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Summary

In order to investigate the impact of air pollution on the
genetic structure of a relatively sensitive forest tree spe-
cies, heavily damaged (subsets S) and relatively healthy
tree groups (subsets T) of Norway pruce (Picea abies) were
compared with respect to their genetic structures determin-
ed at nine polymorphic enzyme gene loci. The subsets ori-
ginated from both clone collections fumigated with single
pollutants (SO,, HF, Oy) and forest tree stands located at
polluted sites in the Harz mountains.

The comparisons showed that remarkable genetic dif-
ferences between the subsets S and T occur at four enzyme
loci, whereby for two loci relationships between biochemi-
cal or physiological functions of the enzyme and the degree
of plant damage may exist. Differences in allele and geno-
type frequencies at three enzyme loci between the subsets
S and T were relatively consistent when the Harz stands
were compared with the clone collection fumigated with
SO, and O,, the presumed main components of air pollu-
tion in the Harz mountains. Comparisons of the genetic
diversity revealed that for the fumigated clone collection
the subsets S generally possess higher values than the sub-
sets T, whereas for the Harz stands the subsets T exhibit
by far higher values. Based on these data the consequen-
ces for Norway spruce populations were discussed.
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Zusammenfassung

Zur Untersuchung der Auswirkung von Luftverunreini-
gungen auf die genetische Struktur einer relativ empfindli-
chen Waldbaumart wurden stark geschidigte und nicht-ge-
schiadigte Baumgruppen der Fichte (Picea abies) bzgl. ihrer
genetischen Strukturen an 9 Enzym-Genloci verglichen.
Derartige anhand von visueller Bonitur ausgewihlte Baum-
gruppen wurden sowohl nach kontrollierten Begasungs-
versuchen mit den Schadgasen SO,, HF und O; als auch
in zwei stark geschidigten Fichtenbestinden des Ober-
harzes gebildet.

Deutliche genetische Unterschiede zwischen den beiden
Baumgruppen fanden sich bei 4 Enzym-Genloci, wobei in
2 Fillen Beziehungen zu biochemischen oder physiologi-
schen Funktionen der Enzyme moglich erscheinen. Gewisse
Ahnlichkeiten in den Allel- und Genotyphiufigkeitsunter-
schieden zwischen den Baumgruppen fanden sich bei dem
mit SO, oder O, begasten Klonkollektiv und den Fichten-
bestidnden im Harz. Vergleiche der genetischen Diversitit,
die mit Hilfe dreier DiversitdtsmaBe bestimmt wurde, lie-
Ben erkennen, dafl} die infolge von kontrollierter Begasung
geschidigten Baumgruppen héhere Werte aufweisen als
die nicht-geschidigten Baumgruppen, daBl aber in den Harz-
bestinden genau umgekehrte Verhéilinisse beobachtet wur-

*) dedicated to Prof. W. Lancner on the occasion of his 80th
birthday.
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den. Die hieraus sich ergebenden Konsequenzen fiir Fich-
tenpopulationen wurden diskutiert.

Introduction

There is now great concern that air pollution (and its
conversion products) can alter the genetic structure of
forest tree populations by processes which are assumed to
have selective effects (Scuorz 1984, 1986; Grecorius et al.
1985). Since this man-made environmental stress is neither
temporally nor spatially limited in Central Europe, its con-
sequences for the gene pool of European forest tree species
may be dangerous in that certain genes are decreasing
range-wide in their frequencies and will ultimately be lost.
Such a genetic impoverishment leads, however, to a gene-
rally reduced adaptability of tree populations to natural
stress factors in future generations (for review, see Greco-
rius et al. 1985).

In order to study the intensity and direction of genetic
changes in Norway spruce (Picea abies (L.) Karst.) caused -
by air pollution, we investigated both clone collections
fumigated with gaseous pollutants and tree samples in
severely damaged forest stands. In both cases, the genetic
structures of tolerant tree groups were compared with
those of sensitive groups, using gene and genotype frequen-
cies determined at nine polymorphic enzyme gene loci. Ge-
netic differences between such kinds of tree groups are, of
course, the primary prerequisite for subsequent selection
processes (BERGMANN and Scuorz 1985), and were already
found at single enzyme loci in Scots pine (MEeNARTOWICZ
1983), Norway spruce (ScHoLz and BereMANN 1984) and
beech (MULLER-STARCK 1985).

Material and Methods

For the fumigation experiments, about 120 clones pro-
pagated from young trees were used, representing various
half-sib families from maternal trees in Slovakia. This
clonal material (6 ramets per tree) was fumigated with
S0O,, HF or O; in open top chambers for three or four weeks
until the phenotypic variation in damage ranged from
“not visibly injured” to “total necrosis of needles or died
back, compared to not fumigated ramets as a control (a
detailed description of these experiments is given by Schorz
et al., in prep.). For genetic comparisons in each of the three
fumigation experiments, 28—40 most tolerant clones were
combined to a subset T and most sensitive clones to a sub-
set S.

Field stands of Norway spruce were chosen in two re-
gions of the Harz mountains (Sonnenberg, Bruchberg) with
higher deposition of air pollutants (HArTMANN et al., 1986).
In these forest stands, 25 pairs of closely adjacent trees
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Table I. -- Enzyme systems and enzyme coding gene loci analysed
in the clone collections and forest stands.

Enzyme systems Enzyme coding gene loci Polymorphic gene loci
Leucine aminopeptidase LAP-A, LAP-B LAP-B
Glutamafe oxaloacetate GOT-A, COT-B, (GOT-C) COT-B
transaminase

Glutamate dehydrogenase CDH-A

Malate dehydrogenase MDH-A, MDH-B, MDH-C, MDH-D MDH-C
Isocitrate dehydrogenase IDH-A, IDH-B IDH-A
Glucose-6-phosphate G~6-PDH-A G-6-PDH-A
dehydrogenase

NADH dehydrogenase NDH-A NDH-A
Glutathione reductase GRD-A GRD-A
Phosphoglucomutase PGM-A, PGM-B PGM-B
Phosphoenolpyruvate PEPCA-A PEPCA-A
carboxylase

were chosen, of which one tree appeared to be relatively
healthy and the other severely injured. For each stand, the
healthy trees were combined to a subset T and the injured
trees to a subset S.

For isozyme analysis, meristem tissue of dormant buds
collected from non-fumigated ortets or from green twigs
of the trees in the forest stands was extracted, and these
extracts were then subjected to horizontal starch gel zone-
electrophoresis. After electrophoretic separation, the gels
‘were stained for various enzyme systems, the genetic con-
trol of which was already known for Norway spruce. De-
tails of the electrophoretic procedures, staining recipes and
formal genetic analysis were described by Lunpxkvist 1979;
Pousen et al. 1983; CHeuiak and Piter 1984, BERGMANN, in
prep.).

The enzyme systems used in this study are listed in Ta-
ble 1 together with the gene loci coding for the isozymes
of each system and the gene loci found to be polymeorphic
in the plant material investigated. Most of these enzyme
systems were selected because of their biochemical role in

metabolic processes related to resistance mechanisms in
plants or their particular sensitivity to pollutant metabo-
lites as mentioned in the literature (GriL and ESTERBAUER
1973, 1981; JAcer and Kireiv 1980; Rase and Krees 1980; MEgj-
NARTOWICZ 1984).

Results and Discussion

Differences in genetic structure

Of the 18 gene loci coding for the isozyme patterns of
10 enzyme systems, nine were polymorphic in at least one
collection of plants studied (Table 1). The numbers of al-
leles detected at these loci differed from one to four (LAP-
B), whereby in most cases one and the same allele predo-
minates in the clone collection and the forest stands. In
addition, the frequencies of many genotypes in the clone
collection are similar to those in the forest stands of the
Harz mountains. Thus, as was to be expected from the
postglacial reimmigration pattern, the clone collection de-
rived from maternal trees located in Slovakia and the
Harz stands seem to originate from the same gene pool,
since both localities belong to the so-called Hercynic-Car-
pathian range of Norway spruce.

Remarkable differences in allele and/or genotype fre-
quencies between the subsets S and T of the fumigated
clone collection and/or the Harz stands were found for four
enzyme loci (T'able 2). Among these gene loci, however, the
genetic differences between the subsets were found to be
heterogeneous with respect to the genotype classes in-
volved. For the G-6-PDH-A locus, all genotypes carrying
the allele A; (A;A, and A,A,) are more frequent in subsets
S (except for the Oj-collection) which, accordingly, is re-
flected in the allele frequency differences between the
subsets. As the genotype differences are statistically signi-
ficant in several cases, a direct involvement of this enzyme-
gene-system in tolerance mechanisms is imaginable, espe-
cially since G-6-PDH is the key enzyme of the pentose
phosphate cycle, which is postulated to become very im-

Table 2. — Frequencies of genotypes and of the common allele (in brackets) for four enzyme gene loci estimated in subsets S and T of
the clone collections and the forest stands. Asterisks indicate significant differences (G-test) at the 5 percent level or the values ap-
proach the 5 percent level.

GOT-B G-6-PDH-A PEPEAzA GRD-A
Norway spruce material N Blﬂz 8282 0253 5353 (Bz) AIAl Al‘Z 2A2 (Az) AlAl AIAZ AZAZ (Al) AIAZ AlAJ AZAZ A2A3 A3A3 (Az)
SO2 fumigation
subsét S 31 0.10 0.42 0.26 0.22 . 0.60 0.03 0.26 0.71 0.84 0.78 0.19 0.03 0.87 | 0.03 0.03 0.65 0.23 0.06 0.77
subset T 30 - 0.43 o0.47 0,10 0.67 - 0.07 0.93 0.97 0.83 0.17 - 0.92 1 0,03 - 0.50 0.40 0.07 0,71
2
‘§ HF fumigation
E subset S 40 - 0.58 0.25 0.17 0.70 0.03 0.22 0.75 " 0.86 0.72 0.25 0.03 0.85 [ 0.07 0.03 0.58 0.27 0.05 0.75
E subset T 35 0.09 0.34 0.40 0.17 0.58 - 0.06 0,94 0.97 0.74 0,26 - 0.87 [ 0.03 - 0.68 0.29 - 0.84
L]
_§ 03 fumigation
© subset S 28 0.07 0.57 0.25 0.11 0.73 - 0.14 0.86 0.93 0.75 0.25 = 0.87 [ 0.14 - 0.64 0.18 0.04 0.80
subset T 28 - 0.50 0.32 0.18 0.66 - 0.22 0.78 0.89 0.89 0.11 - 0.95 [ 0,046 -~ 0.53 0.36 0.07 " 0.73
Sonnenberg (Harz)
subset S 25 - 0.44 0.40 0.16 0.64 - 0.20 0.80 0.90 0.80 0.20 - 0.90 { 0.04 0.04 0.84 0.08 - 0.90
subset T 25 0.04 0.32 0,52 0.12 0.60 - 0.08 0.92 0.96 0.68 0.32 - 0.84 [ 0.16 - 0.64 0.20 - 0.82
3 Bruchberg (Harz)
§ subset S 25 0.04 0.28 0.32 0.36 0.46 - 0.32 0.68 0.84 0.72 0.24 0.04 0.84 | - - 0.72 0.20 0.08 0.82
; subset T 25 - 0.20 0.56 0.24 0.48 - 0.20 0.80 0.90 0.68 0.32 -~ 0.84 | 0.06 = 0.60 0.36 -~ 0.80
‘:-; Combined Harz stands
subset S 50 0.02 0.36 0.36 0.26 0.55 - 0.26 0.74 0.87 0.76 0.22 0.02 0.87 | 0.02 0.02 0.78 0.14 0.04 0.86
subset T 50 0.02 0.26 0.54 0.18 0.54 - 0.14 0.86 0.93 0.68 0.32 - 0.84| 0.10 -~ 0.62 0.28 - " 0.81
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portant in plant metabolism under stressful environmental
conditions (see ScHorz and BERGMANN 1984).

The differences at the three other loci are mainly con-
cerned with particular heterozygous genotypes, such as
GOT-B,B; being more frequent in all T-subsets (Table 2).
The polymorphism at this enzyme locus represents the so-
called classical type (major polymorphism = two predo-
minant alleles with similar frequencies) in all spruce popu-
lations as yet studied, so that a balanced selection regime
may be assumed to maintain this polymorphism (Lewontin
1985). Therefore, it is reasonable to suppose that the he-
terozygote GOT-B,B; is better adapted to environmental
heterogeneity, since it has more isozyme variants than the
homozygotes. Similarly, GRD-A,A, is more frequent in all
subsets T compared to the respective subset S. The greatest
and significant differences between the subsets S and T
were observed for the Oj;-fumigated collection, which
corresponds well with the biochemical function of this
enzyme, since it converts oxydated glutathione (GSSG)
to reduced glutathione (GSH), a protective peptide against
radicals and other oxydation metabolites (e.g. released
from O,). For the gene locus PEPCA-A, the heterozygote
A A, was found more frequently in the subsets T of both
Harz stands, but appears with higher frequency in the
subset S of the O;-fumigated clones (Table 2).

Only minor genetic differences between the subsets were
found for the other enzyme loci, indicating no involvement
of their genotypes in the extent of pollution tolerance/sen-
sitivity. Regarding differences in allele frequencies, it
should be mentioned that rare alleles predominate more
often in the subset S (19 comparisons) than in the subset T
(8 comparisons). The allele C; at the locus MDH-C, for in-
stance, generally occurs more frequently in the S-subsets
due to the higher frequency of genotypes C,C, and/or C,C,.

In the Harz mountains, SO, and O4 are reported to be the
main pollution components responsible for the forest de-
cline (HarRTMANN et al 1986). Therefore, it is interesting to
test whether the genetic differences between the T- and
S-subsets of the spruce stands from the polluted sites
coincide with those of the clone collection fumigated in con-
trolled experiments. For this comparison, the data of both
Harz stands were combined, since they are exposed to a si-
milar pollution regime (Table 2). For GOT-B,B; the
difference between the subsets S and T of the Harz stand is
particularly reflected by the SO,-fumigated clone collec-

Table 3. — Values of genetic variation for the subsets S and T
estimated by three diversity (variation) measures.
Norvay spruce material |  Alleles/locus gove PooL  Observed Heteromygosity
802 fumigation
subset § 2,25 1.35 0.24 (0.25) 0.06-0.48
subset T 2.37 1.25 0.23 (0.26) 0.03-0,53
o
H
o HF fumigation
g subset § 2.37 1.31 0.23 (0.22) 0.03-0.45
3 subset T 2.3 1.23 0.22 (0.26) 0.03-0.57
g 0, fumi
a ] gation
subset S 2.50 1.28 0.20 (0.21) 0.04-0.40
subset T 2.25 1.27 0.19 (0.21) 0.09-0,42
Sonnenberg
subset § 2.11 1.25 0.20 (0.21) O -0.48
" subset T 2.44 1.30 0.26 (0.31) 0.04-0,56
i
% Bruchberg
g subset S 2.22 1.31 0.24 (0.25) 0 -0.44
H subset T 2.33 1.34 0.31 (0.35) 0.04-0.60
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tion, but the data of tthe HF and O; collections are also in
accordance. Similarly, the frequencies of A A, and A,A, at
the G-6-PDH-A locus observed for the Harz subsets coin-
cide well with those of the SO, and HF subsets. There is
also a correspondence of frequencies of the GRD-A,A, and
-A,A; genotypes, when the Harz subsets are compared
with the SO,- and O;-fumigated subsets. Therefore, it can
be stated that the most pronouned agreement appears be-
tween the Harz data and those of the clone collections fumi-
gated with SO, and O,, which are assumed to represent the
main detrimental pollution components (Table 2).

Differences in genetic diversity

Apart from differences in allele frequencies, considerable
differences in the overall genetic diversity between the
subsets S and T should be of great importance, if there is
pollution-affected reproduction in the respective forest
stands. Therefore, several diversity (variation) parameters
were calculated, including the average number of alleles
per locus, the gene pool diversity (harmonic mean over

1

loci of the effective number of alleles, v = e’ see GRE-
by

corius 1987) and the average degree of observed heterozy-

gosity. The resulting data based on gene and genotype
frequencies of all of the nine polymorphic enzyme loci are
compiled in Table 3.

There are generally higher values for each of the three
variation parameters in the subsets S of the clone collec-
tion fumigated with single pollutants, while in contrast,
by far higher values are measured in the subsets T of the
Harz stands. In particular, the mean heterozygosity is
greater in the subsets T than in the subsets S of the spruce
stands in the Harz mountains, resulting from those gene
loci that exhibit heterozygote advantage.

While in controlled fumigation experiments using even-
aged clone material, phenotypic differences in the degree
of individual damage are assumed to be mainly caused by
genetic differences in sensitivity to the respective pollutant
(Scuorz et al. 1979), the phenotypic differences observed
in air polluted field stands may be dependent on both dif-
ferent environmental modifications and genetic differences
in resistance to a multiplicity of adverse environmental
factors. Yet, it is remarkable that there are corresponding
genetic differences between S- and T-subsets of the clone
collection and the Harz stands, even though the selection of
tree pairs will have reduced the modifying effects. Such
correspondence between spruce clones and stands refers
to the allele and genotype frequencies at the G-6-PDH-A
locus and to the frequencies of specific heterozygotes at the
loci GOT-B and GRD-A, respectively. On the other hand,
there are deviations with respect to the genetic variation
vialues measured (Table 3). In general, higher values for each
of the three variation parameters calculated were found in
subsets S of the fumigated clone material and on the con-
trary, in subsets T of the tree stands in the Harz mountains.
These results agree well with the hypothesis that trees
with a high individual diversity (heterozygosity) are bet-
ter adapted to a temporally heterogeneous environment,
whereas trees with a lower individual diversity are as-
sumed to be better adapted to only one environmental
stress factor, such as one specific pollutant (Grecorius et al.
1985).

Results from other tree species in polluted areas, such as
Scots pine (Meinartowicz 1983, Gesurek et al. 1987) and
beech (MULLER-STARCK 1985), also support this hypothesis in
that the tolerant subsets of the respective investigation ge-



nerally revealed a higher genetic variation (diversity and/
or heterozygosity). On the other hand, no relationship be-
tween aluminium sensitivity and genetic diversity was ob-
tained in studies where the Al-sensitivity of Norway spruce
was tested under controlled hydroculture conditions (Gesu-
rek et al. 1986).

Finally these results, although limited to one montane
region, demonstrate that genetic changes shall occur in
Norway spruce if the sensitive trees (e.g. subsets S) dy
prior to reproduction or if the reproduction rate of sensitive
trees is decreasing (Scuorz 1986). Even though the tolerant
trees exhibit a generally higher genetic diversity, particular
alleles at some loci (e.g. G-6-PDH-A,, MDH-C;) and many
rare alleles will decrease in frequency and may ultimately
be lost. This is true even if the genetic causes for tolerance/
sensitivity are associated with other gene loci closely linked
to the enzyme loci analysed in this study (hitch-hiking ef-
fect).
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Summary

In all fields of forest tree breeding and, therefore, in
clonal forestry too, an utilization of juvenile-mature cor-
relations with regard to an improvement of early testing
must be of special interest. Both ages ('juvenile’ and 'ma-
ture’) are related with eachother. This relation has been
described quantitatively by rg ( = juvenile-mature correla-
tion based upon the means of the single clones) and ry

Herrn Professor Dr. W. LangNer zum 80. Geburtstag gewidmet.

*) This publication is a very extended version of a lecture (HuenN,
M. and Krueinscumir, J.: A model for the juvenile-mature cor-
relation of clonal mixtures dependent on the number of clones)
given at the 1986-IUFRO-Joint Meeting of Working Parties on
Breeding Theory, Progeny Testing and Seed Orchards in Wil-
liamsburg, Virginia (USA).
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(= juvenile-mature correlation based upon the means of
mixtures of different clones). If we have ry > ry an im-
provement of the efficiency of early testing may be realized
by using mixtures instead of single clones.

In this paper an explicit expression for ry has been
derived, which depends on 7 parameters: ry = ry (n, b, b¥,
t, h?, (h*)? rp) with n = number of clones in the clonal
mixture, h? and (h*)? = heritability at juvenile and mature
age respectively, b and b* = exponents from FAIRFIELD-
SMmrtH’s empirical law for variances at juvenile and mature
ages respectively, t = exponent from FairriELD-SMITH'S em-
pirical law for the covariance between juvenile and mature
ages. Numerical results obtained by using this ry-function
are given and discussed.
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