
Introduction

In some countries, the European beech (Fagus

sylvatica L.) is regarded as economically the most
important deciduous tree (Paule 1995). In Poland,
beechwoods account for only around 4% of the to-
tal forest area, but still this Central European spe-
cies plays a principal role in natural forest
ecosystems. In southern parts of its range, the spe-
cies is found mainly in mountainous regions,
but in Poland it grows both in the mountains
(Carpathians, Sudety) and in the lowlands.
The north-eastern limits of the beechwood range,
crossing Poland, are determined by humidity
and late frosts.

Until the mid-20th century, beech in the Sudety
Mts., was one of the principal forest-forming spe-
cies of submontane forests and in some areas it
formed pure stands. At present, the role of
beechwoods is significantly restricted because
spruce stands of foreign origin prevail in their pre-
vious biotopes, particularly in the West Sudety
Mts. (Boratyñska and Boratyñski 1990).

At the beginning of the 18th century,
the Sudety forests witnessed serious human inter-
ference into species composition and structure
of forest biotopes, aimed at augmenting the share
occupied by spruce (particularly at altitudes
of 850-100 m) at the expense of, inter alia, beech
and fir trees. Therefore, the contribution
of beechwood decreased in the following
200 years from 21.9% to 2.6% and that of fir from
9.3% to 0.7% (Zoll 1963). An additional factor
that decreased the participation of this species
in Sudety forest stands, involved the popular use
of clear felling and in the last 50 years also heavy
industrial pollution (mainly emission of gases).
This has resulted in an ecological disaster, which
in the Polish part of the Sudety Mts. has been re-
flected in the destruction of around 13 500 ha of
forests and directional genetic alterations
in the populations that have survived in the region.
In the South Sudety, the share of beechwoods
is somewhat higher than in the West Sudety
and occasionally large beech stands are noted, e.g.,
in the Sowie Mts. Nevertheless, the best-preserved

J Appl Genet 46(3), 2005, pp. 271-277

Genetic variability among beech (Fagus sylvatica L.) populations

from the Sudety Mountains, in respect of peroxidase

and malate dehydrogenase loci

Maria Krzakowa1, Jan Matras2

1 Department of Genetics, Adam Mickiewicz University, Poznañ, Poland
2 Department of Genetics and Physiology of Woody Plants, Forest Research Institute, Warszawa, Poland

Abstract. Individual trees growing in five populations of European beech (Fagus sylvatica L.) in the Sudety
Mountains were investigated in respect of variability of peroxidases (2 loci) and malate dehydrogenase (1 locus).
Differences between populations were illustrated by a dendrogram constructed on the basis of Hedrick’s (1974)
genetic distances. The mean GST coefficient (=0.0333) value demonstrated the higher level of intra-population
variability, as compared to the inter-population (DST = 0.0149) variability.

Key words: enzyme electrophoresis, Fagus sylvatica, genetic structure.

Received: January 25, 2005. Accepted: July 4, 2005.
Correspondence: M. Krzakowa, Department of Genetics, Adam Mickiewicz University, Miêdzychodzka 5, 60-371 Poznañ, Po-
land, e-mail: krzakowa@amu.edu.pl



and most extensive beechwoods have survived in
the piedmont of the Karkonosze Mts.

Few data are available on the genetic character-
istics of beech populations in respect of enzyme
markers in smaller, native regions. To some ex-
tent, the gap has been filled by studies on popula-
tions from Piedmont (Belletti and Lanteri 1996);
Aigonal Mts. (Comps and Thiébaut 1988), Saxony
(Tröber 1995; Schütte and Rumpf 2003), Bavaria
(Konnert 1995), Hesse (Sander et al. 2001)
and the populations spread along the Alps
and in the Hungarian Basin (Comps et al. 1998).
The respective information on Polish populations
remains exceedingly scanty, although some
of them have been included into broader interna-
tional research programs (Comps et al. 1988;
Gömöry et al. 1993; Paule et al. 1995). The Polish
data have been analysed only recently
(Su³kowska 2002).

We decided to characterize the genetic vari-
ability of selected beech populations in the Sudety
Mts., focusing our attention on two enzyme sys-
tems: (1) peroxidases – the earliest studied but sel-
dom used for beech tree investigations
(Thiébaut et al. 1982); and (2) malate dehydro-
genase, analysed in all genetic studies of the spe-
cies. Selection of the two systems reflected also
the respective ranges of variability and suitability
for detection of inter-population differences.
This was related in particular to peroxidases,
which proved to be valuable indices of geographic
differences (Comps et al. 1990; Vyšny et al. 1995;
Gömöry et al. 1992) and of genetic variability
level (Paule et al. 1995; Halzer et al. 1997). Due to
the important role of peroxidases in plant physio-
logical processes, such as biosynthesis of lignins,
induction of auxin catabolism and of protective re-
actions, particularly in damaged or patho-
gen-attacked tissues, the enzymes were analysed
in the earlier investigations on genetic variability
of European beech (Thiébau et al. 1982;
Müller-Starck and Starke 1993; Comps et al.
1988, 1990) and in investigations on frequencies
of genotypes that were sensitive or tolerant to en-
vironmental stress (Müller-Starck 1985).

Every beech population remains strongly
linked to its microbiotope (Giertych 1990), includ-
ing the Karkonosze Mts. (Danielewicz et al.
2002). Therefore, recognition of genetic structure
of local populations may prove important for re-
newal of the gene pool, disturbed due to human ac-
tivities (Savolainen and Kärkkäinen 1992).

Material and methods

Plant material

Plant material was collected in the Sudety Mts.
from the following Forest Districts numbered in
the collection sequence: 1 – Szklarska Porêba
(Karkonosze Mts.), Forestry Zieleniec, plot 286b
(22 trees); 2 – Bystrzyca K³odzka (K³odzka Val-
ley), Forestry Waliszów, plot 296b (25 trees);
3 – Œnie¿ka Mountain (Karkonosze Mts.), For-
estry Przesieka, plot 153 g (25 trees);
4 – Wa³brzych, Forestry Boguszewice, plot 69a
(25 trees); 5 – Jugów (Sowie Mts.), Forestry Nowa
Wieœ, plot 91d (25 trees).

Electrophoretic procedures

Individual trees were genotyped from dormant
bud tissues. Crude extract was absorbed into filter
paper wicks (5 mm × 5 mm, Beckmann 319329).
The wicks were then inserted into a cut 4.0 cm
from the cathodal end of 11% horizontal starch gel
(Sigma) prepared on the basis of lithium-borate
buffer system pH 8.3 for peroxidase (EC 1.11.1.7)
and tris-citrate buffer pH 7.0 for malate
dehydrogenase (EC 1.1.1.37). The staining proce-
dure closely followed that described by Show
and Prasad (1970). For peroxidases, gels were also
specifically stained with 3-amino-9ethylo-
carbasole (Krzakowa 1988).

The bands belonging to the same zone, having
a consistent composition typical for homo- or
heteromorphic allozymes, were considered as be-
longing to the same locus. Alleles in each locus
were numbered according to the electrophoretic
migration of allozymes.

Data analysis

The assessed genetic parameters included: ob-
served (Ho) and expected (He) heterozygosity, to-
tal heterozygosity (HT), mean diversity within
populations (HS), relative measures of genetic dif-
ferentiation of populations (DST and GST)
(Nei 1973), Wright’s fixation index F
(Wright 1969) and genetic polymorphism index
Pg (Kahler et al. 1980). Genetic differences be-
tween populations were measured by the genetic
distance according to Hedrick (1974)
and dendrograms were constructed using the un-
weighted pair group method UPGMA (Sneath
and Sokal 1973).
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Results

Peroxidases (Px)

Electrophoretic separation of peroxidases re-
vealed the existence of 2 polymorphic loci corre-
sponding with an earlier report (Comps et al.
1990). In our study, the faster-migrating locus A
had 2 alleles, while locus B consisted of 4 alleles
(Figure 1). Due to the monomeric character of
the enzyme, heterozygous genotypes manifested
the presence of 2 alleles. Frequencies of the alleles
are presented in Table 1.

Alleles A2 and B3 had the highest frequencies.
Allele B1 was detected in only one population
(No. 5) and showed a low frequency, playing
the role of ‘a private allele’. The term was used by
Slatkin (1985) to denote rare alleles, whose mani-
festation was restricted to few populations only.

Malate dehydrogenase (MDH)

In our study we detected a single locus M with
2 alleles. The three-band pattern in heterozygotes
confirmed the earlier-described dimeric character
of the enzyme (Müller-Starck and Starke 1993).

Two alleles in this MDH locus formed 3 geno-
types, whose shares in the studied populations are
presented in Figure 2. An analysis of inter-
population genetic differences calculated on
the grounds of genotype frequencies (Figure 4)
demonstrated that the most similar were popula-
tions from Szklarska Porêba (No. 1) and from
Œnie¿ka (No. 3), approached by population No. 2
from Bystrzyca K³odzka. Populations from
Wa³brzych (No. 4) and Jugów (No. 5) demon-
strated a high proportion of heterozygotes. Values
of polymorphism coefficients (Pg) ranged be-
tween 34% for population No. 5 to 66% for popu-
lation No. 2.

As for peroxidases, the value of GST coeffi-
cient (= 0.0135) demonstrated a higher level of
intra-population variability as compared to
the inter-population variability (DST = 0.0066).

Discussion

The European beech is a monoecious,
anemophilous species, starting reproduction
at the age of about 40 years. The proportion of
seeds formed due to self-fertilisation is negligible
and the general opinion prevails on extensive
self-sterility of the beech (Giertych 1990).
In high-density beechwoods, gene flow between
the trees is restricted to individuals growing
in the immediate vicinity (Cuguen et al. 1988), in-
creasing in this way the extent of relationship be-
tween their progeny. The gene flow reflects also

the population age. This is linked to the history of
beech migration in Europe after the last glaciation.
Numerous studies have demonstrated that beech
colonized Central Europe about 3000–2500 BC,
whereas in the Mediterranean basin it appeared
about 5000-4000 BC, i.e. approximately
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2000 years earlier than in the northern parts of Eu-
rope (Vernet 1981). This indicates that the Medi-
terranean populations had much more time to
increase their genetic differentiation (Gömöry
et al. 1992). Taking into account that beech stands
are usually felled after 60 to 100 years, it is not sur-
prising that both inter-population variability
and intra-population variability are higher in
the south of Europe, where the populations are less
numerous and carry their own history conditioned
by environmental diversity, natural selection
and genetic isolation (Comps et al. 1991;
Konnert 1995; Belletti and Lanteri 1996).

The populations differed in frequencies
of peroxidase genotypes (Figure 2). The genotype
A2A2 proved to be the most frequent, manifested
in all populations. The populations differed from
each other first of all in 4 alleles in locus B.
The inter-population differences, expressed in ge-
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netic distances according to Hedrick (1974),
showed that populations from the Karkonosze
Mts. (Nos. 1 and 3) formed one group. In the other
group (Nos. 2, 5 and 4), population No. 4 was dis-
tinguished by its frequency of genotypes in lo-
cus B (Figure 3).

The populations from the Sudety Mts. were
characterised in respect of levels of heterozygosity

in the 2 peroxidase loci (Table 2). In most of
the populations, F values had negative values,
which attested to an excess of heterozygotes
(Comps et al. 1988). All the populations were
polymorphic and populations Nos. 3 and 5 proved
to be the most polymorphic – both in peroxidase
locus B. Extents of genetic variability in individ-
ual loci according to Nei’s statistics (1973) are
presented in Table 3. In this table, HT manifests
the total gene variability in all the populations,
basing on the average frequency in every locus,
while HS manifests the average gene variability
within the populations. The intra-population ge-
netic variability is expressed by higher values of
GST coefficient (mean value for all loci = 0.033),
which exceed values of inter-population differ-
ences, expressed by DST coefficient (mean value
for all loci = 0.015). This is in accordance with
the earlier literature reports providing evidence for
the higher intra-population variability in
the beech, as compared to its inter-population vari-
ability (Comps et al. 1988). Such a character of
variability has also been detected in 23 Polish pop-
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Table 2. Genetic parameters for the five Fagus sylvatica populations

Locus Populations He Ho F Pg

PXA 1 0.4163 0.2273 0.4541 0.5661

PXA 2 0.4352 0.4000 0.0809 0.5952

PXA 3 0.1472 0.1600 –0.0870 0.2688

PXA 4 0.4608 0.4800 –0.0417 0.5952

PXA 5 0.4800 0.4000 0.1667 0.6400

PXB 1 0.4390 0.5909 –0.3459 0.5744

PXB 2 0.4488 0.3600 0.1979 0.6432

PXB 3 0.5656 0.7200 –0.2730 0.6880

PXB 4 0.2784 0.3200 –0.1494 0.4736

PXB 5 0.4472 0.5200 –0.1628 0.6688

MDH 1 0.4742 0.5000 –0.0545 0.5992

MDH 2 0.4992 0.4000 0.1987 0.6592

MDH 3 0.4488 0.5200 –0.1586 0.5632

MDH 4 0.4712 0.6800 –0.4434 0.4576

MDH 5 0.4992 0.8000 –0.6026 0.3392

He = expected heterozygosity, Ho = observed heterozygosity, F = Wright’s fixation index, Pg = polymorphism coefficient

Table 3. Individual locus diversity statistics (Nei 1973)

Locus HT HS DST GST

PXA 0.4126 0.3872 0.0254 0.0616

PXB 0.4486 0.4357 0.0128 0.0286

MDH 0.4852 0.4786 0.0066 0.0135

Means 0.4488 0.4339 0.0149 0.0333

HT = total genetic diversity, HS = mean diversity within populations, GST = amount of gene diversity within the populations and between pop-
ulations (DST).

of Hedrick’s (1974) genetic distances for MDH, locus M



ulations (Su³kowska 2002), studied in respect of
other enzyme systems than peroxidases.

The total degree of heterozygosity for investi-
gated populations (HT = 0.4488) is higher than re-
ported for other European beech populations,
where it ranged from 0.312 to 0.325 (Wang 2003).
Since heterozygosity has often been seen as evi-
dence of heterosis and showed greater values in
tolerant populations than in sensitive ones, espe-
cially when exposed to air pollution stress
(Müller-Starck et al. 1992; Ziehe and Hattemer
1998), it may also be of adaptive importance for
the beech populations from the Sudety Mts.

In studies on beech populations in Central Eu-
rope, peroxidases have proved to be excellent
markers of inter-population differences and their
relationship to climatic alterations (Comps et al.
1988). Similarly to our study, the detailed analysis
has included variability in 34 French populations
in respect of the 2 peroxidase loci. The studies
have pointed to a certain deficit of heterozygotes,
which clinally changed southwards, increasing to-
ward the Mediterranean populations (Gömöry
et al. 1992 and the references cited there).
This regular decreasing trend in frequency of het-
erozygotes in southern beech populations may be
explained by the age of the forests in addition to
the mating system, which occurs – in line with
the isolation – according to the distance model
(Comps et al. 1988). A detailed analysis of
the 2 peroxidase loci (Comps et al. 1988) has not
revealed any changes in their frequency related to
altitude although such suggestions have been for-
warded earlier (Comps et al. 1990).

Conclusions

Genetic variability of beechwoods in the Sudety
Mts. clearly points to local differences in the com-
position of their gene pool, particularly in the pop-
ulation of the Karkonosze Mts. Taking into
account that the peroxidase enzyme system is,
in comparison with the other enzyme systems,
the easiest to work with, the recognition of
the level of its genetic variability among
F. sylvatica populations can be extremely useful
for a fast appraisal of the plant material, best
adapted to the local climatic conditions.

Acknowledgements. We are indebted to the Polish
Forest Service for great help in plant material collec-
tion as well as to Mrs. Barbara Malchrowicz for tech-
nical assistance.

REFERENCES

Belletti P, Lanteri S, 1996. Allozyme variation among
European Beech (Fagus sylvatica L.) stands in
Piedmont, North-Western Italy. Silvae Genet 45:
33–37.

Boratyñska K, Boratyñski A, 1990. Systematyka
i geograficzne rozmieszczenie (Systematics
and geographical distribution). In: Bia³obok S, ed.
Buk zwyczajny (Fagus sylvatica L.). [European
Beech (Fagus sylvatica L.)] Instytut Dendrologii
PAN, Kórnik: 27–73.

Comps B, Paule L, Sugar I, Thiébaut B, Trinajstric I,
1988. Genetic variability in beechwoods (Fagus
sylvatica L.) over central Europe, allozyme varia-
tions in six enzyme systems: spatial differentiation
among and within populations. IUFRO –
Buchensymposium. Zwolen 1988: 5–21.

Comps B, Thiébaut B, 1988. Twenty years old young
beeches diversity in natural regenerations of
Aigonal Mountain (France): architecture, social
regulation and genetic structures. 3. IUFRO
Buchensymposium Zwolen 1988: 23–30.

Comps B, Thiébaut B, Paule L, Morzeau D, Letouzey J,
1990. Allozymic variability in beechwoods (Fagus
sylvatica L.) over central Europe: spatial differenti-
ation among and within populations. Heredity 65:
407–417.

Comps B, Thiébaut B, Sugar I, Trinajstic I, Plazibat M,
1991. Genetic variation of the Croatian beech
stands (Fagus sylvatica L.) spatial differentiation in
connection with the environment. Ann Sci For 48:
15–28.

Comps B, Matyas C, Letouzey J, Geburek T, 1998. Ge-
netic variation in beech populations (Fagus
sylvatica L.) along the Alpine Chain and in the Hun-
garian Basin. For Genet 1: 1–9.

Cuguen J, Merzeau D, Thiébaut B, 1988. Genetic struc-
ture of the European beech stands (Fagus
sylvatica L.): F-statistics and importance of the mat-
ing system characteristics in their evolution. Hered-
ity 60: 91–100.

Danielewicz W, Raj A, Zientarski J, 2002. Forest eco-
systems of the Karkonosze National Park. Copy-
right by Karkonosze National Park: 96.

Giertych M, 1990. Genetyka. In: Bia³obok S, ed. Buk
zwyczajny (Fagus sylvatica L.) [European beech
(Fagus sylvatica L.)]. Warszawa-Poznañ,
Pañstwowe Wydawnictwo Naukowe: 193–236.

Gömöry D, Vyšný J, Comps B, Thiébaut B, 1992. Geo-
graphical patterns of genetic differentation and di-
versity in European beech (Fagus sylvatica L.)
populations in France. Biologia (Bratislava) 47:
571–579.

Gömöry D, Paule L, Vyšný J, 1993. Isozyme polymor-
phism of beech populations in transition zone be-
tween Fagus sylvatica and Fagus orientalis. In:
Muhs WH-J and von Wuhlisch G, eds. The scien-
tific basis for evaluation of forest genetic resources
of beech. Proc E.C.Workshop, Ahrensburg, 1993.
Working document of the EC, DG vi, Brussels:
171–180.

276 M. Krzakowa, J. Matras



Halzer K, Comps B, Šugar I, Melovski L, Tashev A,
Graèan J, 1997. Genetic structure of Fagus
sylvatica (L.) populations in south-eastern Europe.
Silvae Genet 46: 229–236.

Hedrick PW, 1974. Genetic similarity and distances:
comments and comparisons. Evolution 29:
362–366.

Jain SK, Workman PL, 1967. Generalized F-statistics
and the theory of inbreeding and selection. Nature
214: 674–678.

Kahler AL, Allard RW, Krzakowa M, Wehrhahn CF,
Nevo E, 1980. Associations between isozyme phe-
notypes and environment in the slender wild oat
(Avena barbata) in Israel. Theor Appl Genet 56:
31–47.

Konnert M, 1995. Investigations on the genetic varia-
tion of beech (Fagus sylvatica L.) in Bavaria. Silvae
Genet 44: 346–351.

Krzakowa M, 1988. Usefulness of electrophoresis for
taxonomy and genetics of bryophytes. In:
Glime JM, ed. Methods in bryology. Proc Bryol
Meth Workshop Mainz, Nichinan: 359–366.

Müller-Starck G, 1985. Genetic differences between
“tolerant” and “sensitive” beeches (Fagus
sylvatica L.) in an environmentally stressed adult
forest stand. Silvae Genet 34: 241–246.

Müller-Starck G, Baradat P, Bergmann F, 1992. Ge-
netic variation within European tree species. New
Forests 6: 23–47.

Müller-Starck G, Starke R, 1993. Inheritance of
isoenzymes in European beech (Fagus
sylvatica L.). J Hered 84: 291–296.

Nei M, 1973. Analysis of gene diversity in subdivided
populations. Proc Nat Acad Sci USA 70:
3321-3323.

Paule L, 1995. Gene conservation in European beech
(Fagus sylvatica L.). For Genet 2: 161–170.

Paule L, Gömöry D, Vyšný J, 1995. Genetic diversity
and differentiation of beech populations in Eastern
Europe. In: Madsen S, ed. Genetics and Silviculture
in Beech, Forskningsserien (Copenhagen) 11:
159–167.

Sander T, Rothe GM, Weisgerber H, Janßen A, 2001.
Allelic and genotypic variation of 13 European
beech (Fagus sylvatica L.) – Populations in Hesse,
Germany. For Genet 8: 13–24.

Savolainen O, Kärkkäinen K, 1992. Effects of forest
management on gene pods. New Forests 6:
229–245.

Schüte G, Rumpf H, 2003. Untersuchung
waldbaulicher Einflüsse auf die genetische struktur
naturverjüngter Buchenbestände (Fagus
sylvatica L.). Fortarchiv 74: 90–96.

Show CR, Prasad R, 1970. Starch gel electrophoresis of
enzymes, a compilation of recipes. Bioch Gen 4:
297–320.

Slatkin M, 1985. Rare alleles as indicators of gene flow.
Evolution 39: 53–65.

Sneath PHA, Sokal RR, 1973. Numerical taxonomy:
The principles and practice of numerical classifica-
tion. Freeman WH and Co., San Francisco.

Su³kowska M, 2002. Zmiennoœæ buka zwyczajnego
(Fagus sylvatica L.). [Variability of the European
beech (Fagus sylvatica L.)]. Sylvan 146: 129–137.

Thiébaut B, Lumaret R, Vernet Ph, 1982. The bud en-
zymes of beech (Fagus sylvatica L.) genetic distinc-
tion and analysis of polymorphism in several
French populations. Silvae Genet 31: 51–59.

Tröber U, 1995. The genetic variation in Saxon beech
populations (Fagus sylvatica L.) – preliminary re-
sults. In: Madsen S, ed. Genetics and Silviculture of
beech. Forskningsserien (Copenhagen) 11:
168–179.

Vernet JL, 1981. L´histoire du H�tre. In: Cros E, ed.
L´H�tre. INRA, Paris: 49–58.

Wang KS, 2003. Genetic diversity and temporal ge-
netic structure in European beech (Fagus
sylvatica L.). Silvae Genet 52: 100–106.

Wright S, 1969. Evolution and the genetics of popula-
tions. Vol. 2. The theory of gene frequencies. Uni-
versity of Chicago Press, Chicago.

Vyšny J, Shvadchak I, Comps B, Gömöry D, Paule L,
1995. Genetic diversity and differentiation of beech
populations (Fagus sylvatica L.) in Western
Ukraine: The Ukrainian Carpathians and adjacent
territories. Russian J Genet 31: 1309–1319.

Ziehe M, Hattemer H, 1998. The significance of
heterozygosity in tree breeding and gene conserva-
tion. Forest Tree Improvement 26: 25–32.

Zoll T, 1963. Analiza stanu lasów w Sudetach. Zesz
Probl Pods Nauk Roln: 37.

Genetic variability among beech (Fagus silvatica L.) populations 277


