Estimation of Genetic Variation Within and Among Populations
IT) Contribution of Isozyme Analysis to the Taxonomic Status of the Species
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Summary

European black pine (Pinus nigra ARNOLD) is generally
considered a collective species with many taxonomic
problems.

Genetic variation in 5 natural populations of Pinus nigra
(Austria, Bulgaria, Greece, Corsica, Calabria) was investi-
gated, at the enzyme level, by using the technique of starch
gel electrophoresis.

Isozyme patterns of 10 enzyme systems (MDH, 6PGD,
MR, IDH, PGM, DIA, AAT, LAP, PGI, GDH) were studied.
Analysis, using haploid megagametophyte tissue, demon-
strated that the allozyme variants in the above enzyme
systems were coded by a total of 42 structural genes in
the 16 readable loci. In one of these loci (IDH), no variants
were found.

The results of this study showed the following:

1) Part of this research was conducted by Dr. A. ScALTSOYIANNEs in
his work under the title “Genetic variation of malate dehy-
drogenase isozymes in subspecies of European black pine (Pinus
nigra ArnorLp)” granted by the Commision of the European
Communities (Division for the Coordination of Agricultural
Research) in the framework of the “Competitiveness of Agri-
culture and Management of Agricultural Resources’ Programme.
The work was conducted in the Lab. Interaction Plantes-Cham-
pignons et Micropropagation, Lyon, France.

%) Another part of the present research was submitted as a partial
fullfilment of the “Diplome d’Associe aux Recherches — Di-
plome d’Etudes Superieures” of Ms M. Tsaktsira in the Lab.
Interaction Plantes-Champignons et Micropropagation, Univer-
sity Claude Bernard, Lyon I, Lyon, France.

3) Laboratory of Forest Genetics and Plant Breeding, Department
of Forestry and Natural Environment, University of Thessalo-
niki, 54006 Thessaloniki, Greece.

4 Laboratory of Interaction Plant-Champignons and Micropropa-
gation, University Claude Bernard, Lyon I, F-69622 Villeurbanne
Cedex, Lyon, France.
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a) The loci (isozymes) of DIA appeared in MR enzyme
system as well.

b) On the average, 70.0 % of the analyzed loci were poly-
morphic, while the number of alleles detected per locus
(A/L) ranged from 1.87 (Calabria, Greece) to 2.31 (Bul-
garia) with a mean value for all studied populations of
2.025 allleles per locus.

c) Heterozygosity ranged from 0.180 (Corsica) to 0.257
(Bulgaria).

d) 94% of the total variation of the species was due to
intrapopulation gene diversity.

e) Isozymes contributed differently in the total variation
of the species.

f) Isozyme variation is a useful tool for the taxonomy of
Pinus nigra, since it can discriminate either different
subspecies or different populations within a given
subspecies.

g) The most appropriate enzyme systems for classifica-
tion of the subspecies [ssp. laricio, nigra (austriacu),
pallasiana)l were MDH, DIA, 6PGD and AAT.

h) There was a clear distinction between laricio group
(Calabria, Corsica) and austriaca group (Austria, Bul-
garia).

i) The Greek provenance was closer to the austriaca
group.

Key words: Pinus nigra, isozyme variation, taxonomy.

Introduction

European black pine (Pinus nigra Arnorp) is one of the
most valuable species in the Mediterranean region and it
is distributed in a discontinuous area which includes
Southern Europe, Minor Asia, Cyprus and North-Western
Africa (CrircurieLp and LitTLE, 1966). According to Stoja-
~orr and STEraNoOrF (1929) and Mirov (1967), P. nigra is a
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