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Summary

Eighteen natural populations of Pinus sylvestris L. were
investigated by starch-gel electrophoresis. A total of 88
alleles were observed at 21 loci. More than 90% of the
loci in P. sylvestris were polymorphic and the mean ob-
served and expected heterozygosity values were 0.282 and
0.286, respectively. Interpopulation genetic diversity was
about 3 % of the total genetic diversity and the level of
gene flow was 8.68. NEI's genetic distance coefficient rang-
ed from 0.005 to 0.046 among populations and averaged
0.017. From the dendrogram it can be seen that clustering
did not reflect geographical proximity. The data also show
that P. cretacea, which occurs on ancient carbonate rock
outcrops, can be regarded simply as a race of P. sylvestris.
On the whole, our results demonstrate that sufficient ge-
netic variation exists in P. sylvestris to explain its great
ecological plasticity and evolutionary potential. Estimated
parameters of gene diversity, genetic distance and gene
flow show that the P. sylvestris populations we studied
share a common gene pool.
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Introduction

Scotch pine (Pinus sylvestris L.) is one of the most wide-
spread of the Eurasian coniferous species (Bosrov, 1978).
P. sylvestris is distributed from the Atlantic to the Pacific
Ocean (Pravpin, 1964; CritcurieLp and LitTTLE, 1966). Within
its distribution, Scotch pine can grow in absolutely dif-
ferent ecological conditions, including extreme ones such
as the bounds of the tundra, bogs, steppes, and moun-
tains. Such a wide range of ecological conditions could
favour the formation of variety of ecotypes. Within P.
sylvestris a few geographical races with numerous types
have been described (Komarov, 1934; SukHacHyvov, 1938;
Karrer, 1954; PravpIN, 1964; Bosrov, 1978; Kozusov and
MuraTova, 1986).

Till recently, researchers analyzed only phenotypical
traits of trees in P. sylvestris populations. However, these
traits are influenced by the environment and by multiple
genes.

In recent years, it has become evident that use of iso-
zyme electrophoresis may be valuable in the study of ge-
netic structure of coniferous species. By the end of the
80s, in different countries of the world gene pools of more
than 40 coniferous species were analyzed by means of
isozyme electrophoresis (Hamrick et al., 1981; LEpic, 1986;
GONCHARENKO et al., 1989). However, population and genet-
ic study of P. sylvestris by isozyme electrophoresis was
fragmentary because researchers used either few loci or
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few populations (Krzakowa et al., 1977; GurLLsErG et al.,
1982 and 1985; Krzakowa, 1982; SzmipT, 1984; MEINARTOWICZ
and BERGMANN, 1985; MULLER-STARck and GREGORIUS, 1986;
DukHAREV et al., 1987; Paburov et al., 1989; Starova et al.,
1990; Firerura et al.1992). Only scotch populations of P.
sylvestris were studied more intensively; 16 allozyme loci
were used to assay genetic structure, including gene
diversity and genetic differentiation (KinLocH et al., 1986).

The purpose of our study was to investigate genetic
structure, levels of variation. and differentiation in 18
central and isolated populations of P. sylvestris in eastern
Europe and western Siberia.

Materials and Methods

Materials

This study was based on seeds collected in 1986 to 1992
from 586 individual trees in seven P. sylvestris natural
populations from the continuous part of its distribution
(i. e., Tukumus in Iiatvia; Albertin, Podsvilye, and Mar-
kovichi in Belarus; Polessky reserve in Ukraine; Karaul-
noye and Uyarskoye in Russia) and in 11 Scotch pine pop-
ulations isolated from the main distribution (i.e., 4 popu-
lations from Vygodskaya, Mizunskaya, Zelenskaya, and
Gorganskaya in the Ukrainian Carpathians; 1 population
from the Novomoskovsk pine forest in the Ukrainian
forest-steppe zone; 2 populations from the Kursk pine for-
est and Usman pine forest in the Russian forest-steppe
zone; and 4 populations grown on cretaceous soils from
Slavyansk in Ukraine and from Shebekino, Khvalynsk,
and Zhygulyovsk in Russia). Some scientists (Lvea, 1955;
MasHKIN, 1971; ArTaMoONoOv, 1989) consider that trees of the
latter 4 populations belong to another species, Pinus cre-
tacea KaLEN. Locations of the populations sampled are
shown in figure 1.

Isozyme analysis

Individual trees were genotyped using 8 to 20 mega-~
gametophytes for every locus. The megagametophytes were
sampled randomly from a set of not less than 40 seeds
extracted from 3 to 20 cones from each of the 586 trees.

Methods of enzyme extraction and electrophoresis fol-
lowed ConkLE et al. (1982), CuieLiak and Prrer (1984) and
GoONCHARENKO et al. (1989). The enzymes were electropho-
resed in vertical and horizontal chambers on 13 % to 14 %
starch gel. For electrophoresis, 3 buffer systems were used:
A) tris-EDTA-borate, pH 8.6, B) tris-citrate, pH 6.2, C) tris-
citrate, pH 6.2 (electrode buffer)/tris-HCI, pH 8.0 (gel buf-
fer) (GoNcHARENKO et al., 1992).

Recipes for histochemical enzyme staining followed the
standard methods (ConkLE et al., 1982; CueLiak and PITEL,
1984) with insignificant modifications. The enzymes as-
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Figure 1. — Natural distribution of Pinus sylvestris — stippled area - in eastern Europe and Asia
(PravDIN, 1964; Crircurirrp and Larrie, 1966) with locations of 18 sampled populations: 1 — Tukumus, 2 —
Albertin, 3 — Podsvilye, 4 — Polesye, 5 — Markovichi, 6 — Vygodskaya, 7 — Mizunskaya, 8 — Zelens-
kaya, 9 — Gorganskaya, 10 — Novomoskovsk, 11 — Slavyansk, 12 — Shebekino, 13 — Kursk, 14 —
Usmansk, 15 — Khvalynsk, 16 — Zhygulyovsk, 17 — Karaulnoye, 18 — Uyarskoye.

Table 1. — Enzymes, their Abbreviations (Abbr.), Enzyme Commission numbers (EC), number of loci scored
(Scor.), and buffer systems used for electrophoresis.

Enzyme Abbr. EC na. Scor. loci Buffer
Alcohol dehydrogenase ADH 1.1.1.1 2 A
Aspartate aminotransferase AAT 2.6.1.1 3 A
Di apharase DIA 1.6.4.3 2 c
Fluorescent esterase FL-EST 3.1.1.2 1 B
Glucose phosphate isomerase GP1 5.3.1.9 1 B,C
Glutamate dehydrogenase GDH 1.4.1.2 1 A
Isaocitrate dehydrogenase IDH 1.1.1.42 1 c
Leucine aminopeptidase LAP 3.4.11.1 2 A,C
Malate dehydrogenase MDH 1.1.1.37 4 c
Phosphoglucomutase PGM 2.7.9.1 2 A
&6-Phosphagluconate dehydraogenase 6-PGD 1.1.1.44 2 B,C

sayed, their abbreviations, the buffer systems used, and
the number of loci consistently scorable are given in
table 1.

Alleles were designated as described by PrakasH et al.
(1969). Within each locus, the most common allele and the
corresponding . allozyme in P. sylvestris were designated
with the arbitrary value 1.00. The other alleles were num-
bered according to the electrophoretic migration of allo~
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zymes relative to the commonest allozyme. Null alleles
were designated by the symbol 0.

Statistical analysis

To estimate levels of genetic variation, diversity, dif-
ferentiation, and gene flow in the populations studied we
used all the parameters earlier applied to P. pumila (Gon-
cHARENKO et al., 1993a): expected heterozygosity (H,), ob-
served heterozygosity (H,), percent polymorphic loci (Pgg
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Figure 2. — Relative mobility and designation of the electrophoretic variants at 21 loci found
in P. sylvestris.

— the frequency of the most common allele was not
greater than 99 % and P,), the mean number of alleles
per locus (A), Ner’s genetic distance coefficient (Dy), para-
meters of WricHT’s F-statistics and Ner's G-statistics (Frg
Fi1, Fsr, and Ggrp), and the gene flow parameter (N,m).

Results and Discussion

Enzyme phenotypes
All the electrophoretic allelic variants revealed in our
study of P. sylvestris are shown schematically in figure 2.

Alcohol dehydrogenase (ADH)

Two zones of activity were observed on gels stained for
ADH. In both zones (ADH-1 and ADH-2) 4 electrophoretic
variants were observed. In addition both zones had null
variants.

Aspartate aminotransferase (AAT)

Gels stained for AAT had 3 zones of activity, the lower
zone being double-banded. These 3 zones, AAT-1, AAT-2,
AAT-3, were all variable in P. sylvestris. The fastest
migrating zones, AAT-1 and AAT-2, had null variants.

Diaphorase (DIA)

There were 4 zones of activity on gels stained for DIA
but only 2 zones, the fastest zone (DIA-1) and the slowest
zone (DIA-2), produced clear bands. These zones were
polymorphic. The middle zones were not scored. The faster
migrating zone (DIA-1) had null variants.

Fluorescent esterase (FL-EST)

There was 1 variable zone of activity on gels stained for
FL-EST. Other zones of fluorescent activity were diffused
and inconsistently resolved.

Glucose phosphate isomerase (GPI)

Gels stained for GPI had 2 zones of activity. Bands of
the faster migrating zone sometimes blurred and stained
faintly, therefore, this zone was difficult to interpret and
not scorable in our study. The slower zone had 4 different
variants.

Glutamate dehydrogenase (GDH)

One zone of activity was observed on gels stained for
GDH with 3 variants. Two additional zones of activity,
ADH-1 and ADH-2, were often observed.

Figure 3. — Zymogram of MDH allozymes of megagametophytes P. sylvestris: slots 1,9,19,20 — Mdh—1!-*Mdh-2!-®Mdh-3!-%Mdh-48-5;
slots 2,3 — Mdh-11-%Mdh-2!-®*Mdh-3!-% Mdh-4%-%; slots 4,6,17,18 —Mdh-1!-%* Mdh-2!- Mdh-3°-7 Mdh-4''%; slots 5, 8, 10 to 16 — Mdh—11-®
Mdh-2!;% Mdh-3':% Mdh-41:%; slot 7 — Mdh-1!"1% Mdh-2!-®*Mdh-3!-®Mdh-4!-%,
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Isocitrate dehydrogenase (IDH)

Gels stained for IDH had 2 zones of activity. The slower
zone was weak and inconsistently resolved. The faster
zone demonstrated clear bands but showed no variability.

Leucine aminopeptidase (LAP)

Two zones of activity occurred on gels stained for LAP.
Three electrophoretic variants for LAP-1 and four variants
for LAP-2 were observed. In addition, both zones had
null variants.

Malate dehydrogenase (MDH)

Gels stained for MDH had 4 zones of activity. All zones
were polymorphic. There was an interlocus heterodimer
formed as the result of interaction of MDH-2 and MDH-3.
The heterodimeric band was always midway between
MDH-2 and MDH-3. The heterodimeric bands and some
electrophoretic variants of MDH-1, MDH-3, and MDH-4
are shown in figure 3. MDH-2 zone had 2 different null
variants. When in the presence of the 1st null variant
(designated by symbol 0),both MDH-2 and the hetero-

Table 2. — Segregation of allozyme variants in P. sylvestris.

Locus Allele Ratio j‘t lLocus Allele Ratio ]‘z
Adh-1 0.80/71.00 7:6 0.08 I1Gdh 1.00/1.30 837:856 0.21
1.00/1.10 951:880 2.75 1 1.00/71.40 3:5 0.50
1.00/71.20 2:6 2.00 IlLap—-1 0.95/1.00 1&2:190 2.57
1.00/0 6:2 2.00 1 0.95/0 3:5 0.50
Adh-2 0.30/70.80 g:8 0.06 1 1.00/0 8%9:83 0.21
0.30/0 14:21 1.40 | 1.00/1.05 27:31 0.28
0.30/1.00 429:502 5.72%1Lap-2 0.95/71.00 143:1646 1.7%
0.30/1.60 12:23 3.46 1 1.00/0 S5:9 1.14
0.80/1.00 13:=11 0.17 1 1.00/1.05 156:127 2.97
1.00/0 39: 45 .43 IMdh-1 0.85/71.00 4: 4 0.00
1.00/1.60 134:134 0.00 1! 1.00/1.15 166:155 0.38
1.60/0 5:9 1.14 IMdh-2 0.80/1.00 86:81 0.15
ARat-1 1.00/1.20 44: 30 0.42 1 1.00/0 7:5 0.33
1.00/0 9:3 3.00 1 1.060/0 58: 36 5. 15%
Aat-2 1.00/0 71:63 0.48 1 1.00/1.10 4:8 1.33
1.00/71.10 643:627 0.2% 1Mdh-3 0.70/70 3:5 0.50
1.10/0 30:20 2.00 0.70/71.00 &628:4679 1.99
1.00/1.25 64: 66 0.03 1} 0.90/0 12:8 0.80
1.10/1.25 34:24 1.72 1 1.00/0 12:12 0.00
1.2571.40 5:3 0.50 1 1.00/0 11:9 0.20
Aat-3 1.00/71.90 41:41 0.00 1 1.00/1.20 19:21 0.10
1.90/3.00 25:13 3.7% Mdh-4 1.00/3.00 30:33 0.14
1.00/3.00 641:5613 0.63 ! 1.00/6.50 655:676 0.33
3.00/5.50 2:10 S5.33%1 1.00/8.00 175:144 3.01
Gpi 0.95/71.00 131:144 0.461 1} 1.00/0 5:3 0.50
1.00/1.15 24:16 1.60 1 3.00/6.50 5:3 0.50
1.00/1.25 123:116 c.21 1 6.50/8.00 110:118 0.28
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Locus Allele Ratio }“ ILocus Allele Ratio J(‘z
Dia—-1 0.85/70.90 27:21 0.75 IPgm-1 0.95/1.00 102:164 14.45%»

0.85/71.00 511:548 3.01 1 1.00/1.05 139:135 0.046

0.85/71.20 Q:9 0.00 IPgm-2 0.95/71.00 12:18 1.20

0.90/1.00 135:160 2.12 1 1.00/1.10 57:49 0. 60
0.90/1.20 7:1 4.50%] 1.00/0 9:2 4. 45

1.00/0 40: 34 0.49 16-Pgd—-1 0.85/0.95 14:22 1.78

1.00/1.20 11:14 0.36 1 0.8571.00 20:34 3.63

Dia-2 0.80/1.00 22:13 2.31 1 0.85/71.30 4:4 0.00

1.00/1.15 4:4 0.00 1| 0.95/1.00 802:805 0.01

Fl1-Est 0.30/0.70 82:77 0.16 1 0.95/71.30 3:5 0.50

0.30/1.00 3I57:338 0.52 1 1.00/1.05 8:6 0.29

0.30/1.20 4:4 0.00 1 1.00/1.30 7:11 0.89

0.70/1.00 288:;284 0.03 16-Pgd-2 0.80/0.90 20:24 0.36

1.00/1.20 8:10 0.22 1 0.80/1.00 14:16 0.13

] 0.90/1.00 642:700 2.51

*) level of significance << 0.05
*+) level of significance < 0.001

dimeric bands showed no activity. In the presences of the
2nd null variant (designated by symbol 0’) only the MDH-2
band disappeared, whereas the heterodimeric band was
conserved. An analogous situation was found for the
MDH-3 zone.

Phosphoglucomutase (PGM)

There were 2 zones of activity on gels stained for PGM,
with the more anodal zone (PGM-1) staining most in-
tensely. Both zones, PGM-1 and PGM-Z, were variable
with 3 and 4 variants, respectively. A null variant was
observed only in the PGM-2 zone.

6-Phosphogluconate dehydrogenase (6-PGD)

Two zones of activity were evident on gels stained for
6-PGD. Both zones were polymorphic. The faster zone,
6-PGD-1, consisted of 5 isozyme variants. The slower
zone, 6-PGD-2, consisted of 4 variants. 6-PGD zones may
overlap each other: depending upon their variants (Fig. 2).

Segregation

Electrophoresis of 11 enzyme systems revealed 88 dif-
ferent electrophoretic variants in the 18 P. sylvestris pop-
ulations investigated. Analysis for segregation of hap-
loid megagametophytes in heterozygous trees enabled us
to establish that these variants were under gene control.
Data on segregation of electrophoretic variants in P. syl-
vestris heterozygous trees are presented in table 2. As seen
in the table, cases of distortion of the expected 1:1 segre-
gation occurred for some allelic combinations at Adh-2,

Aat-3, Dia-1, Mdh-2, Pgm-1, and Pgm-2. If the same al-
leles formed other allelic combinations, the 1:1 segrega-
tion ratio was observed (Table 2). Other researchers who
studied P. sylvestris also detected deviation from a 1:1
segregation ratio. For example, RupiNn and ExBerc (1978)
found deviations from the expected 1:1 segregation ratio
at GOT-B, GOT-MC, LAP-A, LAP-B, MDH-MB, and
PHOS-MEL. Furthermore, Szmipt and Muona (1989) observ-
ed similar deviations at ADH-1, ADH-2, GOT-2, Dia-1,
Dia-2, Dia-3, Lap-2, Pgm-1, Fl-Est, Shd-1, and Shd-2 in
certain individuals. On the whole, the data presented in
table 2 are in good agreement with the supposition that
the electrophoretic variants revealed in P. sylvestris are
under gene control.

All the allelic variants at the 21 structural loci assayed
in the current study are shown in figure 2. At most of the
genes analysed in P. sylvestris, 3 and more alleles were
present (Fig. 2). At 11 loci, null alleles were found.

Genetic variation

Allelic frequencies for all the 88 alleles at 21 loci and
observed heterozygosity values are listed in table 3. From
the table it can be seen that the 1.00 allele is the most
frequent in each locus in all the populations studied except
for Aat-3, Adh-1, Gdh, Mdh-4, and 6-Pgd-1 at which other
alleles were predominant in some populations. It should be
noted that of 88 alleles 31 appeared to be rare, i.e. in P.
sylvestris their frequencies are lesser than 1 %. Aat-2.
Aat-3, Adh-1, Adh-2, Gdh, Dia-1, Mdh-3, Mdh-4, Fl-Est,
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Table 3. — Allele frequencies for 21 loci in 18 populations of P. sylvestris.

Locus | Populations#

emcvea|escearonrcccncananaaan cmecmcmemmcceece———— ceeemceemce———— cececcccmranceannas. e

Allelel 1 2 3 4 S b 7 [ ] 9 10 t 12 13 14 15 16 17 18
In#endl nsbl ns37 n=30 ns44  n=30 n=30 n=31 n=34 n=30 n=32 n=30 =12 n=25 n=30 n=30 n=22 n=id

0 0.000 0.000 0,000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.017 0.000 0.000
0.80 0.011 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
1.00 0.589 0.5146 0.405 0.700 0.568 0.483 0.750 0.774 0.529 0.6467 0.472 0.700 0.625 0.680 0.533 0.783 0.455 0.423
1.10  0.400 0.484 0,395 0.300 0.432 0.300 0.250 0.224 0.471 0.333 0.328 0.300 0.375 0.320 0.447 0.200 0.545 0.577
1.20  0.000 0.000 0,000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.060Q

Hosse 0,733 0.607 0.579 0.333 0.591 0.533 0.433 0.258 0.559 0.400 0.406 0.447 0.250 0.560 0.400 0.367 0.545 0.538

0 70.011 0,000 0.009 0.050 0.024 0.000 0.050 0.000 0.000 0.083 0.000 0,000 0.083 0.000 0.033 0.000 0.000 0.000
0.30 0.200 0.176 0.255 0,283 0.256 0.333 0.083 0.141 0.265 0.1467 0.203 0.000 0.208 0.240 0.250 0.133 0.114 G.308
0.70 0,000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.017 0.014 0,017 0,000 0.000 0,050 0.017 0.023 0.000
1.00 0.689 0.678 0.675 0.417 0,659 0.550 0.800 0.790 0.706 0.667 0.719 0.967 0,425 0.740 0,650 0.800 0.795 0.692
1.60 0.100 0.148 0.041 0,050 0.041 0.117 0,067 0.048 0.029 0.067 0,063 0.017 0.083 0.020 0,017 0.050 0.068 0.000
Ho 0.533 0.556 0.456 0.567 0.488 0,600 0.400 0,290 0,529 0.433 0,405 0,087 0,647 0.440 0,400 0.367 0,227 0,462
Aat-1
0 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0,000 0.000 0.000 0.045 0.000
1.00 0,989 0.977 0.982 0.983 0.9856 0.983 0.917 1.000 1.000 0.983 1,000 0,950 1,000 §.000 1.000 0.983 0.955 1.00¢C
1.20  0.011 0.023 0.018 0,017 0.014 0.017 0.083 0.000 0.000 0.017 0.000 0.050 0.000 0,000 0.000 0.017 0.000 0.000
Ho 0.022 0.047 0,035 0.033 0.027 0.033 0.100 0.000 0.000 0.033 0.000 0,100 0,000 0,000 0.000 0,033 0.09t 0.000
Aat-2
0 0.01t 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.059 0.000 0.033 0,150 0,000 0.020 0.017 0,033 0.000 0.038
1.00 0.567 0.487 0.570 0.500 0.383 0.550 0.733 0.629 0.4691 0.583 0.667 0.750 0.425 0.580 0.647 0.567 0.727 0.4692
1. 10 0.344 0,368 0.377 0.478 0.278 0.433 0.233 0.339 0.250 0.317 0,300 0.100 0.333 0.360 0.317 0.383 0.273 0.23!
1.25  0.077 0.145 0.053 0.022 0,339 0.047 0.033 0.032 0.000 0.083 0.000 0.000 0.042 0.040 0.000 0.017 0.000 0.0638
1.40 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,017 0,000 0,000 0.000 0,000 0.000 0,000 0,000 Q.000
Ho 0.556 0.632 0.439 0.391 0.528 0.500 0.447 0.258 0.500 0.500 0.533 0,300 0.417 0.520 0,267 0,633 0.364 0.462
Aat-3
1,00 0,644 0.576 0.684 0.400 0.579 0.583 0.647 0.435 0.662 0.450 0.650 0.554 0.625 0.680 0.583 0.750 0.477 0.515
1.90 0.011 0.098 0.009 0.000 0,132 0.000 0,000 0,000 0.000 0.000 0.033 0.071 0,000 0.040 0,000 0,000 0,048 Q.000
3.00 0.344 0.324 0.307 0.400 0,289 0.417 0,333 0,565 0,338 0,350 0.317 0.375 0.375 0.240 0.417 0.250 0.455 0.38S
5.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0,040 0,000 0,000 0.000 0,000

Ho 0.378 0.630 0.351 0.267 0.458 0.500 0.333 0.355 0.471 0.3567 0,347 0,500 0.417 Q.320 0.233 0,423 0.409 0.308

1.00 1,000 1.000 1.000 1,000 1.000 1.000 {.000 1.000 1,000 1.000 1,000 1.000 1.000 1.000 1,000 1,000 1.000 {,000

Ho 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0,000 0.000 0,000 0,000 0.000 0.000 0.000 0,000
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1.20
Ho
Dia-2

0.80

Lap-2

0.95
t.00
1.03

1.10

6-Pgd-

0.000
0.178
0.044
0.778
0.000

0.356

0,000
1.000
0.000

0.000

0.000
0.011
0.989
0.006

0.022

0.000
0.036
0.900
0.044

0.000

0.380
0.000
0.000
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2

0.011
0.034
0.193
0.761

0.384

0.000
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0.012
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0.000

0.4563

0.000
1.000
0.000

0.000

0.065
0.016
0.903
0.016

0.194

0.000
0.000
1.000
0.000
0.000

0.000

0.000
0.403
0.597
0.000
0.000

0.694

0.000
0.030
0.303
0.647

0.483

0.044
0.175
0.097
0.675
0.009

0,439

0.000
1.000
0.000

0.000

0.096

0.044.

0.825
0.035

0.228

0.009
0.061
0.930
0.000
0.000

0.140

0.044
0.447
0.491
0.009
0.009

0.474

0.000
0.018
0.316
0.667

0.491

0.067
0.133
0.0467
0.733
0.000

0.433

0.000
0.983
0.017

0.033

0.017

0,033

0.900
0.050

0.200

0.000
0.033
0.867
0.083
0.017

0.267

0.000
0.400
0.600
0.000
0.000

0.333

0.000
0.000
0.200
0.800

0.400

0.000
0.359
0.0256
0.613%
0.000

0.718

0.000
0.968
0.032

0,043

0.017
0.033
0.900
0,050

0.200

0.000
0.129
0.839
0.032
0.000

0.323

0.000
0.347
0.453
0.000
0.000

0.394

0.000
0.050
0.300
0.46350

0.633

0.000
0.233
0.067
0.700
0.000

0.533

0.000
1.000
0.000

0.000

0.000
0.050
0.950
0.000

0.100

0.000
0.017
0.967
0.017
0.000

0.067

0.047
0.414
0,534
0.000
0.034

0.724

0.000
0.000
0.431
0.569

0.517

0.000
0.250
0.067
0.5683
0.000

0,467

0.000
1.000
0.000

0.000

0.000
0.017
0.987
0.017

0.067

0.000
0.000
0.917
0.083
0.000

0.167

0.000
0.433
0.550
0.000
0.017

0.547

0.000
0.033
0.333
0.633

0.367

0.000
0.016
0.081
0.903
0.000

0.194

0.000
1.000
0.000

0.000

0.063
0.000
0.935
0.000

0.129

0.000
0.000
0.984
0.016
0.000

0.032

0.000
0.274
0.726
0.000
0.000

0.419

0.000
0.000
0.435
0.365

0.484

0.000
0.088
0.044
0.868
0.000

0,265

0.000
1.000
0.000

0.000

0.000

0.015

0.983

0.000

0.029

0.000
0.088
0.882
0.029
0.000

0.235

0.020
0.200
0.780
0.000
0.000

0.400

0.000
0.000
0.400
0.600

0.280

0.033
0.400
0.117
0.450
0.000

0.600

0.000
1.000
0.000

0.000

0.033
0.050
0.917
0.000

0.167

0.000
0.017
0.983
0.000
0.000

0.033

0.000
0.362
0.4621
0.000
0.017

0.517

0.000
0.000
0.397
0.603

0.517

0.017
0.267
0.033
0.683
0.000

0.467

0.000
1.000
0.000

0.000

0.017
0.050
0.933
0.000

0.133

0.000
0.017
0.950
0.033
0.000

0.100

0.000
0.233
0.7%0
0.000
0.017

0.500

0.000
0.000
0.283
0.717

0.367

0.000
0.250
0.000
0.750
0.000

0.500

0.000
1.000
0,000

0.000

0.017

0.150

0.833

0.000

0.300

0.000
0.000
0.917
0.083
0.000

0.100

0.03%
0.333
0.6114
0.000
0.000

0.741

0.000
0.000
0.463
0.537

0.704

0.042
0.250
0.000
0.708
0.000

0.417

0.000
1.000
0.000

0.000

0.000
0.000
1.000
0.000

0.000

0.000
0.083
0.917
0.000
0.000

0.147

0,000
0.542
0.417
0.042
0.000

0.333

0.000
0.042
0.417
0.542

0.333

0.000
0.220
0.100
0,480
0.000

0.520

0.000
t.000
0.000

0,000

0.000
0.020
0.980
0.000

0.040

0,000
0.100
0.820
0.080
0.000

0.360

0.040
0.380
0.380
0,000
0.000

0.440

0.000
0.000
0.240
0.7560

0.480

0.000
0.141
0.071
0.750
0.018

0.393

0.000
0.982
0.018

0,036

0.0t7
0.000
0.983
0.000

0.033

0.000
0.017
0.950
0.033
0,000

0.100

0.034
0.414
0.352
0.000
0.000

0.3586

0.000
0.000
0.276
0.724

0.414

0.000

0.300

0.033

0.000

0.067

0.017
0.067
0.917
0.000

0.167

0.000
0.017
0.983
0.000
0.000

0.033

0.022
0.324
0.652
0.000
0.000

0.696

0.000
0.000
0.391
0.609

0.433%

0.000
0.250
0.000
0.750
0.000

0.3t8

0.0Q0
1.000
0.000

0.000

0.000
0.000
1.000
0.000

0.000

0.000
0.068
0.909
0.023
0.0090

0.182

0.000
0,500
0.500
0.000
0.000

0.56346

0.000
0.000
0.500
0.500

0.455%

0.000
0.115
0.000
0.845
0.038

0.308

¢. 000
1.000
0.000

0.000

0.038
0.000
0.962
0.000

0.077

0.000
0.077
0.923
0.000
0.000

0.154

0.000
0,615
0.385
0.000
0.000

0.308

0.000

0.000

0.692

0.308




Gdh
1.00

1.30

Ndh-4

1.00
3.00
6.50
8.00

Ho
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0.044
0.944
0.000
0.011

0.111

0.567
0.433
0.000

0.511

0.000
0.989
0.0t1

0.022

0.000
0.000
0.000
0.989
0.011

0.022

0.011
0.022
0.278
0.000
0.678
0.011

0.489

0.000
0.678
0.000
0.244
0.078

0.489

0.054
0.844
0.078
0.022

0.244

0.685
0.315
0.000

0,519

0.000
0.927
0.073

0.104

0.010
0.010
0.000
0.979
0.000

0.042

0.020
0.000
0.230
0.000
0.73%0
0.000

0.440

0.000
0.426
0.000
0.426
0.147

0.735

0.018
0.982
0.000
0.000

0,035

0.561
0.439
0.000

0.421

0.000
0.877
0.123

0.24%

0.000
0.053
0.000
0.947
0.000

0.070

0.009
0.000
0.201
0.000
0.781
0.009

0.298

0.000
0.561
0.018
0.360
0.061

0.544

0.033
0.917
0.000
0.050

0,147

0.583
0.400
0.017

0.300

0.000
0.9%50
0.050

0.100

0.000
0.000
0.000
1.000
0.000

0.000

0.000
0.000
0.383
0.000
0.417
0.000

0.367

0.000
0.450
0.017
0.400
0.133

0.600

0.035
0.834
0,023
0.058

0.233

0.707
0.293
0.000

0.439

0.000
0,943
0.057

0.114

0.000
0.011
0.000
0.989
0.000

0.023

0.000
0.000
0.273
0.000
0.727
0.000

0.3500

0.01S
0.471
0.01%
0.338
0.162

0.794

0.647
0.333
0.000

0.433

0.000
0.9a3
0.017

0.033

0.000
0.000
0.000
1.000
0.000

0.000

0.000
0.000
0.187
0.000
0.833
0.000

0.2487

0.000
0.517
0.034
0;24!
0.207

0.552

3 0.017

0.933
0.033
0.017

0.067

0.767
0.233
0.000

0.4467

0.000
0.947
0.033

0.067

0.017
0.000
0.117
0.867
0.000

0.247

0.000
0.000
0.117
0.000
0.883
0.000

0.1467

0.000
0.5647
0.000
0.383
0.030

0.3500

0.183
0.817
0.000
0.000

0.300

0.419
0.581
0.000

0.516

0.000
0.935
0.063

0.063

0.000
0.000
0.000
1.000
0.000

0.000

0.000
0.000
0.143
0.016
0.823
0.016
0.335

0.000
0.726
0.000
0.194
0.081

0.516

0.063
0.937
0.000
0.000

0.125

0.515
0.483
0.000

0.500

0.000
1.000
0.000

0.000

0.000
0.000
0.000
1.000
0.000

0.000

0.000
0.000
0.044
0.000
0.941
0.01%

0.118

0.000
0.640
0.000
0.340
0.020

0.480

0.033
0.917
0.000
0.050

0.147

0.650
0.350

0.000

0.017
0.883
0.100

0.167

0.000
0.017
0.000
0.983
0.000

0.033

0.000
0.000
0.400
0.000
0.4600
0.000

0.333

0.000
0.550
0.000
0.350
0.100

0.500

0.123%
0.828
0.000
0.047

0.344

0.766
0.234
0.000

0.4068

0.000
0.922
0.078

0.156

0.000
0.018
0.047
0.938
0.000

0.125

0.000
0.000
0.328
0.000
0.4672
0.000

0.531¢

0.000
0.406
0.000
0.453
0.141

0.406

0.000
0.833
0.000
0.1867

0.267

0.000

0.400

0,000
1.000
0.000

0.000

0.000
0.000
0.000
1.000
0.000

0.000

0.000
0.000
0.183
0.000
0.817
0.000

0.187

0.000
0.667
0.000
0.283
0.050

0.633

0.042
0.875
0.000
0.083

0.250

0.542
0.458
0.000

0.750

0.000
1.000
0.000

0.000

0.000
0.042
0.042
0.917
0.000

0.147

0.000
0.042
0.250
0.000
0.708
0.000

0.583

0.000
0.467
0.000
0.292
0.042

0.230

0,020
0.960
0.000
0.020

0.080

0.700
0.300
0.000

0.520

0.000
0.940
0.040

0.080

0.000
0.000
0.020
0.930
0.000

0.040

0.000
0.000
0.180
0.000
0.820
0.000

0.3460

0.000
0.480
0.000
0.260
0.060

0.560

0.017
0.917
0.017
0.050

0.167

0.4650

0.350

0.000

0.300

0.000
0.983
0.017

0.033

0.000
0.000
0.133
0.000
0.850
0.017

0.300

0.000
0.433
0,000
0.467
0.100

0.600

0.033
0.9467
0.000
0.000

0.067

0.700
0.300
0.000

0.333

0.000
0.983
0.017

0.033

0.000
0.033
0.000
0.967
0.000

0.067

0.000
0.017
0.200
0.000
0.783
0.000

0.267

0.000
0.533
0.000
0.367
0.100

0.667

0.000
1.000
0.000
0.000

0.000

0.682

0.000

0.636

0.000
0.932
0.0&8

0.138

0.000
0.091
0.000
0.909
0.000

0.182

0.000
0.000
0.203
0.000
0.795
0.000

0.409

0.000
0.364
0.000
0.636
0.000

0.545

0.038
0.962
0.000
0,000

0.077

0.885
0.115
0.000

0.231t

0.000
1.000
0.000

0.000

¢.000

0.923
0.000

0.154

0.000
0.000
0.154
0.000
0.846
0,000

0.308

0.000
0.462
0.000
0.423
0.115

0.692



0.500 0,625 0.700 0.6467 0.563 0.636 0.731

F1-Est
0.30 0.122 0.177 0,138 0.200 0.210 0.0567 0.083 0,306 0.088 0.174 0,268 0.500 0.000 0.140 0.117 0.152 0.182 0.154
0.40  0.011 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0.000. 0,000 0.000 0.000 0.000 0.000 0.017 0.000 0,000 0.000
0.76  0.078 0.081 0.053 0.150 0.113 0.150 0.083 0.238 0.074 0.217 0.071 0,000 0.375 0.120 0.183 0.283 0.182 0.077
0.93  0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.000 0.017 0.000 0.000 0.038
1.00 0.767 0.742 0.772 0.650 0.677 0.783 0.833 0.435 0.838 0.409 0.661

1.03

Ho 0.444 0,387 0.316 0.433 0.581 0.300 0.333 0.613 0.235 0.739 0.321

Poa-1
0.93%

1.00

0.922 0.918 0.904 0.933 0.88% 0.900 0.900 0.917 0.926 0.917 0.953 1.000 0.87% 0.980 0.950 0.917

0.022 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.020 0,000 0,000 0.000 0.000

0.481 0,583 0.520 0.533 0.4696 0.545 0.38S

0.044 0.041 0,053 0.017 0.056 0.083 0,050 0,033 0.029 0.017 0.031 0.000 0.042 0.000 0.000 0.033 0.000 0.000

1,000 1,000

0.033 0.041 0.044 0.050 0.056 0.017 0,050 0.050 0.044 0,067 0.016 0.000 0,083 0.020 0,050 0.050 0,000 0.000

Ho 0.111 0.164 0.193 0.067 0.222 0.200 0.200 0.167 0.147 0.167 0.094 0,000 0,250 0.040 0.100 0.147 0.000 0,000

Pqoa-2

0 0.000 0.000 0,009 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000
0.95  0.000 0,000 0.009 0.000 0,000 0.000 0.000 0.000 0.000 0,017 0,000 0,000 0.000 0.020 0.000 0,000 0.000 0,000
1.00 1.000 1.000 0.982 0.9467 1.000 1.000 0.950 1.000 1.000 0.983 0.984 1.000 0.958 0.980 1.000 1.000 1.000 1.000
1,10 0.000 0.000 0,000 0.033 0.000 0,000 0,050 0.000 0.000 0,000 0.016 0.000 0,042 0.000 0.000 0.000 0.000 0,000

Ho 0.000 0.000 0.035 0.067 0,000 0,000 0,100 0.000 0.000 0.033 0.031 0.000 0.083 0.040 0,000 0,000 0.000 0.000

*) Populations: 1 — Tukumus, 2 — Albertin, 3 — Podsvilye, 4 — Polesye, 5§ — Markovichi, 6 — Vygodskaya, 7 — Mizunskaya, 8 —
Zelenskaya, 9 — Gorganskaya, 10 — Novomoskovsk, 11 — Slavyansk, 12 — Shebekino, 13 — Kursk, 14 — Usmansk, 15 — Khva-

lynsk, 16 — Zhygulyovsk, 17 — Karaulnoye, 18 — Uyarskoye.

**) n — number of trees analysed
**+) Ho — observed heterozygosity

6-Pgd-1, and 6-Pgd-2 were the most variable loci; their
expected heterozygosities were greater than 35 %. Over 6
other loci (Gpi, Lap-1, Lap-2, Mdh-1,Mdh-2, and Pgm-1)
heterozygosity values ranged from 5 % to 20 %. Aat-1,
Dia-2, and Pgm-2 appeared to be the least variable; their
heterozygosities were not more than 5%. In most of the
populations at Dia-2 and Pgm-2 there was no genetic
variation. Only Idh was monomorphic over all the pop-
ulations assayed.

Table 4 lists genetic variation values calculated for the
P. sylvestris populations studied. As seen in table 4, per-
cent polymorphic loci at 99 % criterion in the East-Eu-
ropean populations varies from 714 % to 90.5 %. It is
interesting to note that central and isolated populations do
not demonstrate pronounced differencies in this parameter
as far as the highest proportion of polymorphic loci, 0.905,
was observed both in 3 populations from the main distri-
bution (Podsvilye, Polesye, and Markovichi) and 3 isolat-
ed ones (Mizunskaya, Zhygulyovsk and Novomoskovsk).
A similar situation was observed at the 95 % criterion,
because the 2 isolated populations had values for percent
polymorphic loci that equaled or exceeded values for any
central population. Nevertheless. in the central populations,
Py, values vary from 81 % to 90.5 % and in the isolated

populations from 71.4 % to 90.5 %. This suggests that popu-
lations from the main segment of the P. sylvestris distribu-
tion are characterized by higher levels of genetic varia-
tion than the isolated populations. Other genetic para-
meters also demonstrate a similar tendency (Table 4). For
example, expected and observed heterozygosities for the
central populations range from 26.5 % to 31.5 % and from
26.5 % to 36.8 %, respectively, while in the isolated pop-
ulations, H, and H, values vary from 22.7 % to 30.5 % and
from 23.2 % to 30.5 %, respectively. With regard to the
average number of alleles per locus, the central popula-
tions had values in excess of 2.47 while for the isolated
populations it was generally lower (Table 4). This empha-
sizes once again that genetic variation is somewhat higher
in the central populations than in the isolated populations.
This low variation in isolated East-European P. sylvestris
populations might not be casual and, perhaps, is the result
of inbreeding and drift in small populations. Further
studies are necessary to provide deeper insights.

The Asian populations appeared to exhibit the lowest
level of genetic variation among the 18 populations stud-
ied. However, our analysis of the Asian segment of P.
sylvestris’ distribution was weak because only two Sibe-
rian populations of Scotch pine were assayed.
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Table 4. — Genetic variation in natural populations of P. sylvestris.

Percentage of

Average number

Percentage of heterozygous

Populations* |loci polymorhicjof alleles per laci per individual
, locus
995 1 999 A Expected (He)IObserved (HD)

Tukumus c 0.667 0.857 2.762 0.2565 0.285
Albertin c 0.714 0.810 2.4746 0.296 0.332
Podsvilye c 0.762 0.905 2.952 0.297 0.276
Polesye c 0.762 0.205 2.619 0.297 0.265
Markovichi c 0.762 0.905 2.6567 0.315 0.368
Vygodskaya i 0.619 0.810 2.333 0.271 0.284
Mizunskaya i 0.810 0.90S5 2.524 0.262 0.273
Zelenskaya i 0.714 0.762 2.143 0.254 0.236
Gorganskaya i 0.667 0.714 2.143 0.227 0.232
Novomoskovsk i 0.714 0.90S 2.571 0.305 0.30S
Slavyansk i 0.762 0.857 2.524 0.279 0.271
Shebekino i 0.6867 0.714 2.000 0.256 0.282
Kursk i 0.714 0.7562 2.288 0.295 0.282
Usmansk i 0.571 0.857 2.42% 0.261 0.282
Khvalynsk i 0.7148 0.857 2.667 0.270 0.239
Zhygulyovsk i 0.619 0.%905 2.524 0.267 0.280
Karaulnoye s 0.667 0.714 1.952 0.261 0.271
Uyarskoye s 0.619 0.7148 2.048 0.236 0.227
In total in

the species 0.714 0.%05 4.190 0.286 0.282

*) C — central population, i — isolated population,
S — Siberian population

On the whole, our investigation shows that in the seg-
ments of P. sylvestris distribution studied more than 90 %
of the loci are polymorphic, 28 % to 29 % of genes within
each tree being heterozygous (Table 4). These data sug-
gest that P. sylvestris is the most polymorphic pine species
of all the pine species studied to date on the basis of
analysis for 20 and more loci (GoNcHARENKO et al., 1993b).

Other studies of genetic variation in P. sylvestris popula-

tions were based on analyses for: 10 Polish populations
at 12 and 9 loci (Krzakowa et al., 1977: MeiNARTOWICZ and
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BERGMANN, 1985), 6 Swedish populations at 9 and 13 loci
(GuLLBErG et al., 1982; SzmipnT, 1984), 2 Czechoslovakian
and 1 Ural populations at 10 loci (Starova et al., 1990;
FiLrrura et al., 1992). Samples of trees from the Urals and
a number of Swedish populations were stratified by age.
For a number of Polish and Swedish populations, a mix-
ture of seeds or plus trees were examined. Because of
these reasons and also because of differences in the num-
bers and composition of the loci analyzed, we experienced
some difficulties in comparing our results with those ob-
tained by the aforementioned authors.



Kintocu et al. (1986) carried out a more thorough
analysis for P. sylvestris populations. They studied ge-
netic structures and estimated genetic parameters for 14
Scotch populations at 16 allozyme loci. Averaged expected
(0.31) and observed (0.30) heterozygosities obtained by
these researchers are practically in agreement with ours.

In only 1 study was a low level of variation reported in
P. sylvestris. This was revealed in populations from the
Kalinin Region of the former USSR on the basis of an
analysis of 39 loci (DukHAREV et al., 1987). However, in
that study no data were reported on allelic frequencies,
proportion of polymorphic loci, mean number of alleles
per locus, and expected heterozygosity that would allow
us to make a valid comparison.

Analysis of genetic structure

We used WriGHT’s F-statistics and Ner's G-statistics to
analyze population structure of P. sylvestris. Data on
the correlation between uniting gametes within popula-
tions (Fig), among populations (Fgy), for the species as a
whole (Fyp), and the ratio of diversity among populations
to the total diversity (Ggy) calculated on the basis of ana-
lysis for 21 loci are compiled in table 5.

The Fig values ranged from —0.117 at 6-Pgd-1 to 0.111
at Aat-3 and averaged —0.014. A negative value indicates
an excess of heterozygotes within P. sylvestris popula-
tions. At the same time, the F|p values averaged 0.015,
indicating a 1.5 % heterozygote deficiency in Scotch pine
as a whole. Fig and Fyr.values show that the P. sylvestris
populations studied are in general agreement with Harpy-
WEINBERG expectation. This was obvious from a compari-
son of observed and expected heterozygosities, which were
almost identical (Table 4). Fgy and Ggp values were not
high, 0.028 and 0.033, respectively. Thus about 97% of
genetic variation resides within population and about 3%
among populations. Hence, regardless of the geographical
isolation of most of the populations studied, their genetic
structures are quite similar. It should be noted that in the
course of the previous analyses for Swedish, German, and
Scotch populations of P. sylvestris subdivision was also
weak; Ggr and Fgr values ranged from 1 % to 2.8 %
(GuLLBERG et al., 1982 and 1985; MULLER~-STARCK and GRE-
GORIUS, 1986; KINLOCH et al.. 1986).

Fgr enables us to estimate the level of gene flow, N.m,
as follows: Fgp=1/(1+4N,m). Using the Fgr values ob-
tained (Table 4) we calculated N,m as 8.68. This means
that gene exchange among the P. sylvestris populations
studied is high, its rate being 8 migrants per generation.
Gene flow can occur owing to transfer of pollen and seeds.
In any case, our data show that P. sylvestris populations
exchange genetic material at present or exchanged it not
long ago quite intensively, and as a result they have
similar gene pools, regardless of the fact that most of them
are isolated and disjunct today (Fig. 1).

Genetic distance

Ner's genetic distance coefficient (Dy) was used (NEI,
1972) to estimate genetic differentiation amongst all the
18 P. sylvestris populations assayed, including East-Euro-
pean and West-Siberian populations. Dy values obtained
for the 21 genes are given in table 6. As seen in the table,
the Tukumus population (central) and the Usmansk pine
forest (isolated) have the most similar genetic structures;
the genetic distance coefficient between them was 0.005.
Major differencies in genetic structure occurred between
the Zelenskaya and Uyarskaya populations, Dy values

Table 5. — Estimates of FIS’ FIT' FST and GST for 21 loci in

P. sylvestris.

Locus ! FIS ! FIT ! FST ! GST
Adh-1 ~-0.095 -0.068 0.024 0.039
Adh-2 -0.0156 0.017 0.032 0.035
Aat-1 0.012 0.042 0.031 0.023
Aat-2 0.075 0.109 0.037 0.030
Aat-3 0.111 0.144 0.036 0.025
Gpi -0.005 0.041 0.046 0.044
Gdh -0.030 -0.017 0.03% 0.039
Dia-1 -0.038 -0.000 0.037 0.047
Dia-2 ~0.00% 0.020 0.025 0.023
Idh 0.000 0.000 0.000 0.000
Lap-1 -0.012 0.026 0.038 0.041
Lap-2 -0.044 -0.019 0.025 0.033
Mdh-1 0.021 0.048 0.027 0.033
Mdh-2 0.002 0.033 0.032 0.041
Mdh-3 -0.036 -0.011 0.025 0.043
Mdh—-4 -0.043 -0.013 0.029 0.040
Fl-Est 0.007 0.045 0.039 0.059
Pgm-1 -0.010 0.004 0.014 0.014
Pgm—-2 -0. 005 0.014 0.019 0.024
&6—-Pgd-1 -0.117 -0.086 0.028 0.036
&—Pgd-2 -0.046 -0.021 0.024 0.031
Mean -0.014 0.015 0.028 0.033

between them being 0.046. For all possible pairs of popu-
lations, Dy values averaged 0.017. Such a small value of Dy
shows that the populations are weakly differentiated. It
should be noted that we have revealed a great number of
unique alleles, i. e. alleles that are specific only for a
concrete population (Table 3). 14 unique alleles did not
contribute significantly to the genetic distance coefficient
value (Table 6), but they apparently reflect microevolu-
tionary processes occurring in P. sylvestris populations.

Using an unweighted pair-group method (UPGMA) and
the Dy values, we constructed a dendrogram visualizing
genetic differentiation in the P. sylvestris populations
(Fig. 4).
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Figure 4. — Dendrogram showing the clustering of the eighteen
natural populations of P. sylvestris based on Nr1’s genetic distance
coefficient.

From the dendrogram it can be seen that clustering did
not depend on geographical proximity or distance. For
example, populations from the continuous P. sylvestris
distribution did not form a common cluster. The 2 distant
Siberian populations were united in a separate cluster, but
genetic distance between them and the main set of pop-
ulations is small. The most divergent populations ap-
peared to be the Shebekino population from the forest-
steppe zone of Russia and the Zelenskaya population
from the Carpathians (Fig: .4)..Judging from their geo-
graphical locations, the 4 Carpathians populations (Vygods-
kaya, Mizunskaya, Zelenskaya, and Gorganskaya) were
expected to be united into an independent group because
they have a common history of formation and are located
far from the remaining East-European populations we
studied. However, from figure 4 it is seen that the Carpa-
thian populations are dispersed all over the dendrogram.

A number of isolated populations (Slavyansk, Shebekino,
Khvalynsk, and Zhygulyovsk) consist of pines that can
grown on cretaceous soils. Some scientists regard them as
a distinct species, Pinus cretacea KALEN (Lypra, 1955;
MasHkIN, 1971; ArTaMONOV: 1989), whereas others consider
that it would be more precise to name them P. sylvestris L.
var cretacea KaLEN (SukacHyov, 1938; PravpiIn, 1964). If P.
sylvestris and P. cretacea are distinct species, it might
be reasonable to expect significant differences between
them in allelic frequencies, which must be reflected in
NEr's genetic distance coefficient and formation of distinct
clusters in the dendrogram. But the dendrogram contra-
dicts these expectations. The 4 populations of Pinus creta-
cea (Slavyansk, Shebekino, Khvalynsk, and Zhygulyovsk)
are evenly dispersed all over the dendrogram (Fig. 4).

In addition, the genetic distance coefficient between P.
sylvestris and P. cretacea was 0.017, this Dy value being
even smaller than genetic distances between some popu-
lations within the groups, P. cretacea and P. sylvestris
(Table 6). The data demonstrate that P. cretacea, which
occurs on ancient carbonate rock outcrops, can be regarded
simply as a race of P. sylvestris.

On the whole, our results show that in P. sylvestris
sufficient genetic variation exists to explain its great eco-
logical plasticity and evolutionary potential. Estimated
parameters of gene diversity, genetic distance, and gene
flow show that in the segment of the P. sylvestris distri-
bution that we studied, a common gene pool is shared.
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Summary

Study of the genetic variation and genetic structure of
13 populations of Pinus sylvestris from Eastern Europe
and Turkey has shown significant genetic differentiation
of the populations. The average genetic differentiation
(index GST) is high (0.076), but it is about 50 % lower in
populations from the area covered by ice during the last
glaciation (GST = 0.035). The mean multilocus hetero-
zygosity for 8 loci (Ho = 0.357) and the average number
of alleles per locus are similar to those from the other
parts of Europe. The genetic similarities of populations
(Nei) are not correlated with the geographical localities
of the studied stands.

Key words: Pinus sylvestris, genetic structure, isoenzymes, prove-
nance.
FDC: 165.3; 165.5; 232.12; 174.7 Pinus sylvestris; (438).

Introduction

The experiment in Pulawy was established in the year
1912 and is the oldest provenance trial in Poland. This
experiment was discovered in 1980 and described in detail
by Orexksyn ad GIErRTYCH (1982, 1984). The trial comprises
seed lots from 13 provinces of imperial pre-revolutionary
Russia. The seed sample origins ranged from Latvia and
Ukraine to Western Siberia and Turkey, and so, it covered
a relatively large natural range of Pinus sylvestris in
Eastern Europe. This experiment has also some additional
advantages. Seeds collected in the beginning of 20th cen-
tury were more likely to be from autochtonous stands,
because there was no major practice in pre-revolutionary
Russia to transfer seeds from one region to another for
reforestation proposes. However, in relation to the IUFRO
1938 provenance trials, the trial in Pulawy has some dis-
advantages. The seeds did not originate from single stands
but the material was collected from different localities
and pooled together, because at that time, the province
was regarded as the basic forest unit (Gierryca and
OLEKsYN, 1981). On the other hand this kind of material
could be useful for investigation of geographic races of
the species because seeds originated from different geo-
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graphical regions. This work aimed at describing genetic
structure and level of genetic variation as well as geo-
graphical differentiation of Pinus sylvestris in Eastern
Europe. The knowledge concerning this matter remains
still largely incomplete (Prus-GrowackI, 1991; MULLER-
STARK et al., 1992).

Material and Methods

Dormant winter buds were used for isoenzymatic ana-
lyses. Plant material was collected from 12 to 30 randomly
choosen trees from each province. In cases when less than
30 individuals were available, the samples from all living
trees were collected. The Tobolsk province was excluded
from the isoenzymatic analyses to avoid the error of a
small sample, because it was represented by only 7 trees.
Detailed data on the geographical origin of the samples are
given in table 1 and figure 1. Variation of the following
enzymatic loci was studied: fluorescent esterase FEST
(E.C.3.1.1.1), glutamate oxalo-acetate transaminase GOT 2
loci (E.C. 2.6.11.), diaforase DIA (E.C. 1.6.4.3), glutamate
dehydrogenase GDH (E.C. 1.4.1.3.), alcohol dehydrogenase
ADH (E.C. 1.1.1.1), shikimate dehydrogenase ShDH (E.C.
1.1.1.25.) and NADH — dependent dehydrogenase (NDH).
The separation of isozymes on starch gels and the genetic
interpretation of the results were performed as described
in Muona and SzmipT (1985) and Prus-GrLowAackI (1986). The
following genetic parameters for the studied groups of
trees were calculated: the frequency of alleles and geno-
types, number of alleles (A/L) and genotypes (G/L) per
locus, number of effective alleles (ne), heterozygosity (Ho,
He — observed and expected respectively), total (HT) and
average (Hs) gene diversity between populations, geno-
typic polymorphism indices (Pg). fixation indices (F), ge-
netic differentiation of populations DST = HT-Hs and
GST = DST/HT and genetic similarity coefficients ac-
cording to NiI and Heprick (SN and SH). Based on genetic
distances (DN = 1 — SN, DH = 1 — SH), dendrites and
dendrograms illustrating mutual systematic positions
(cluster analysis UPGMA) of the populations were con-
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