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Abstract

Results of a long-term (1997–2002) study of the Scots pine populations growing in the vicinity of the radioactive waste storage
facility (‘Radon’ LWPE) are presented. Cytogenetic disturbances in reproductive (seeds) and vegetative (needles) tissues sampled
from Scots pine populations were studied to examine whether Scots pine trees have experienced environmental stress in areas
with relatively low levels of pollution. The data clearly indicate the presence of mutagenic contaminants in the environment of the
pine trees. An increased number of mitotic abnormalities, especially multipolar mitoses was found in the pine tree populations
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ubmitted to man-made exposure, which suggests that the cytogenetic damage is mainly caused by chemical conta
igher radioresistance of the Scots pine seeds from the impacted populations was shown by use of acute�-irradiation. During the
bservation period 1997–2002, pine trees exposed to anthropogenic pollution showed a steady increase of cytogeneti

n the root meristem cells.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Anthropogenic pollution has become inherent
o the modern environment. The global and rapid
ncrease in technogenic stress in the biosphere raises
he question about possible consequences for biota,
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including man, acknowledging that all forms of l
are inter-connected and that human health is stro
linked to the ecosystem’s health. The ubiquit
presence of genetic variation in resistance to pollu
implies that natural selection for resistance must be
curring in natural populations. However, we still ne
to learn more about the phenomenon before we
assess its general importance in natural ecosys
In particular, we need to identify the extent of gen
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changes occurring when organisms are exposed to
chronic, low-level, anthropogenic pollutants.

With this in mind, many efforts have been un-
dertaken to develop effective methods for assessing
the quality of the environment. Generally, two ap-
proaches are used. The more classical one is to take
samples of air, water and soil and analyze them in the
laboratory by use of routine physico-chemical tech-
niques. An evaluation of genuine exposure charac-
teristics is complicated, however, because the whole
list of mutagens involved should be recognised in ad-
vance, since most quantification techniques are able
to recognize just a specific compound or its metabo-
lites. Consequently, even exhaustive information on
exposures in contaminated sites provides only part
of the knowledge necessary to evaluate and assess
the harmful potential of pollutants for organisms and
communities.

The other approach is to score the genotoxic effects
in animals or plants that could be exposed in situ in
their natural habitat. In contrast to the specific nature
of assessments on exposure, studies of biological ef-
fects integrate the impacts of all the harmful agents,
including synergistic and antagonistic effects. The use
of a direct biomarker for genetically relevant damage in
the species of concern as a measurement endpoint could
remove much of the uncertainty associated with current
ecological risk assessments and provide a meaningful
indicator of the biological damage. Genetic changes
would initially be less obvious than the direct visible
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The growing quantity of radioactive waste in coun-
tries possessing nuclear technologies raises concern
about their storage and processing. Facilities for the
storage of radioactive waste are potentially one of the
main sources[4] of hazard for both the public and
the environment. In this paper, we discuss the use of
Scots pine (Pinus sylvestrisL.) populations for the as-
sessment of the genotoxicity arising from a radioac-
tive waste storage facility. Specifically, we used the
frequency of cytogenetic disturbances in reproductive
(seeds) and vegetative (needles) samples taken from
Scots pine populations, in order to examine whether
Scots pine trees have experienced environmental stress
in areas with relatively low levels of pollution.

2. Materials and methods

2.1. Study sites

Three study sites with different levels of envi-
ronmental pollutions were chosen in the Leningrad
Region of Russia to carry out this study: at the
’Radon’ Leningrad regional waste-processing enter-
prise (LWPE) territory, in the centre of the town of Sos-
novy Bor, and near the settlement of Bolshaya Izhora.
The latter site is at a distance of 30 km from Sosnovy
Bor, outside the area likely to be influenced by the com-
plex of nuclear facilities; it was considered as a refer-
ence area. The ‘Radon’ LWPE is located at Copor Bay
o rad
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ffects of pollutants, but in the long run they co
e more significant. Furthermore, if this biologica
enetic damage has potential reproductive effects
iomarker could be an ecologically relevant assess
ndpoint as well.

Since the 1970s, higher plant bioassays have
ecommended[1] for use in mutation screening a
onitoring for the detection of genotoxins in em

ions, effluents, or ambient environmental media
ost in situ studies, standard indicator plant spe

uch asTradescantia, Allium cepaor Vicia fabaare
ransferred to contaminated sites and exposed to g
oxic mixtures under natural conditions. Although v
ensitive, this approach has some shortcomings[2,3]
nd is only partially useful in field conditions. O
f the possible ways to overcome these problem

o use naturally growing plant species for monitor
urposes.
n the coast of the Gulf of Finland in the Lening
PP sanitary-protective zone near the town of Sos
or. It includes facilities for collection, processing a
toring radioactive waste of low and medium activ
rom the north-western region of Russia. As a c
equence of the industrial activity, there has bee
ncrease in the occurrence of rather high conce
ions of radionuclides and other pollutants (espec
eavy metals) in surface air, snow, pine tree nee
nd moss in the vicinity of the ’Radon’ plant[5]. Nev-
rtheless, over a long operation period of the nuc

acility (since the early 1970s), doses absorbed by
iota and population from technogenic radionucl
id not exceed the levels officially adopted as per
ible. From the radioecological monitoring data[5],
he ‘Radon’ LWPE site was expected to experience
ighest environmental stress among the study sites
en. The external�-radiation dose rates measured w
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the DRG-01T dosimeter at a height of 1 m and aver-
aged over the whole investigation period of 1997–2002
amount to 0.90 pA/kg (12.6�R/h) in Bolshaya
Izhora, 0.92 pA/kg (12.8�R/h) in Sosnovy Bor, and
1.35 pA/kg (18.8�R/h) at the ’Radon’ LWPE territory.

2.2. Indicator organism and sampling

Scots pine (Pinus sylvestrisL.), the dominant tree
species in North European and Asian boreal forests,
was chosen as test species for assessment of the pos-
sible effects of the ’Radon’ enterprise on the environ-
ment. The reproductive organs of the coniferous trees,
with their complex organisation and long duration of
the reproductive cycle, are the most sensitive to the
damaging influence of a wide range of anthropogenic
contaminants. Therefore, the occurrence of chromo-
some aberrations in root-meristem cells of the first mi-
tosis at seed germination is well suited as a biomarker
of cumulative environmental exposure. Because conif-
erous trees generally show a high retention capacity and
low turn-over rate for contaminants taken up by aerial
biomass from the atmosphere, an assessment of cyto-
genetic anomalies in the intercalar meristem of young
needles also appears to be a promising test system.

Pine cones were collected in the autumn of the years
1997–2002 from Scots pine trees in three populations
located at the study sites. Young shoots, 20–30 mm in
length, were sampled at the same three sites and, addi-
tionally, near the boundary fence of the ’Radon’ LWPE,
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Chromosomal aberrations in ana-telophases (chro-
matid (single) and chromosome (double) bridges and
fragments) were distinguished from mitotic abnormal-
ities (multipolar mitoses and lagging chromosomes)
because of their different origins (the origin of chro-
mosomal aberrations are affected chromosomes, while
mitotic abnormalities are due to an injured mitotic
apparatus, particularly the mitotic spindle).

2.4. Irradiation of seeds

A portion of the seeds was acutely irradiated at room
temperature with�-rays from60Co (Lutch Irradiator,
Latenergo, Latvia) at a dose of 15 Gy, dose rate of
0.6 Gy min−1. After irradiation, seeds were germinated
and, at a root length of≈8–14 mm, 23–55 seedlings
were immediately fixed in acetic acid:alcohol (1:3).
One thousand and four hundred to 5000 ana-telophase
cells were scored for cytogenetic alterations.

2.5. Statistical analysis

A set of cytogenetic data picked up was optimised
by a method of an empirical distribution analysis to
provide an estimation of the examined parameters with
a certain relative probable error (25%) at the given
confidence level (95%)[6]. The values were screened
and statistical outliers were excluded from the calcu-
lation. Variations in the scored values between trees in
a nd
t ithin
e ine
t ple
m nt
v ges
o sion
a

odel
2 han
m

H

w f-
fi f
f nt
d

n the spring of the years 1998–2002. On each
amples were taken from 10–15 trees within hom
ous stands where pine trees were abundant.

.3. Sample treatment and cytogenetic analysis

The sampled pine cones were conditioned to r
p to dehiscing. The resultant seeds were de-wi
y hand and germinated on damp filter pape
etri dishes at a controlled temperature of 24◦C. The
eedling roots in the stage of first mitosis (at a leng
–14 mm) as well as the needle sampled were fixe
cetic acid:alcohol (1:3). Temporary squashed pr
ations of seedling root apical meristem and interc
eristem of young needles were made and stained
ceto-orcein. In each preparation, all the ana-telop
ells (2700–16,500 cells at each plot) were sc
o determine the fraction of cells with alteratio
ll the populations were statistically insignificant, a
he data for these trees were, therefore, pooled w
very studied population into single sets. To determ
he significance of the difference between the sam
ean values, the Student’st-test for independe

ariance was applied. To fit the temporal chan
f the cytogenetic alteration frequency, a regres
nalysis was used[7].

To test a hypothesis whether mathematical m
fits the experimental data significantly better t
odel 1, the Hayek criterion was applied[8]:
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3. Results

3.1. Frequency of aberrant cells

In the present study, attempts were made to
understand whether or not any differences existed in
responses of the reference Scots pine population and
those under low-level stressful influence, measured as
frequency of cytogenetic disturbances. Although most
angiosperm species have a reproductive cycle lasting
for several months, it takes Scots pine seeds at least
18–20 months to mature from micro- and megaspore
formation [9]. Such a long maturation period means
that significant and observable DNA damage may
accumulate in the undifferentiated stem cells, even
from exposure to low doses (or dose rates) or low
concentrations of anthropogenic contaminants. This
latent cumulative damage mainly appears when cells
come into the first mitosis during seed germination,
and can be registered as chromosome aberrations in
the root meristem cells. The yields of aberrant cells

in the seedling root apical meristem of the reference
samples (from Bolshaya Izhora in 1997–2002) showed
no significant differences (Table 1). The frequencies of
cytogenetic disturbances in seedling root meristem and
needle meristem for samples collected at the ’Radon’
LWPE site and near the fence in 1997–2002 were
significantly above the corresponding reference values
(Table 1). The frequencies of cytogenetic disturbances
at the ’Radon’ LWPE site were, however, well below
those found in our previous study[10] in the Scots
pine populations from the 30 km Chernobyl NPP zone
where doses of 10–20 Gy were received[11] in 1986
following the Chernobyl accident. While the incidence
of cytogenetic damage in the samples from the 30 km
Chernobyl NPP zone increased[10] with radiation
exposure, the cytogenetic damage found in the seed
and needle samples from the ’Radon’ LWPE site were
much larger than those expected to occur from the
very small external doses monitored.

The cytogenetic damage in both the seed and
needle samples from the Sosnovy Bor site were

Table 1
Aberrant cell frequency in seedling root apical and needle intercalar meristem of Scots pine (mean± S.E.)

Year Plot Seedlings Needles

Cells scored Aberrant cells, % Cells scored Aberrant cells, %

1997 Bolshaya Izhora 14643 0.60± 0.06
Sosnovy Bor 12342 1.19± 0.10a

‘Radon’ LWPE 7927 1.53± 0.14a

1
1

1

1
1

1

2
1

2

2
1
2

2
1
2

998 Bolshaya Izhora 12217
Sosnovy Bor 12832
‘Radon’ LWPE fence
‘Radon’ LWPE 9437

999 Bolshaya Izhora 16482
Sosnovy Bor 8302
‘Radon’ LWPE fence
‘Radon’ LWPE 5613

000 Bolshaya Izhora 9885
Sosnovy Bor 3517
‘Radon’ LWPE fence
‘Radon’ LWPE 2674

001 Bolshaya Izhora 14007
Sosnovy Bor 5229
‘Radon’ LWPE 4355

002 Bolshaya Izhora 13790
Sosnovy Bor 5929
‘Radon’ LWPE 4912

a Difference from the reference site is significant;p< 5%.
0.53± 0.07 10156 0.97± 0.10
.30± 0.10a 12084 1.36± 0.11

11376 1.60± 0.12a

.73± 0.13a 5274 2.73± 0.22a

0.57± 0.06 5549 0.81± 0.12
.36± 0.13a 3724 1.67± 0.21a

4026 1.49± 0.19a

.73± 0.17a 3943 2.21± 0.23a

0.66± 0.08 11206 0.88± 0.09
.73± 0.22a 5798 1.64± 0.17a

5361 1.79± 0.18a

.28± 0.29a 4374 2.29± 0.23a

0.69± 0.07 6823 0.89± 0.11
.84± 0.19a 3663 1.69± 0.21a

.18± 0.22a 3191 2.76± 0.29a

0.70± 0.07 10868 0.88± 0.09
.75± 0.17a 5333 1.78± 0.18a

.16± 0.21a 5441 2.21± 0.20a
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significantly higher (Table 1) than the reference values
in all cases, with the exception of the needles sampled
in 1998. These results were rather surprising because
cytogenetic disturbances in this population were not
expected to exceed the control. Moreover, dose rates
within this site did not notably exceed the reference
values throughout the whole observation period. How-
ever, the data strongly suggest the presence of some mu-
tagenic contaminants in the environment of the Scots
pine populations, not only at the ’Radon’ LWPE site,
but also in the town of Sosnovy Bor.

3.2. Temporal changes in the yield of cytogenetic
disturbances

The temporal changes of the cytogenetic distur-
bances in seedling root meristem from 1997 to 2002 are
shown inFig. 1. Fitting the data by linear model showed
strong differences in temporal dependence observed
in the reference and exposed Scots pine populations.
Thus, rates of cytogenetic disturbances increased with
time by 0.03± 0.01% per year in the reference, and by
0.14± 0.03 and 0.15± 0.04% per year in Sosnovy Bor
and the ’Radon’ LWPE pine populations, respectively,
as estimated from the linear regression coefficients, and
differed significantly (p< 0.05) between the reference
and the exposed populations.

The temporal dependence of the level of cytoge-
netic disturbances in the intercalar meristem of the
needles are clearly different (Fig. 2) from those in
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Fig. 1. Aberrant cell percentages in seedling root meristem of Scots
pine trees in dependence of year and their approximation by the best
models. 1—linear model, 3 and 4—polynomial models of third and
fourth degree, respectively (seeTable 2).

statistics (F) and multiple correlation coefficient (R2)
values.

In calculating the structural minimization criterion
(T) [12], however, a ‘penalty’ is applied for an approx-
imating model complication. In the reference popula-
tion of Bolshaya Izhora,T-values show that the benefits
of models 3 and 4 are not stipulated by an augmenta-
tion of the model pliability through the additional items.
And finally, a Hayek criterion testifies against the linear
he root meristem. Although the percentage of a
ant cells simulated by the linear regression mode
he Bolshaya Izhora population lies significantly be
p< 0.05) those for the impacted populations, the
o statistically significant tendency for an increas

he percentage of aberrant cells with time.
Although the time dependence of aberrant cell

uencies in seedling root meristem could be satis
orily fitted with a linear model, the steady growth
ytogenetic damage with time in all the pine popu
ions required more detailed analysis.Table 2present
esults of a non-linear regression of experimental
y different mathematical models in comparison w
n approximation quality of the linear model. T
ndings demonstrate that, in all the pine pop
ions, polynomial models 2–4 fit the data much b
er than the linear model 1 since they provide le
quared sums of residuals (SSR) and greater F
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Fig. 2. Linear regressions of the aberrant cells percentage in
intercalar meristem of Scots pine trees. Test-sites indication:
A—Bolshaya Izhora, B—Sosnovy Bor, C—‘Radon’ LWPE.

model in favor of model 3. In other words, this could
be considered as a proof for cytogenetic parameters to
have a tendency of cyclic fluctuations over time at the
reference site (Fig. 1A).

In the affected populations not only polynomial but
also other models (

√
t, ln t) show some advantage over

the linear one (Table 2). Although there is a similar
tendency to temporal fluctuations of aberrant cell fre-
quencies (Fig. 1B and C), however, there is no model
with confident preference over the linear approxima-
tion (Table 2).

3.3. Analysis of the cytogenetic disturbances
spectrum

Table 3 presents the number of alterations of
different types and frequencies of the chromo-
somal (double and single) and mitotic (chromo-
some laggings and multipolar mitoses) disturbances
observed.

Table 2
Quality of approximation of time dependence of the percentage of aberrant cells in Scots pine seedlings root meristem by various models

Model n SSR,×10−3 F R2, % T, ×10−3 H p

Bolshaya Izhora
1.a0 +a1t 2 7.3 9.2** 69.6 3.6 – –
2.a0 +a1t+a2t2 3 5.5 10.1** 77.0 5.5 0.7 0.51
3.a0 +a1t+a2t2 +a3t3 4 0.4 122.4*** 98.4 0.8 4.2 0.05
4.a0 +a1t+ · · · +a4t4 5 0.1 201.9*** 99.5 0.6 5.5 0.11
5.a0 +a1

√
t 2 9.3 6.3* 61.2 4.6

6.a0 +a1 ln(t) 2 12.0 4.0 50.1 6.0
7.a0 +a1 et 2 10.0 5.5* 57.7 5.0
8.a0 +a1/t 2 17.0 1.5 27.4 8.5

Sosnovy Bor
1.a0 +a1t 2 53.0 24.7***

2.a0 +a1t+a2t2 3 46.0 22.0**

3.a0 +a1t+a2t2 +a3t3 4 13.0 55.9**

4.a0 +a1t+ · · · +a4t4 5 10.0 35.4**

5.a0 +a1
√

t 2 51.0 25.8**

6.a0 +a1 ln(t) 2 63.0 20.1**

7.a0 +a1 et 2 216.0 3.1
8.a0 +a1/t 2 119.0 8.9**

‘Radon’ LWPE
1.a0 +a1t 2 115.0 12.7**

2.a0 +a1t+a2t2 3 88.0 13.5**

3.a0 +a1t+a2t2 +a3t3 4 60.0 14.1**

4.a0 +a1t+ · · · +a4t4 5 60.0 7.0*

5.a0 +a1
√

t 2 102.0 15.0**

6.a0 +a1 ln(t) 2 103.0 14.7**

2.0
9.0**

a on);n—n duals;
F ctural identification criteria[12]; H—Hayek statistics;p—significance of
H
e

7.a0 +a1 et 2 322.0
8.a0 +a1/t 2 149.0

0, a1, . . ., a4—regression coefficients;t—time (year of observati
—Fisher statistics;R2—multiple correlation coefficient;T—stru

-statistics. The regression with a given model is significant at: *—p< 10%
xceeds the linear model in approximation quality are marked in bold
86.1 26.5 – –
* 88.0 46.0 0.5 0.64
* 96.5 26.0 1.8 0.22
* 97.3 50.0 1.4 0.39
* 86.6 25.5 0.3 0.79

83.4 31.5
43.3 108.0
68.9 59.5

76.1 57.5 – –
81.9 88.0 0.7 0.52
87.6 120.0 1.0 0.43
87.6 300.0 0.7 0.61
70.0 51.0 0.6 0.61
78.6 51.5 0.5 0.63
33.3 161.0
69.2 74.5

umber of parameters in a model; SSR—squared sum of resi
, **—p< 5%, ***— p< 1%. Values showing that the given model
.
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Table 3
Alteration spectrum and frequencies of different types of disturbance in root meristem cells of Scots pine seedlings

Year Plot Number of alterations Frequency of alterations

f′′ m′′ f′ m′ g mp f′′ + m′′ f′ + m′ g + mp

1997 B. Izhora 16 7 4 44 19 0 0.16± 0.04 0.32± 0.05 0.18± 0.05
Sosn. Bor 38a 33a 9 38 28 5a 0.74± 0.14b 0.36± 0.06 0.25± 0.05
LWPE 35a 18 17a 28 24 2 0.62± 0.10b 0.57± 0.10 0.29± 0.07

1998 B. Izhora 31 4 4 12 16 0 0.35± 0.07 0.12± 0.03 0.12± 0.04
Sosn. Bor 44 31a 5 28 85a 9a 0.70± 0.10b 0.22± 0.04 0.63± 0.10b

LWPE 56 28a 7 25 55a 8a 0.86± 0.13b 0.29± 0.07 0.70± 0.15b

1999 B. Izhora 13 23 0 36 22 0 0.22± 0.04 0.22± 0.03 0.15± 0.03
Sosn. Bor 14 32a 0 27 42a 9a 0.54± 0.10b 0.32± 0.07 0.61± 0.09b

LWPE 9 31a 0 37a 23a 10a 0.65± 0.16b 0.62± 0.10b 0.58± 0.10b

2000 B. Izhora 12 20 2 20 12 0 0.28± 0.04 0.21± 0.04 0.10± 0.03
Sosn. Bor 19a 12 0 11 23a 0 0.93± 0.14b 0.44± 0.12 0.60± 0.13b

LWPE 13 9 0 26a 14a 3 0.80± 0.18b 0.88± 0.15b 0.82± 0.18b

2001 B. Izhora 10 41 1 23 27 0 0.29± 0.04 0.15± 0.03 0.16± 0.03
Sosn. Bor 10 28 0 32a 27 7a 0.66± 0.11b 0.76± 0.16b 0.58± 0.12b

LWPE 9 16 0 29a 35a 11a 0.57± 0.12b 0.61± 0.12b 1.15± 0.15b

2002 B. Izhora 14 57 0 8 27 0 0.43± 0.05 0.06± 0.02 0.16± 0.04
Sosn. Bor 5 62a 1 11 38a 2 0.91± 0.15b 0.18± 0.06 0.53± 0.09b

LWPE 11 62a 0 8 45a 1 1.24± 0.19b 0.13± 0.06 0.80± 0.14b

f′′, m′′—chromosome fragments and bridges; f′, m′—chromatid fragments and bridges; g—chromosome laggings; mp—multipolar mitoses.
a Difference of the disturbance frequency from the reference one is significant,p< 5%.
b Difference from the reference site is significant;p< 5%.

The occurrence of mitotic anomalies in the Scots
pine populations of Sosnovy Bor and the ‘Radon’
LWPE site exceed corresponding reference levels, and
this excess is significant in every year of study except
for 1997 (Table 3). These observations are in agreement
with the outcome of a study[13] where the highest
number of mitotic abnormalities, especially multipolar
spindles, was found at two smelting plant locations. In
our present (Table 3) and previous[10] studies, multi-
polar mitoses in seedling root meristem cells were also
found only in the samples from both the ’Radon’ LWPE
and Sosnovy Bor sites, but not from either the refer-
ence sites or those within the 30 km Chernobyl NPP
zone. There were some differences in the multipolar
mitoses in reproductive (seeds) and vegetative (nee-
dles) tissues. Whereas multipolar mitoses were found
in seedling root meristem cells of the exposed pine
populations in each year of the study except in 2000
in Sosnovy Bor—and their frequency was often well
above zero (Table 3)—in needle intercalar meristem
only three cells with multipolar mitoses were recog-

nised overall (Sosnovy Bor, 1999 and 2000; ‘Radon’
LWPE, 2002), and the corresponding frequencies were
not different from zero.

In this study, chromosome aberrations (double frag-
ments and bridges) made an unusually high contribu-
tion to the total disturbances in root meristem. In the
reference population they constituted 25–67% of the
total number of alterations. Since similar data were
obtained in our studies of Scots pine populations in
other regions of Russia considered non-contaminated
(Obninsk, 1995[10]; Bryansk region, 2003, unpub-
lished data), such a phenomenon seems to be peculiar to
the study species. Chromosome aberration frequencies
in the affected populations showed a steady increase
over the reference level throughout the period 1997–
2002.

3.4. Acute radiation exposure of the seeds

A portion of the seeds collected in 1999–2001 was
subjected to a subsequent acute�-ray exposure. The
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Fig. 3. Aberrant cell frequency in root meristem of Scots pine
seedlings grown from seeds exposed to an acute�-ray dose of 15 Gy.
Test sites indication is the same as inFig. 2.

seeds from the Scots pine populations that are experi-
encing anthropogenic exposure and are characterized
by an enhanced level of cytogenetic disturbances,
showed higher resistance to the acute�-ray exposure
than those from the reference population (Fig. 3).
As a corollary, a sharp difference in the increment
of cytogenetic disturbances between the reference
and exposed Scots pine populations induced by acute
radiation was observed. The acute�-ray dose of 15 Gy
increased the cytogenetic disturbance level 11.0 times
(averaged value from 1999 to 2001) in the reference
population, while exposure of the seeds from Sosnovy
Bor and the ’Radon’ LWPE site to the same radiation
dose changed the corresponding values only 2.2 and
1.8 times, respectively. Kalchenko and Fedotov[11]
found similar results in studies of the acute�-radiation
resistance of Scots pine seeds collected in the 30 km
Chernobyl NPP zone in 1997.

4. Discussion

A highly significant increase in cytogenetic distur-
bances in both vegetative (needles) and reproductive
(seeds) organs of in situ Scots pine trees have been ob-
served in the vicinity of a radioactive waste storage fa-
cility. This strongly suggests the presence of genotoxic
factor(s) in the environment near the nuclear facilities.

Levels of cytogenetic damage in needles sampled
both from the reference and non-reference sites were
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togenetic disturbances in our experiment might only
be tip of the iceberg, reflecting global structural and
functional genome rearrangements induced by exter-
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plain the observed effect. However, unlike the hypoth-
esis suggested in[16], it does not seem that ionising
radiation is a determining factor in the enhanced cyto-
genetic response in the vicinity of the ‘Radon’ LWPE.

Additional information on the possible factors af-
fecting the trees may be obtained from analyzing the
spectrum of cytogenetic disturbances. This is a very im-
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or an increase in the level of abnormalities.

Though Scots pine is very often used in biolog
onitoring programs[9–11,13], publications on th

pectrum of cytogenetic abnormalities in Scots p
oth in control conditions and under environme
tress, are scarce in the literature. Thus, total
uencies of chromosomal aberrations and mi
bnormalities are given in[13] for two species of th
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lants in Slovakia. Detailed information on aberra
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f Scots pine populations growing in the vicin
f the ’Radon’ LWPE as well as in the Cherno
xclusion Zone were presented in[10]. Other author
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either have used non-cytogenetic test-systems or
contented themselves with total rates of cytogenetical
disturbances without subdividing them into groups.
Thus, to our knowledge,Table 3 presents the most
exhaustive data on the cytogenetic disturbance spec-
trum in reproductive (seeds) and vegetative (needles)
tissues of Scots pine induced spontaneously and under
conditions of environmental stress.

Concerning the high contribution of chromosome
aberrations to the spectrum, this phenomenon does
not seem to refer to exposure to radiation or any
radio-mimetic agent, but biological features of the test
species. An explanation could possibly be the long
maturation period when regular spontaneous disorders
might be processed in such a way that they appear as
chromosome aberrations at the stage of first mitosis in
germinated roots. Despite this feature of Scots pine, an
indication of environmental stress with chromosome
aberrations in seedling root meristem shows stable and
consistent results, since the aberration frequencies in
Scots pine populations of Sosnovy Bor and the ‘Radon’
LWPE test sites were significantly increased compared
with the reference population throughout the 6 years of
observation (Table 3).

From Table 3, the occurrence of mitotic anoma-
lies in the exposed populations is above the reference
values in all cases. Furthermore, multipolar mitoses,
rather rare anomalies, were found only in the samples
from the ’Radon’ LWPE and Sosnovy Bor sites, but not
in the samples from either the reference sites of Bol-
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mental contamination with genotoxic chemicals. Sim-
ilar results were obtained in our previous work[18] on
genotoxicity and toxicity of water samples from a ra-
dium production industry storage-cell area (Komi Re-
public, Russia) by means of theAllium-test, and in a
study of genetic variability and reproductive potential
in Gambusia affinispopulations in radioactively con-
taminated reservoirs in Oak Ridge, USA[25].

The observations of the Scots pine populations over
several years made it possible to trace temporal changes
in cytogenetic damage. If registered variations were not
stochastic but causal, ignoring them could lead to an
unsuitable or even wrong forecast of the further devel-
opment. The clear and steady increase of cytogenetic
alterations was revealed in the root meristem cells. A
reason for this is not easy to find out. Man-made influ-
ences of nearby facilities would seem to be an apparent
cause of this stable temporal increase in the frequency
of aberrant cells in the exposed populations. On the
other hand, the slight increase of cytogenetic distur-
bances in the control population may reflect global en-
vironmental deterioration. It is generally accepted that
regular fluctuations with time are inherent in many of
natural processes. It is, therefore, not surprising that a
more thorough consideration of time dependence re-
vealed (Table 2) that cytogenetic parameters at the ref-
erence site show a trend to cyclic fluctuation over time,
whereas in the technogenically affected populations
these peculiarities could not be revealed with confi-
dence. Thus, the technogenic impact in this region is
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The level of cytogenetic disturbances in root me
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this endpoint provides a snapshot picture of the cur-
rent exposure rates. The essential differences of these
test-systems in their uptake and exposure time of man-
caused pollutants cannot be ruled out.

One of the consequences of chronic irradiation in
natural populations has been observed in the East
Ural trail region [26,27], i.e. an apparent increase
in the mean radioresistance of the seeds to an ad-
ditional acute �-radiation exposure—the so-called
“radio-adaptation phenomenon”. Experimental studies
of repair inhibitors, dose–effect relationships for low-
and high-LET radiations, measurements of unsched-
uled DNA synthesis and an efficacy of the recovery
of single-strand breaks[26,28] allow the conclusion
that the divergence of populations in terms of radiore-
sistance is connected with a selection for changes in
the effectiveness of the repair systems. Consequently,
the appearance of factors (either of natural origin or
man-made) in the plants’ environment activates genetic
mechanisms, changing a population’s resistance to this
exposure.

In [29,30] a distinction in genetic structure was
found betweenPinus sylvestrisL. populations in ar-
eas with different levels of man-made pollution. This
supports the assumption that the long-term impact of
the nuclear industry facilities on Scots pine populations
in the vicinity of the town of Sosnovy Bor, diagnosed
reliably by means of the cytogenetic tests, can change
their genetic make-up. The natural selection among the
available variants that fit in new conditions results in
t aits.
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most natural ecosystems, the dominant plants are often
long-lived trees and other perennials. In combination
with lower selection pressures, this probably limits the
rate at which natural populations might become sig-
nificantly more resistant to pollutants. However, the
only conclusion that can be drawn from our findings
is that the evolution of resistance to pollutants may be
extremely rapid in this case also.

The number of generations of pine trees during the
existence of the ‘Radon’ LWPE is obviously insuffi-
cient for natural selection, in the classical sense, on the
basis of the efficacy of repair systems. Even if virtually
all mutations are favourable, it is difficult to imagine
that this would lead to a sufficient and rapid adaptation
of plant populations within several years, even with
the increased mutation rates shown in this study. One
possible explanation could be a selection on the basis
of cellular radiosensitivity, i.e. a selective elimination
of sensitive cells and their apparent replacement with
more radioresistant cells[11]. An alternative explana-
tion concerns the possible existence of an induced epi-
genetic change in the activity of functional genes that
is heritable over a number of cell generations. This hy-
pothesis has found support recently[33] when genomic
DNA of pine trees exposed during the Chernobyl dis-
aster was shown to be considerably hyper-methylated
in a dose-dependent manner. Methylation patterns
are believed to be inherited through generations[34];
their changing may lead to alterations in expression of
various stress-related and housekeeping genes. Further
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Most investigations in which actual evolution
esistance has been confirmed[26,27,31,32]involved
lants with relatively short life cycles. In combin

ion with an intense selection, a short life cycle
esult in a rapid genetic change in a population. Bu
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f epigenetic mechanisms in the adaptive resp
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The health status of coniferous forests is most o
valuated using needle coloration, crown transpar
nd other descriptive features[35]. Therefore, there
need for a feasible and impartial approach to he
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onitory stage when environmental stress has no
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Overall, the results described here clearly indicate
that the bio-indicator approach based on analysis of the
frequency of cytogenetic disturbances in the reproduc-
tive and vegetative structures of Scots pine not only
provides tools for an efficient diagnosis of man-made
contaminations of different types, but also enables us to
draw plausible conjectures about their nature, as well as
explore the dynamics and trends in adaptive processes
in plant populations. Therefore, the use of Scots pine
trees for the in situ bio-monitoring of the genotoxicity
of the environmental factors seems to be promising.
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