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Abstract

Genetic variability of six geographically marginal Scots pine
(Pinus sylvestris L.) populations from Ukraine situated mainly
on a longitudinal gradient was studied using allozymes and
vertical PAGE technique. The populations have average
observed heterozygosity Ho=0.262, and expected heterozygosity
He=0.281. The mean value of NEI’s genetic distance was 0.016,
and FST was 0.020, similar to the values reported for Scots pine
populations from other parts of the range. The obtained values
of NEI’s genetic distances (0.004 to 0.026) suggest that
southern geographically marginal populations of Scots pine are
as much differentiated as the central populations and have prob-
ably slightly higher level of differentiation than the northern-
most populations. 
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Introduction

Scots pine (Pinus sylvestris L.) is a principal forest species of
Eurasia covering a widest range of distribution among all pine
species, with a great variability of ecological conditions
(PRAVDIN, 1964). 

During the last decades, many articles dealing with genetic
variability of Scots pine populations from different areas of the
range have appeared (e.g. GULLBERG et al., 1985; KINLOCH et
al., 1986; MUONA et al., 1988; MUONA and HARJU, 1989; WANG

et al., 1991; GONCHARENKO et al., 1994; PRUS-GL⁄ OWACKI and
BERNARD, 1994; ZHELEV et al., 1994; SHIGAPOV et al., 1995).
However, only a few of them (GONCHARENKO et al., 1994; SANNI-
KOV et al., 1997) reported on southern marginal P. sylvestris
populations from Ukraine. Meanwhile the Ukrainian popula-
tions are of particular interest for genetic study due to their
mostly marginal status. It is generally accepted that the ge-
netic structure of Scots pine populations in Europe was formed
principally due to the post-glacial migration of the species from
the refugia in its southwestern, southern and southeastern
parts (GODWIN, 1956; LANGLET, 1959). Hence, geographically
marginal Scots pine populations in the south are supposed to
be the most ancient. Among them, the Ukrainian populations
seem to be important as a subject for evolutionary study of P.
sylvestris as a species in a whole.

In the intensive studies of Scandinavian Scots pine popula-
tions (see, for reference, SAVOLAINEN, 1996) it has been establish-
ed that northernmost populations have a little higher rate of
inbreeding and lower number of recessive lethals compared to
southern ones (KÄRKKÄINEN et al., 1996). However, genetic dif-
ferences at marker loci between these populations are small
(GULLBERG et al., 1985; WANG et al., 1991).

Due to the discontinuous distribution of Scots pine in Ukraine
(Fig. 1), gene migration between southern marginal P.
sylvestris populations along the latitudinal transect is expected
to be limited as compared to populations from the main
segment of the range, and, also, gene flow from the south
definitely does not occur. Thus, they are thought to have a high-
er level of differentiation and inbreeding than do the popula-
tions from the continuous part of the range. GONCHARENKO et
al. (1994) reported on lower genetic variability of these popula-
tions as compared to central ones. 

In this article I try to answer several questions. First, how
different genetically are southern marginal Scots pine popula-
tions from those at the northern limits of the range? Second, is
there significant genetic differentiation between geographically
marginal Scots pine populations from Ukraine? And, finally,
what factors can contribute to this differentiation?

Materials and Methods

Materials

Cones were collected from 140 trees 40 to 100 years old 
(22 to 24 trees per population, distances between the trees
were 50 to 100 m) of six natural Scots pine populations of
Ukraine situated principally on a latitudinal gradient (Fig. 1).
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Figure 1. – The area of Pinus sylvestris distribution (shaded) in Ukraine
and the locations of the studied populations. The populations designat-
ed: NR1 and NR2 – Nova Radcha 1 and Nova Radcha 2, LB – Bryukho-
vichi, LS - Stradch, HA – Neteshin, IH - Izum.

Isozyme electrophoretic analysis

Seeds were extracted from cones for each tree separately. For
the isozyme study, 10 to 20 megagametophytes were analysed
from each tree to determine a genotype of a maternal tree. The
tissue was isolated from the seeds and homogenised with
0.025 ml of 0.2 M tris-glycine buffer, pH 7.5. The homogenates
were subjected to vertical polyacrylamide gel electrophoresis
(BREWER, 1970). 
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Histochemical staining techniques described elsewhere 
(HARRIS and HOPKINSON, 1976; LOJDA et al., 1979; DVORNYK et
al., 1996) were used. In total 21 loci of seven enzyme systems
were scored. The enzymes assayed, and their abbreviations are
as follows: glutamate dehydrogenase (GDH, EC 1.4.1.2, one
locus), glutamic oxaloacetic transaminase (GOT, EC 2.6.1.1, 3
loci), diaphorase (DIA, EC 1.6.4.3, 3 loci), acid phosphatase
(ACP, EC 3.1.3.2, one locus), malate dehydrogenase (MDH,
EC 1.1.1.37, 4 loci), superoxide dismutase (SOD, 1.15.1.1, 
4 loci), non-specific esterases (EST, EC 3.1.1-, 5 loci). Since the
loci Sod-1, Sod-2, and Sod-3 were monomorphic in all the
populations studied, they were excluded from further analysis.

Alleles were designated such that the most anodally migrat-
ing isozyme was indicated as 1, the next as 2, and so on. Within
each locus, the overall most frequent allele was assigned the
value of 100. Other alleles of the locus were marked according
to their relative mobility to the most frequent allele.

Due to the small number of the seeds analysed from each
tree, MENDELian segregation was examined in single trees by 
c2 test only for rare genotypes occurring in unique trees, while
for the most common ones – pooled over all trees.

Statistical analysis

For each population basic characteristics of genetic vari-
ability were determined: allele frequencies, observed (Ho) and
expected (He) heterozygosity, mean number of alleles per locus
(A), mean effective number of alleles per locus (ne), proportion
of polymorphic loci at 95% criterion (P95), and WRIGHT’s 
F-statistics (WEIR and COCKERHAM, 1984). Genic differentiation
between the populations was estimated using unbiased esti-
mate of the P-value of the probability test (or FISHER’s exact
test), as described by RAYMOND and ROUSSET (1995a). NEI’s
genetic distance (DN) (NEI, 1972) was calculated to estimate
quantitatively the differentiation between populations. To
determine confidence limits for F-statistics bootstrapping
procedures were applied (WEIR, 1996). 

The GENEPOP (RAYMOND and ROUSSET, 1995b) and PHYLIP
(FELSENSTEIN, 1989) software was used for statistical analysis
of the electrophoretic data.

Results

A total of 67 alleles were found at 21 loci in the six popula-
tions. 12 loci were polymorphic in all populations. Locus Est-4
appeared to be most polymorphic with six alleles. Three loci,
Got-2, Got-3, and Dia-2, had five alleles each. The frequencies
of alleles at the 18 polymorphic loci are presented in table 1.
The data of the table indicate that 19 alleles of the 64 ones
listed occurred with frequencies less than 0.05, and 11 among
them were “private”, i.e. observed only in a particular popula-
tion. The largest number of the “private” alleles were in popula-
tions HA and IH (4 in each). No such alleles have been found in
population LS. Almost all polymorphic loci indicated no signifi-
cant deviation from MENDELian segregation, except some com-
binations of rare alleles (Table 2).

Mean inbreeding coefficient over all the populations indicat-
ed a small deficiency of heterozygotes. This deficit was rather
high in populations LS and HA. However, it was not signifi-
cantly different from zero, as revealed by the bootstrap anal-
ysis (Table 4). The isolated populations HA and IH manifested
the highest values of both expected and observed heterozygosity.
Also, they possess highest values of some other measures of
intrapopulation variability (Table 3). 

The exact test for genic differentiation revealed significant
differentiation between the studied populations at six loci at
0.05 level (Table 4). The most pronounced distinction was

observed at loci of non-specific esterases: three of them (Est-1,
Est-2, and Est-5) had highest level of genic differentiation. 

Estimates of population subdivision using WRIGHT’s F-statis-
tics indicated rather low differentiation (Table 4). The mean
FST value, which estimates the level of interpopulation dif-
ferentiation, was 0.020. Thus about 98% of total genetic varia-
tion resides within each population. The magnitude of FST at
some loci of the esterases (Est-1 and Est-2) suggests that,
among the loci tested, this group contributes most significantly
to the total interpopulation variability. To assess contribution
of isolation by distance to the interpopulation differentiation,
MANTEL’s tests (MANTEL, 1967) have been performed. They
revealed no correlation between values of pair wise FST and
geographic distances.

Discussion

The results of the investigation suggest that geographically
marginal Scots pine populations from Ukraine are generally as
highly differentiated as those from the other parts of the range.
The value of FST is small (0.020, Table 4) and generally in
agreement with FST or GST for Scots pine populations from the
other segments of the range (GULLBERG et al., 1985; KINLOCH et
al., 1986; WANG et al., 1991; GONCHARENKO et al., 1994; PRUS-
GL⁄ OWACKI and BERNARD, 1994; ZHELEV et al., 1994; SHIGAPOV et
al., 1995). The mean values of WRIGHT’s FIS and FIT indicated
heterozygote deficiency at the respective levels of genetic struc-
ture of the Scots pine populations from Ukraine (Table 4). This
deficiency estimated, on the average, about 6.7% at population
level increases to more than 8.5% at level of the species. These
values are a little higher than those reported by GONCHARENKO

et al. (1994) (mean values of -0.014 and 0.015 for FIS and FIT,
respectively). As the data of table 4 suggest, loci Dia-3, Mdh-4,
Est-2, Est-3, and Est-5 contribute most significantly to the
value of inbreeding at both levels mentioned. However, on the
other hand, bootstrap confidential intervals for both parame-
ters overlap zero that suggests this deficiency is quite insignifi-
cant (Table 4).

Limited gene migration between the populations could be a
reason for the higher level of FST. However, it is unlikely so.
Thus, the gene flow calculated using both private alleles
(BARTON and SLATKIN, 1986) and NEI’s methods (NEI, 1987) was
almost of the same value (5.11 and 6.86 migrants per genera-
tion, respectively). It is virtually the same as value of 8.68
reported by GONCHARENKO et al. (1994) and is high enough to
maintain low interpopulation differentiation. 

NEI’s genetic distances between the populations were cal-
culated for 18 polymorphic loci (Table 5). Their average value,
0.016, appeared to be about those for the populations from
other segments of the species’ distribution. Thus, GONCHARENKO

et al. (1994) reported mean NEI’s genetic distances of 0.025 for
18 Scots pine populations from various territories of Eurasia.
Further, inferring phylogenetic relations between races and
populations of P. sylvestris, the authors indicated the genetic
distances between the populations of the same race within the
range 0.005 to 0.012, between the isolated populations – 0.010
to 0.032, and between the races – 0.003 to 0.010. The geo-
graphically isolated populations from Spain manifested a
slightly larger range of the DN values (0.005 to 0.032 at 11 loci)
(PRUS-GL⁄ OWACKI and STEPHAN, 1994). Mean genetic distance
between isolated populations of Caledonian Scots pine has
been found to equal 0.013 (at 14 isozyme loci, KINLOCH et al.,
1986). WANG et al. (1991) have reported DN within 0.001 to
0.017 (at 14 loci) for P. sylvestris populations originating from
Sweden and China. The genetic distances between three
Swedish populations presented in that study were very low:
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N – null allele; **) – two-banded allele

Table 1. –  Frequencies of alleles in 18 polymorphic isozyme loci.
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Table 2. – Observed segregation of allozymes in endosperms of heterozygous trees and
chi-square tests for goodness of fit to 1:1 ratio among the studied populations.

N – null allele; **) – two-banded allele
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about 0.001, whereas the Chinese populations were much more
differentiated. GULLBERG et al. (1985) found DN ranging 0.001
to 0.015 for 9 populations from Sweden. Based on our results,
one can conclude that the distances between the geographically
marginal populations from Ukraine (0.004 to 0.026, Table 5)
are of the same magnitude as those of the central and isolated
populations from Spain and apparently slightly larger than
those reported for the Scandinavian populations. 

Comparing the northern and southern marginal populations
of Scots pine one can conclude that the latter are slightly more
differentiated, as inferred from NEI’s genetic distances. This
higher differentiation of the southern populations is apparently
due to both the considerably longer period of their evolution
after the last glaciation and the effect of somewhat isolated and
semi-isolated character of the populations. 

In fact, based on the results of allozyme analysis, it seems to
be rather difficult to find any significant differences between
central and geographically marginal (or isolated) Scots pine
populations. The latter have been recognised having lower
genetic variation (GONCHARENKO et al., 1994). However, this is
probably not true for isozyme markers. Actually, as my data
suggest (Table 3), two populations (LB and LS) among the six
studied have indeed lower values of observed heterozygosity
than the populations (N1 and N2) from the continuous part of
P. sylvestris distribution, whereas other two isolated popula-
tions, HA and IH, possess the highest values of genetic varia-
tion. The only characteristic that maybe distinctive for the geo-
graphically marginal populations from Ukraine is apparently
their slightly higher level of inbreeding as compared to central
and northern populations. This can be due to the effect of some
loci, such as Dia-3, Mdh-4, and non-specific esterases.

On the whole, the obtained data confirmed that Scots pine as
a species maintains sufficient intrapopulation genetic variabili-
ty and low interpopulation differentiation throughout its area
of distribution. On the other hand, the southernmost popula-
tions appear to have slightly higher level of differentiation
than the northernmost ones.

Acknowledgements
I wish to express my gratitude to Prof. OUTI SAVOLAINEN and Dr. CLAUS

VOGL for helpful suggestions and fruitful discussion on early draft of the
manuscript. The article would be impossible without invaluable help of
my friends and colleagues, Dr. VALERY KOTOV (Donetsk State Medical
University, Ukraine), Mrs. IRINA MIKHEENKO (University of Birming-
ham, UK), and Dr. SERGE YAROVOI (University of Massachusetts, USA).
This work was partially supported by the Central European University
within the Research Support Scheme, grant # 1304/93/1095.

References
BARTON, N. H., and SLATKIN, M.: A quasi-equilibrium theory of the dis-
tribution of rare alleles in a subdivided population. Heredity 56:
409–415 (1986). — BREWER, Y. J.: An Introduction to Isozyme Tech-
niques. Academic Press, N.-Y., L. (1970). — DVORNIK, V. YA., MIKHEENKO,
I. P., and KOTOV, V. S.: Genetic control of diaphorase in Scots pine from
Ukraine. For. Genet. 3: 113–116 (1996). — FELSENSTEIN, J.: PHYLIP –
Phylogeny Inference Package (Version 3.2). Cladistics 5: 164–166
(1989). — GODWIN, H.: The History of the British Flora. Cambridge Uni-
versity Press, London (1956). — GONCHARENKO, G. G., PADUTOV, V. E.,
and SILIN, A. E.: Allozyme variation in natural populations of Eurasian
pines. I. Genetic variation, diversity, differentiation and gene flow in
Pinus sibirica DU TOUR in some lowland and mountain populations.
Silvae Genet. 42: 237–246 (1993a). — GONCHARENKO, G. G., PADUTOV, V.
E. and SILIN, A. E.: Allozyme variation in natural populations of Eura-
sian pines. II. Population structure, genetic variation, and differentia-
tion in Pinus pumila (PALL.) REGEL from Chukotsk and Sakhalin. Silvae
Genet. 42: 246–253 (1993b). — GONCHARENKO, G. G., SILIN, A. E. and
PADUTOV, V. E.: Allozyme variation in natural populations of Eurasian
pines. III. Population structure, diversity, differentiation and gene flow
in central and isolated populations of Pinus sylvestris L. in Eastern
Europe and Siberia. Silvae Genet. 43: 119–132 (1994). — GULLBERG, U.,
YAZDANI, R., RUDIN, D. and RYMAN, N.: Allozyme variation in Scots pine

He – expected heterozygosity, Ho – observed heterozygosity, P95 – propor-
tion of polymorphic loci at 95% criterion, A – mean number of alleles
per locus, ne – mean effective number of alleles per locus, F – WRIGHT’s
fixation index.

Table 3. – Basic genetic parameters of the studied Scots pine popula-
tions.

Table 4. – Estimates of F-statistics for 18 polymorphic loci (WEIR and
COCKERHAM, 1984), their upper and lower bounds for 95% confidential
interval (bootstrapping over loci, 1000 replications), and exact test for
genic differentiation (P-values) (RAYMOND and ROUSSET, 1995a) in the
studied populations.

Table 5. – Values of NEI’s genetic distances (NEI, 1972) between the
studied populations.



Silvae Genetica 50, 2 (2001) 69

(Pinus sylvestris L.) in Sweden. Silvae Genet. 34: 193–201 (1985). —
HARRIS, H. and HOPKINSON, D. A.: Handbook of Enzyme Electrophoresis
in Human Genetics (with Supplements). North-Holland Publishing Co.,
Amsterdam. American Elsevier Publishing Co., Oxford, N.Y. (1976). —
KINLOCH, B. B., WESTFALL, R. D. and FORREST, G. I.: Caledonian Scots
pine: origins and genetic structure. New Phytol. 104: 703–729 (1986). —
KÄRKKÄINEN, K., KOSKI, V. and SAVOLAINEN, O.: Geographical variation
in the inbreeding depression of Scots pine. Evolution 50: 111–119
(1996). — LANGLET, O.: A cline or not a cline, a question of Scots pine.
Silvae Genet. 8: 13–22 (1959). — LOJDA, Z., GOSSRAU, R. and SCHIEBLER,
T. H.: Enzyme Histochemistry. A Laboratory Manual. Springer-Verlag,
Berlin (1979). — MANTEL, N.: The detection of disease clustering and a
generalized regression approach. Cancer Res. 27: 209–220 (1967). —
MUONA, O. and HARJU, A.: Effective population sizes, genetic variability,
and mating system in natural stands and seed orchards of Pinus sylves-
tris. Silvae Genet. 38: 221–228 (1989). — MUONA, O., HARJU, A. and
KÄRKKÄINEN, K.: Genetic comparison of natural and nursery grown
seedlings of Pinus sylvestris using allozymes. Scand. J. For. Res. 3:
37–46 (1988). — NEI, M. Genetic distance between populations. Amer.
Natur. 106: 283–292 (1972). — NEI, M.: Molecular Evolutionary Genet-
ics. Columbia Univ. Press, New York (1987). — PETROVA, I. V., SANNIKOV,
S. N., RYABOKON, S. M., DUKHAREV, V. A. and SANNIKOVA, N. S.: Genetic
differentiation of bog and dry-valley populations of Pinus sylvestris in
Western Siberia. Ekologiya 20: 39–44 (in Russian, translated into
English as The Soviet J. Ecol. 20: 350–355 (1989). — PRAVDIN, L. F.:
Scotch Pine. Variability, Intraspecific Taxonomy and Breeding. Nauka,
Moscow (1964) (in Russian). — PRUS-GL⁄ OWACKI, W. and BERNARD, E.:
Allozyme variation in populations of Pinus sylvestris L. from a 1912
provenance trial in Pulawy (Poland). Silvae Genet. 43: 132–138 (1994).
— PRUS-GL⁄ OWACKI, W. and STEPHAN, B. R.: Genetic variation of Pinus

sylvestris from Spain in relation to other European populations. Silvae
Genet. 43: 7–14 (1994). — RAYMOND, M. and ROUSSET, F.: An exact test
for population differentiation. Evolution 49: 1280–1283 (1995a). —
RAYMOND, M. and ROUSSET, F. GENEPOP (version 1.2): population
genetics software for exact tests and ecumenicism. J. Heredity 86:
248–249 (1995b). — SANNIKOV, S. N., SEMERIKOV, V. L., PETROVA, I. V.
and FILIPPOVA, T. V.: Genetic differentiation of Scotch pine populations
of the Carpathians and the Russian plain. Ekologiya 28: 163–167 (in
Russian, translated into English as The Russian J. Ecol. 28: 160–165)
(1997). — SAVOLAINEN, O.: Pines beyond the polar circle: Adaptation to
stress conditions. Euphytica 92: 139–145 (1996). — SHIGAPOV, Z. KH.,
BAKHTIYAROVA, R. M. and YANBAEV, YU.: A. Genetic variation and dif-
ferentiation in natural populations of the common pine Pinus sylvestris
L. Genetika 31: 1386–1393 (in Russian, translated into English as
Russian J. Genet. 31: 1180–1186) (1995). — SILIN, A. E. and GON-
CHARENKO, G. G.: Allozyme variation in natural populations of Eurasian
pines. IV. Population structure and genetic variation in geographically
related and isolated populations of Pinus nigra Arnold on the Crimean
Peninsula. Silvae Genet. 45: 67–75 (1996). — SZMIDT, A. E. and MUONA,
O.: Linkage relationships in Scots pine (Pinus sylvestris L.). Hereditas
111: 91–97 (1989). — WANG, X.-R., SZMIDT, A. E. and LINDGREN, D.:
Allozyme differentiation among populations of Pinus sylvestris (L.) from
Sweden and China. Hereditas 114: 219–226 (1991). — WEIR, B. S.:
Genetic Data Analysis II. Methods for Discrete Population Genetic
Data. Sinauer Associates, Inc. Publ., Sunderland, Massachusetts (1996).
— WEIR, B. S. and COCKERHAM, C. C.: Estimating F-statistics for the
analysis of population structure. Evolution 38: 1358–1370 (1984). —
ZHELEV, P., LONGAUER, R., PAULE, L. and GOMORY, D.: Genetic variation
of the indigenous Scots pine (Pinus sylvestris L.) populations from the
Rhodopi Mountains. Nauka za Gorata 3: 68–75 (1994).

Genetic Control of Heartwood Content in Larch

By L. E. PÂQUES

INRA, Unité d’Amélioration, de Génétique et de Physiologie des Arbres Forestiers, Centre d’Orléans, F-45160 Ardon (France)

(Received 10th October 2000)

Abstract

Genetic variability for heartwood/sapwood extent in larch
was examined at the population, progeny and clonal levels. For
the study, increment cores were taken in 2 provenance trials
(one of European larch at 34 years and one of Japanese larch at
36 years), and in 3 hybrid larch trials at around 15 years old (2
full-sib progeny trials and 1 clonal trial). 

Heartwood appears early in larch and seems to progress
quickly: at 15 years, it represents already more than 60%
(along the radius) for hybrid larch and more than 70% for more
mature (34 to 36 year old) European and Japanese larch.
Genetic variability of about the same magnitude as that for
radial growth was observed for heartwood/sapwood dimensions
both at the provenance level (for European larch but not for
Japanese larch) and at the progeny or clonal level (for hybrid
larch). Broad-sense heritability levels for heartwood traits were
high (0.75 to 0.92 for heartwood length, 0.63 to 0.99 for heart-
wood proportion). Heartwood and, to a lesser extent sapwood
content, were positively linked to diameter growth in the dif-
ferent genetic entries studied (genetic correlations: 0.87 to 0.96
for heartwood length); heartwood extent was mostly independ-
ent of or positively correlated with sapwood content. 

The proper choice of the species (Japanese versus European
larch), of the origin (Central European larch populations rather
than alpine ones), or of hybrid larch progenies or clones can
result in significant combined genetic gains for both heartwood
content and growth. 

Key words: heartwood, sapwood, Larix, provenance, progeny, clone,
hybrid, heritability, genetic variability.

Introduction

Among wood of coniferous species, European larch (Larix
decidua MILL.) is much appreciated for its good mechanical
properties but even more for the high natural durability of its
heartwood (COLLARDET and BESSET, 1988).

Natural durability of wood is linked to its anatomical
features (determining, for example, water permeability) and to
its (qualitative and quantitative) content of extractives. Heart-
wood and sapwood are in many cases clearly distinguished by
the amount of extractives; in European larch, KEITH and
CHAURET (1988) have shown an increase of both water-soluble
and alcohol-benzene extractives from the pith to the heart-
wood-sapwood boundary, and then a marked decrease in the
sapwood. In this respect, the sapwood of larch is not durable
and thus of low value as lumber but, in the native wood re-
source from the Alps, its extent is usually negligible: about
10% of a breast height (BH) diameter of 40 cm (RINGARD, 1980;
COLLARDET and BESSET, 1988).

Wood from lowland plantations might not present the same
characteristics in particular for the proportion of heartwood.
Besides their establishment in more favourable ecological
conditions, these stands are planted either with an exotic


