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† Background and Aims The plants that have remained in the contaminated areas around Chernobyl since 1986
encapsulate the effects of radiation. Such plants are chronically exposed to radionuclides that they have accumulated
internally as well as to a-, b- and g-emitting radionuclides from external sources and from the soil. This radiation
leads to genetic damage that can be countered by DNA repair systems. The objective of this study is to follow DNA
repair and adaptation in haploid cells (birch pollen) and diploid cells (seed embryos of the evening primrose) from
plants that have been growing in situ in different radionuclide fall-out sites in monitored regions surrounding the
Chernobyl explosion of 1986.
† Methods Radionuclide levels in soil were detected using gamma-spectroscopy and radiochemistry. DNA repair
assays included measurement of unscheduled DNA synthesis, electrophoretic determination of single-strand DNA
breaks and image analysis of rDNA repeats after repair intervals. Nucleosome levels were established using an
ELISA kit.
† Key Results Birch pollen collected in 1987 failed to perform unscheduled DNA synthesis, but pollen at g/b-emitter
sites has now recovered this ability. At a site with high levels of combined a- and g/b-emitters, pollen still exhibits
hidden damage, as shown by reduced unscheduled DNA synthesis and failure to repair lesions in rDNA repeats
properly. Evening primrose seed embryos generated on plants at the same g/b-emitter sites now show an improved
DNA repair capacity and ability to germinate under abiotic stresses (salinity and accelerated ageing). Again those
from combined a- and g/b-contaminated site do not show this improvement.
† Conclusions Chronic irradiation at g/b-emitter sites has provided opportunities for plant cells (both pollen and
embryo cells) to adapt to ionizing irradiation and other environmental stresses. This may be explained by facilitation
of DNA repair function.
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INTRODUCTION

After the accident at Chernobyl, large areas of Europe were
contaminated by a spectrum of radionuclides causing major
concerns about environmental pollution (Hohenemser
et al., 1986). The wide dispersal and non-uniformity of
this contamination added special problems (Levi, 1991;
Lindner, 2000). These include the presence of numerous
‘hot spots’ originating from particular types of fall-out,
different solubility and toxicity of the generated radio-
nuclides and their subsequent interaction with other chemi-
cal compounds in the environment (Salbu et al., 1994;
Bondarkov et al., 1999; Chesser et al., 2004). As a result,
prediction of the long-term impact of Chernobyl contami-
nation on biological subjects remains uncertain.

The plants that have remained in the contaminated areas
since 1986 encapsulate all the effects of radiation. Such
plants are exposed to a-, b- and g-emitting radionuclides
from external sources as well as to radionuclides that are

absorbed from the soil and accumulated internally. This
combined irradiation leads to an accumulation of DNA
damage within each cell. Pollen cells, because of their
haploid status, are particularly susceptible to loss of
genetic integrity in a radio-contaminated environment.
DNA damage arising from accumulated radiation doses
can cause genetic deficiencies in future offspring. Thus
birch pollen, with its long formation period (10 months),
spent mostly in the haploid state, is a most suitable biologi-
cal material for the study of irradiation effects in a radio-
contaminated area such as Chernobyl (Boubriak and
Grodzinsky, 1989). This pollen model was also selected
because birch trees are widespread in the Chernobyl area
and so the same species is available at different contami-
nation levels where radiation monitoring can be set up.
Finally it is possible to collect significant amounts of
pollen (grams) from the same trees, which is crucial for
the biochemical assays used.

Genetic responses to irradiation mainly depend upon the
organization, size and numbers of chromosomes, and on the
efficiency of DNA repair systems in restoring the integrity
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of heritable information. Although a link between the extent
of radiation damage (radiosensitivity) and the size of the
chromosome target is well established (Osborne and
Bacon, 1960; Sparrow et al., 1967) the involvement of
different plant DNA repair systems is still not fully
resolved.

Essential DNA maintenance in plants is carried out by
base excision repair, which can eliminate single-base
damage including oxidation and base loss (Morales-Ruiz
et al., 2003; Mori et al., 2005), which are lesions commonly
caused by ionizing radiation. The most versatile system for
dealing with the DNA damage accumulated in consequence
of irradiation is nucleotide excision repair (NER). This
system can repair different types of damage because it
recognizes conformational changes in the DNA duplex
rather than a specific type of DNA damage. Constitutive
repair of g-radiation-induced DNA damage was first
demonstrated in protoplasts isolated from cultured wild
carrot cells (Howland, 1975). A number of enzymes
involved in repair of radiation-induced DNA damage have
been shown to affect mutation rate, chromosome aberration
frequencies and viability in seeds and seedlings (Cheah and
Osborne, 1978; Elder et al., 1987; Boubriak et al., 1997).
Viability under irradiation also depends, to great extent,
on the repair of double-strand DNA breaks which, in
plants, is achieved both by homologous recombination
and non-homologous end joining (Pacher et al., 2007),
although non-homologous end joining seems to be more
important (West et al., 2004; Puchta, 2005). Radiation-sen-
sitive plant mutants have now been isolated (Jiang et al.,
1997; Britt, 1999; Liu et al., 2001; Bray and West, 2005)
and many plant genes from different repair pathways
involved in repair of radiation-induced damage have been
cloned (Bleuyard et al., 2005; Morgante et al., 2005;
Liang et al., 2006; Vonarx et al., 2006). However, to
date, the efficiency of NER and double-strand break
repair and the stability/modification of these systems
under chronic irradiation conditions have not been reported.

The efficiency of plant DNA excision repair is modified
by continuous exposure to certain environmental pressures.
For example, Corylus avellana pollen from trees grown at
high altitude (under high levels of UV radiation) shows
more efficient repair of both UV and g-induced DNA
damage than pollen of the same species grown near to
sea level (Boubriak and Grodzinsky, 1985). The efficiency
of DNA repair seems also to be sensitive to the type and
duration of radiation encountered; chronic b-irradiation of
parental plants gives an enhanced repair capacity in
g-irradiated seeds at germination. In contrast, no repair
enhancement was found in similar experiments with
chronic a-irradiation (Abramov et al., 1992b; Semov
et al., 1997). The influence that combined chronic
irradiation conditions have had on DNA repair in indigen-
ous plants is therefore of special relevance to Chernobyl.

In early experiments with birch pollen from Chernobyl
sites, no evidence of radiation stimulation of DNA repair
activity or of any alteration in the expression of DNA
repair enzymes was found (Boubriak et al., 1990)
However, it was shown that UDS, which in binucleate
pollen reflects the DNA repair synthesis step of NER

(Jackson and Linskens, 1980; Boubriak and Grodzinsky,
1986), was strongly inhibited in the first (1987) generation
of pollen formed on birch trees after the Chernobyl accident
(Boubriak and Grodzinsky, 1989). In the years that followed
(1988–1990) subsequent pollen generations have regained
much of their capacity to perform UDS after radiation
stress except in pollen from the highest levels of contami-
nation from combined a- and g/b-irradiation (Boubriak
et al., 1991). We show evidence here that pollen formed
at intermediate levels of contamination, with only g/b-emit-
ters present, are now showing an enhanced DNA repair
capability and an increased tolerance to stress conditions.

The germination capacity under stress of seeds of a bien-
nial species, Oenothera biennis, that grows wild in the areas
around Chernobyl, was chosen as the second model plant
system in which to assess whether adaptive survival mech-
anisms had arisen in the multiple generations of progeny (in
contrast to pollen generations from the same trees) that have
thrived there, undisturbed, in situ. Unfortunately no viable
birch seeds were available for comparison but, where possi-
ble, Oenothera seeds were collected from the same con-
taminated ‘birch sites’. In fact this was the only suitable
species growing at two out of the three selected ‘birch
sites’ and Oenothera was also available at highly contami-
nated places with a significant a-emitter contribution. The
choice of a biennial plant rather than a short-lived annual
was intentional, because of the long-term radionuclide
exposure to the parent before gamete formation.

The stresses imposed upon the harvested or germinating
seed were either (a) an additional g-irradiation dose; (b) the
environmental pressures of enhanced temperature and
increased humidity (accelerated ageing) given while the
seed was in the ‘dry’ state; or (c) the inclusion of saline
conditions in the medium in which the untreated seeds
were germinated.

Previously, in an unpublished Royal Society Internal
Report, it had been reported by the authors that whereas
seeds from the high g/b-emitter sites showed an improved
capacity to survive ageing or additional stresses, those
from high combined a-emitter and g/b-emitter sites
remain impaired in their responses.

In this paper, the long-term legacy of different types of
radiation insult upon the inherent stability and adaptation
of plants to chronic irradiation from radionuclide contami-
nation is described.

MATERIALS AND METHODS

Plant material and radioactivity measurements

Pollen from birch trees (Betula verrucosa L.) has been col-
lected every year since 1987 from three selected contamination
sites inside the 30-km zone around the destroyed Chernobyl
reactor. Radioactivity in soil was measured using a g-spec-
trometer with DGDK-100 detector and an AM-A-02F1 analy-
ser and by radiochemistry (Kashparov et al., 2001; Yoschenko
et al., 2006). The contamination levels and radionuclide com-
position of soils at different locations in 1987 were: level I
(Chernobyl control), total activity 5.2 � 1010 Bq km22;
level II (Kopachy), total activity 4.9 � 1013 Bq km22; level
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III (Novo-Tchepelichy), total activity 1.3 � 1014 Bq km22.
The radionuclide composition for soils at these sites is pre-
sented in Table 1 (section A). Only level-III contamination
had a significant amount of a-emitters in the soil (3.6 �
102 Bq kg21). In the final year of pollen collection (1998)
the total activity in soils had fallen to the following
amounts: level I (Chernobyl control), 3.3 �
109 Bq km22; level II (Kopachy), 1.1 � 1012 Bq km22;
level III (Novo-Tchepelichy), 1.8 � 1013 Bq km22. Pollen
was collected each year from the same trees by cutting
branches with mature, but unopened, catkins. After shedding,
dry pollen was either stored at 220 8C in glass tubes or
quickly frozen and stored in liquid nitrogen. Under these con-
ditions pollen maintained a high germination capability (70–
95 %) for up to 4 (freezer) or 10 (liquid nitrogen) years. For
germination, 50 mg of pollen (in triplicate) was first hydrated
in moist air (45 min) then held in aerated 15 % sucrose/
0.01 % boric acid solution.

Seed from Oenothera biennis was collected first in 1998
from the three contaminated sites. Level I and level II con-
tamination is at the same sites as for the pollen (Chernobyl
and Kopachy), but level III (the highest) contamination was
from a new Yanov site (no Oenothera seeds were found at
the Novo-Tchepelichy site). The total activity in soils for
these sites in the first year of collection in 1998 was as
follows: level I (Chernobyl control), 3.1 � 109 Bq km22;
level II (Kopachy), 7.2 � 1012 Bq km22; level III (Yanov),
1.4 � 1014 Bq km22. The radionuclide composition of
soils at these sites is shown in Table 1 (section B). Only
the Yanov site contained significant levels of a-emitters:
9.4 � 102 Bq kg21. In the final year of seed collection
(2001), the total activity in soils had fallen to the following
amounts: level I (Chernobyl control), 2.8 � 109 Bq km22,
level II (Kopachy), 6.4 � 1012 Bq km22; level III (Yanov),
8.6 � 1013 Bq km22.

Irradiation and incorporation studies

Dry pollen or seeds (four repeats for each sample) were
g-irradiated (500–2000 Gy, dose rate 893 cGy min21) from
a 137Cs source (RX 30/55 M Irradiator, Gravatom
Industries, UK) and used immediately in experiments. UDS
was measured by the incorporation of [3H]methylthymidine
(Amersham, UK) into TCA-insoluble material as described
earlier (Boubriak and Grodzinsky, 1985; Elder and

Osborne, 1993). Briefly, for pollen: 50 mg of pollen were ger-
minated in aerated 15 % sucrose with 0.01 % boric acid in the
presence of 40 mCi of methyl-[3H]thymidine (specific
activity 2.0 TBq mmol21, 74 Ci mmol21; Amersham
International, UK). After repair intervals pollen was fixed
and washed six times with unlabelled cold thymidine solution
followed by TCAwashes. DNAwas extracted with hot HClO4

and half of the sample was used for radioactivity measure-
ment in a liquid scintillation counter (Rackbeta 1209, LKB
Wallac, Finland) and another half for measuring DNA
concentration.

Absence of replication in the first 24 h of Oenothera seed
imbibition was confirmed using hydroxyurea (10 mM

solution), an inhibitor of replication.

DNA isolation and Southern blot hybridization to rDNA

For DNA isolation (in triplicates) from pollen, a commer-
cial Genomic DNA kit (InViSorbTM, Bioline, UK) was
used. The DNA content for each isolated sample was quan-
tified using either absorption at 260/280 nm or fluorescence
at 550 nm using the DNA-specific dye PicoGreenTM

(Molecular Probes Europe, The Netherlands). After restric-
tion of DNA with MboI (or DpnII), which cuts at both sides
of the sequence GATC, followed by electrophoresis of
pooled DNA samples, DNA was transferred to Hybond
Cþ (Amersham, UK) membrane and probed with the
9-kb rDNA repeat unit from wheat described by Gerlach
and Bedbrook (1979). This probe, cloned into pTA71
plasmid, was successfully used to probe rDNA composition
in birch DNA (Bousquet et al., 1989) and was kindly pro-
vided by Dr Leonid Sitailo (Layola University, USA).
The DNA probe was labelled with 32P using a random-
prime labelling kit (Amersham, UK), hybridized to the
membrane (at 65 8C) and, after stringency washing, radio-
activity was detected on Hyperfilm (Amersham, UK) and
analysed on a UVP Image Analyser (UVP, UK)
(Boubriak et al., 2002)

Nucleosome analyses

The nucleosome content of pollen was measured using a
Nucleosome ELISA kit (Oncogene Research Products,
Calbiochem, USA). For this, 100 mg of pollen (in tripli-
cate) was germinated for 3 h, ground in dry ice and lysed

TABLE 1. Radionuclide composition at the different contaminated sites in the Chernobyl zone used for pollen and seed collections

Year of collection Collection site

Activity of radionuclide (103 Bq kg21)

137Cs 134Cs 144Ce 106Ru 90Sr

(A) Pollen collection
1987 Chernobyl, control 1.8 0.6 – – 1.6

Kopachy, level I 9.3 2.9 1.0 0.6 4.7
Novo-Tchepelichy, level II 18 6.5 3.8 2.7 8.7

(B) Seed collections
1998 Chernobyl, control 1.3 – – – 1.1

Kopachy, level I 6.8 – – – 2.7
Yanov, level II 28 1.2 – – 12
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in 750 mL of the buffer supplied. Samples were diluted 1 : 8
and 1 : 16 for immunological analysis against the kit Daudi
cell standards. The data represent units of nucleosomes per
1 ml of original pollen lysis extract.

Seed germination experiments

Sets of seeds (six repeats for each sample) were assessed
for their germination success either by planting onto 1.5 %
agar at 27 8C for 3 d in the dark followed by transfer to the
light or on filter paper at 24 8C in the dark and supplied
with water or a solution of gibberellin A3 (500 m M) to over-
come any dormancy that might be inherent in the seed lots.

(a) Accelerated ageing treatments. Weighed sets of dry seed
(four repeats for each sample), enclosed in muslin bags,
were suspended over saturated solutions of NaCl in closed
Kilner jars and held at 40 8C, providing conditions of
74 % relative humidity. Seeds were re-weighed immedi-
ately at the end of the treatment, air dried to the original
weight and used at once. The original moisture content of
all dry seeds was 9.1–9.4 %. Germination tests on filter
paper (no gibberellin) were then carried out at 24 8C in
the dark.

(b) Salinity stress treatments. Sets of 25-mg samples (six
repeats per sample) of dry seed were held on filter paper
moistened with an aqueous solution of NaCl (150 mM) at
24 8C in the dark (no gibberellin).

(c) Seedling survival after g-irradiation stress. The ability to
survive and continue to grow was assessed in 10-d-old
seedlings (25 seedlings per repeat) after they were
exposed to chronic g-irradiation ranging from 0 to 150 Gy.

Analysis of repair of single-strand DNA breaks

Measurements of repair of DNA single-strand breaks
(SSB) in germinating seed were carried out using an elec-
trophoretic method (Yamamoto et al., 1982; Syomov
et al., 1992). To allow repair, the seeds (in triplicates)
were first halved longitudinally to expose the embryo and
then soaked in water in the presence of chloramphenicol
(10 mg ml21) (6–24 h). Seeds irradiated with 750 Gy
were mixed, after various repair intervals, with dry ice
and homogenized. DNA was extracted using a Nucleon
Phyto-Pure Plant DNA extraction kit (Amersham, UK)

according to the manufacturer’s specifications. The com-
bined DNA extracts were purified further by ethanol pre-
cipitation, quantified and diluted to 100 mg ml21. DNA
was denatured with an equal volume of 10 M urea and
heated at 95 8C and electrophoresis was carried out in
TAE buffer. After staining with ethidium bromide, gels
were analysed on a Specord M40 spectrometer (Carl
Zeiss, Germany). A maximum was determined, as was
the mean numerical DNA weight and the number of SSBs
(Yamamoto et al., 1982).

Statistical analysis

Data in all tables are presented as mean value of all
repeats (from three to six repeats in the different
experiments)+ standard error (SEM). Statistical analysis
was based on a two-tailed t-test using programme
GraphPad Instat.

RESULTS

Pollen

Unscheduled DNA synthesis during the first 3 h of pollen
germination was followed in material collected from
specific, identified birch trees at monitored radionuclide-
contaminated sites in the 30-km zone around Chernobyl
in successive years from 1987 to 1998. In the absence of
replication and endoreduplication in birch pollen UDS rep-
resents repair synthesis in NER and can be used as a
measure of dark repair efficiency (Boubriak and
Grodzinsky, 1986; Jackson, 1987). Over the period of 11
years the ability of the pollen to carry out UDS on germina-
tion and, hence, to repair DNA lesions following an applied
g-radiation dose has improved annually and is now similar
to that of unirradiated controls (Table 2). The results for
1998 for overall unscheduled DNA synthesis, i.e. repair of
lesions developed during pollen formation, are now appar-
ently little different from the capability of uncontaminated
control trees. However, the ability to up-regulate this syn-
thesis in response to a further radiation dose administered
to the dry pollen after collection, shows a difference for
pollen formed in a predominantly g/b-emitter site and
pollen from the combined a- and g/b-irradiation sites
(Fig. 1). The intermediate levels of chronic g/b-irradiation
result in an enhancement of the response to acute

TABLE 2. Unscheduled DNA synthesis in birch pollen collected during 1987–1997 from Chernobyl sites with different
radionuclide contamination

Collection site 1987 1989 1991 1993 1995 1997

Chernobyl, control 1050+90 1280+160 1070+170 1160+90 1320+240 1160+180
Kopachy, level I 70+20* 620+310** 880+260 1010+80 1430+130 1580+230*
Novo-Tchepelichy, level II n/a n/a 450+170* 820+90** 710+240* 910+160

After 500 Gy irradiation all pollen samples were allowed to repair on germination with 40 mCi of methyl-[3H]thymidine (specific activity varied in
different years from 70 to 78 Ci mmol21). Radioactivity data presented here in cpm21 mg21 DNA were corrected for the percentage of pollen
germination in each year.

*,** Significantly different from the pollen from other sites at P � 0.01 and P � 0.05, respectively.
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g-irradiation, whilst a repair malfunction still exists in
pollen from the trees that are highly contaminated with
both a- and g/b-emitters (Novo-Tchepelichy). The latter
pollen is less able than the Chernobyl control to achieve
full DNA repair capability following an additional radiation
stress above 250 Gy.

Further evidence that pollen collected from the
Novo-Tchepelichy site in 1998 still exhibits limitations in
DNA repair function is shown in the failure to properly
repair newly imposed damage to the rDNA gene cluster.
Gamma-irradiation of dry pollen (750 Gy) from a control
site and from the Novo-Tchepelichy site, followed by 3 h
germination, extraction and fractionation of DNA and
Southern hybridization to a rDNA repeat (Fig. 2) shows
quite clearly that the new radiation damage to
Novo-Tchepelichy pollen (lane 3) has not been properly
repaired on germination compared with the control
sample (lane 6). An additional indication of nuclear

instability to stress is provided by the presence of nucleo-
some multimers in the pollen collected from the
radionuclide-contaminated sites. In eukaryotic systems,
nucleosome accumulation represents a crisis state in the
progression to programmed cell death (Coupe et al.,
2004) and programmed cell death can be induced by
irradiation or oxidative stress (Tiwari et al., 2002; Danon
et al., 2004; Overmyer et al., 2005). Pollen collected
from both Kopachy and Novo-Tchepelichy in 1995 pos-
sesses an increased level of free nucleosomes which is
not attributable to differences in percentage viability com-
pared with the control (Table 3), but by 1998 only
Novo-Tchepelichy pollen shows this increase. It is not
know at what stage of pollen formation, pollen desiccation,
pollen dispersal or pollen germination, nucleosome
accumulation occurs, but it represents further evidence for
the continuing nuclear DNA abnormalities in pollen from
birch trees that are still stressed by this chronic irradiation.

Seeds

Ability of seeds to germinate and accelerated ageing. Sets of
seeds collected from the Chernobyl control, Kopachy and
Yanov sites (Table 4) were assessed for their final germina-
tion success with or without the addition of gibberellin.

Seeds from each of the sites had a high germination
potential at 11 d with no significant evidence of dormancy
inherent in the seed lots. These results confirm earlier find-
ings that, under non-stress conditions, the Chernobyl
control seeds may have a slight germination advantage
over those collected from either Kopachy or Yanov
(Micheev et al., 2000).

When seeds were subjected to stress in the form of accel-
erated ageing, the highest germination was of seed from the
intermediate radionuclide contaminated region (Kopachy),
the lowest in the Chernobyl controls. In other species
(wheat, rye, sugar beet) it has been shown that these accel-
erated ageing conditions cause enhanced DNA fragmenta-
tion and premature death of the enclosed embryo
(Boubriak et al., 2000).

Ability of seed to germinate in saline conditions. The overall
germination percentages of seeds held under an 150 mM

salt stress (Table 5) suggested some improved ability of
the Oenothera seeds from the contaminated Kopachy sites
to survive saline-stress conditions, and also suggested that
the older seed (1998 collection) expressed this capability
more readily.

Ability of seedlings and seeds to survive additional radiation
stress. Chernobyl control, Kopachy and Yanov seedlings
of the 1998–2000 collections were compared for evidence
of adaptation to chronic irradiation conditions by exposing
them to a further quantified radiation dose. For this, the
ability to survive successfully and continue to grow was
assessed after seedlings of each lot had been exposed to a
range of g-irradiation doses. In the Chernobyl controls,
growth impairment had already been observed at the
lowest (20 Gy) dose when the overall root length was
15 % less than that of Kopachy seeds, though percentage
germination was similar in each of the lots. These data

FI G. 1. Dose dependence of unscheduled DNA synthesis in birch pollen
from Chernobyl sites (1998) with different radionuclide contamination. 1,
Chernobyl, control; 2, Kopachy, g/b-emitter site (level II contamination);
3, Novo-Tchepelichy, combined a- and g/b-irradiation (level III contami-
nation). Radioactivity data presented here in cpm mg21 DNA was corrected
for the percentage of pollen germination. SEM presented for each point.

FI G. 2. In vivo repair of rDNA in g-irradiated pollen from differently
radionuclide contaminated Chernobyl sites. Lanes 1–3, Novo-
Tchepelichy level III contamination; lanes 4–6, Chernobyl control; lanes
1 and 4, MboI-digested DNA from pollen germinated for 3 h; lanes 2
and 5, MboI-digested DNA from dry pollen irradiated with 750 Gy;
lanes 3 and 6, MboI-digested DNA from pollen irradiated with 750 Gy,

germinated (repaired) for 3 h.
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(not shown here) are set out in a detailed report published
elsewhere (Micheev et al., 2000).

Results for the Oenothera seed repair experiments show
that at 24 h there is already some difference in the level
of [3H]methylthymidine incorporation into the DNA of
the imbibed unirradiated samples (0 Gy) in Kopachy or
Yanov seeds compared with the Chernobyl control
samples (Table 6). This may reflect differences in starting
levels of DNA damage in the dry embryos of seeds
formed under the different conditions of chronic irradiation
because of the absence of replication in embryos at this time
point. The later was confirmed in the experiments in which
hydroxyurea was added to the incubation medium. This
addition of a replication inhibitor had no significant effect
on the level of incorporation of unirradiated samples up
to 24 h (data not shown). After 750 Gy, all samples
showed increased incorporation (reflecting DNA repair

synthesis) with the highest values for Kopachy seed. At
1500 Gy, the Kopachy seeds show a significantly greater
capacity for repair incorporation than the other samples.
The Yanov seed failed to repair this higher level of
imposed radiation damage as effectively as the control seed.

Further evidence for an increased efficiency of NER in
the Kopachy samples (both 1998 and 2001) was seen
when SSB DNA repair in g-irradiated seed was assessed.
Two time points were analysed, one at 6 h and the other
at 24 h after imbibition. At these time points, rapid repair
of SSBs by simple ligation, which happens in the first
minutes after irradiation, was not measured (Grodzinskii,
1989; Grodzinskii and Gudkov, 2006), but the remaining
SSBs which are dealt with NER were monitored.
Although repair is seen in all seeds at 6 h (Table 6), it
seems that the first hour of imbibition may not provide a
long enough period of hydration through the seed coat to

TABLE 3. Nucleosome contents in germinated pollen samples from Chernobyl sites with different radionuclide contamination

Collection sites/levels of
pollution

1995 relative
units

Germination
(%)

1997 relative
units

Germination
(%)

1998 relative
units

Germination
(%)

Chernobyl control 0.14+0.05 92.3+3.3 0.11+0.02 86.4+6.3 0.17+0.05 88.4+7.7
Kopachy level I 0.47+0.13* 74.2+2.2 – – 0.19+0.07 84.4+6.6
Novo-Tchepelichy level II 0.51+0.08* 84.1+5.7 0.92+0.15* 72.8+2.9 0.84+0.12* 76.4+8.3

Data are presented as nucleosome units per 1 ml of original lysate. One nucleosome unit per millilitre is defined as the amount of nucleosomes from
444 UV-treated Daudi cells ml21.

The threshold for significant nucleosome detection is 0.1 U. ml21

* Significantly different from controls at P � 0.01.

TABLE 4. Germination percentages of Oenothera biennis seeds collected in two years from differently
radionuclide-contaminated sites and effect of 16-d accelerated ageing on these seeds

1998 2001

Collection sites/
levels of pollution

Germination (%)
(–GA3)

Germination (%)
(þGA3)

Accelerated ageing
(%) (–GA3)

Germination (%)
(–GA3)

Germination (%)
(þGA3)

Accelerated ageing
(%) (–GA3)

Chernobyl, control 86.4+6.2 90.1+4.3 17.5+2.2 88.3+4.7 91.1+3.8 19.5+3.6
Kopachy, level I 82.2+4.7 84.2+4.2 55.5+3.8* 80.1+3.8 82.6+5.1 47.5+4.4*
Yanov, level II 75.9+7.1 80.1+5.6 22.5+1.8 77.7+6.1 83.1+4.4 18.5+2.6

Accelerated ageing carried out at 40 8C and 74 % humidity led to an increase in seed moisture from 9.1+0.2 % to 14.0+0.4 % in 1998 samples
and from 9.4+0.3 % to 14.5+0.5 % in 2001 samples.

* Significantly different from the seed from other sites at P � 0.01.

TABLE 5. Germination percentages (%) under osmotic stress of Oenothera biennis seeds collected in two years from the
differently radionuclide-contaminated Chernobyl sites

1998 2001

Collection sites/levels of pollution 7 d 12 d 20 d 7 d 12 d

Chernobyl, control 1.1+0.7 0 3.7+1.4 1.0+0.6 1.6+1.1
Kopachy, level I 6.6+2.4* 7.5+1.2* 11.5+3.1* 2.5+1.3** 3.0+1.2**
Yanov, level II 0 0 1.3+0.8 1.7+1.1 1.8+0.9

Sets of 25-mg samples of dry seed were held in Petri dishes on filter paper moistened with 150 mM NaCl at 24 8C in the dark (no gibberellin).
*,** Significantly different from other treatments in same experiment at P � 0.01 and P � 0.05, respectively.
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permit full excision repair in either the unirradiated or the
g-irradiated samples.

After irradiation followed by 24-h imbibition, however,
clear differences become apparent in the efficiency of
SSB DNA repair. Although both the Chernobyl control
and Kopachy seed from the 2001 samples show repair,
after imbibition for 24 h, more SSBs are seen to be repaired
in the Kopachy sample from 1998 (Table 7). This recovery
at 24 h could accord with the significantly higher germina-
tion capacity found in the additionally g-irradiated 1998
Kopachy samples compared with the 1998 samples from
the Chernobyl control site, and with the greater ability of
Kopachy seed to withstand salinity stress.

DISCUSSION

Adaptation is a complex process by which populations of
organisms respond to long-term environmental stresses
through permanent genetic change (Kovalchuk et al.,
2004) and, to date, our knowledge of the adaptation of
plant populations to chronic irradiation is limited. A
renewed interest in this topic was prompted by the
Chernobyl disaster, which had major effects on plants
growing in the vicinity of the reactor. These effects
included the death of radiosensitive plants such as pine
trees (Arkhipov et al., 1994), an increased frequency of
mutations (Bubryak et al., 1992; Kovalchuk et al., 2000)
and chromosome aberrations (Shkvarnikov, 1990) as well
as embryonic lethal mutations (Abramov et al., 1992a).
Despite the presence of genetic damage in chronically

irradiated plants, ecological surveys in the Chernobyl area
have revealed specific plant communities that have
become adapted for survival in the radiocontaminated
soils (Abramov et al., 1992a).

Adaptation is a complex process and this study has concen-
trated on only one possible mechanism of adaptation –
up-regulation of DNA repair functions. Another study on
the possible mechanisms of adaptation in the Chernobyl
area showed extremely low recombination levels in chroni-
cally irradiated plants that may prevent extensive genome
rearrangements (Kovalchuk et al., 2004). This is despite
that fact that homologous recombination might be expected
to be dealing with an increased incidence of double-strand
breaks in such plants (although it is possible that plants
grown in contaminated areas may shift their DSB repair
mechanisms towards non-homologous end joining). In any
case, more efficient dark repair systems in adapted plants
should be able to deal with increased levels of radiation
damage from the radionuclide contamination. The present
data for increased excision repair capacity in Kopachy
pollen strongly support this hypothesis. From the pollen
repair studies it is clear that, in contrast to Kopachy, excision
repair is impaired in Novo-Tchepelichy pollen. This pollen
has a reduced level of DNA repair synthesis after gamma
irradiation and the hybridization pattern for rDNA repeats
following a repair interval showed significant rearrange-
ments. These re-arrangements cannot be explained by non-
homogeneous biological material, because the pollen from
the same trees is used in all cases, nor by different DNA
methylation patterns for control and chronically irradiated

TABLE 7. Efficiency of repair of DNA single-strand breaks formed in Oenothera seeds collected in two years at
g/b-contaminated site in Chernobyl after 750 Gy g-irradiation

1998 2001

Collection sites
DNA SSB

(10210 Gy Da 21)
Repair efficiency

(%), 6 h
Repair efficiency

(%), 24 h
DNA SSB

(10210 Gy Da 21)
Repair efficiency

(%), 6 h
Repair efficiency

(%), 24 h

Chernobyl, control 8.3+0.7 56+4 87+6 9.4+0.4 47+6 91+9
Kopachy, level I 6.7+0.8 68+7* 100+5* 7.8+0.6 63+7* 98+11

Number of SSB immediately after irradiation and following repair intervals was calculated from scans of denaturing DNA gels according to
Yamamoto et al. (1982).

* Significantly different from control at the same time point at P � 0.05.

TABLE 6. Dose dependence of unscheduled DNA synthesis in Oenothera seeds collected in two years from Chernobyl sites
with different radionuclide contamination

1998 2001

Collection sites/irradiation dose 0 Gy 750 Gy 1500 Gy 0 Gy 750 Gy 1500 Gy

Chernobyl, control 320+80 1280+260 830+210 260+90 1110+320 740+170
Kopachy, level I 570+140** 1820+360* 1580+290* 460+90 1430+230** 1200+230*
Yanov, level II 660+110* 1120+170 580+190** 610+90* 960+240 470+160**

After irradiation in the dry state, 100 mg of seeds per sample were halved longitudinally to expose embryos, imbibed in water in the presence of
40 mCi of methyl-[3H]thymidine for 12 h and fixed in ethanol/acetic acid (3 : 1). DNA was extracted as described in Materials and methods and
radioactivity was measured and is presented here in cpm21 mg21 DNA.

*,** Significantly different from control in the same experiment: at P � 0.01 and P � 0.05, respectively.
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pollen samples. Despite being methylation sensitive, MboI,
the restriction enzyme used to digest pollen DNA, provides
the same restriction pattern for Chernobyl and
Novo-Tchepelichy samples in all cases except when pollen
samples are allowed to repair. To confirm further that DNA
methylation is not sufficiently different to affect fragmenta-
tion patterns for pollen DNA from different Chernobyl
sites, the restriction pattern produced by the isoschizomers
MboI and DpnII, which have different sensitivities to eukary-
otic CpG methylation, were compared (Fig. 3). The similar
restriction pattern obtained by the use of these two enzymes
confirms the limited effect of epigenetic changes in birch
pollen at selected Chernobyl sites. This is why we suggest
that the accumulation of unrepaired lesions in the rDNA
cluster, due to the failure to properly repair remaining SSBs
by NER, changes the MboI digestion pattern, thus confirming
problems with DNA repair in the Novo-Tchepelichy sample.

The most likely explanation of the opposite effects of com-
bined irradiation on DNA repair functions in Kopachy and
Novo-Tchepelychy pollen samples is the different compo-
sition of radionuclides at these Chernobyl sites.

The mechanisms responsible for the adaptive upgrading of
DNA repair in the g/b-emitter-contaminated pollen and seed,
the repair of the lesions remaining in the pollen and the
seed-repair mechanism at combined a- and g/b-emitting
sites have not been identified. A number of possibilities
might operate in both pollen and seeds. Although immuno-
logical detection of a- and b-polymerases (involved in
DNA repair in plants) indicates no differences between the
levels of these enzymes in dry seeds from Chernobyl and
pollen from Kopachy, the levels are significantly reduced in
the pollen with impaired repair function from the most
highly contaminated site at Novo-Tchepelichy (Boubriak
et al., 2002). Up- and down-regulation of other enzymes
involved in dark repair is the most obvious, but not the only
mechanism explaining the differences in DNA repair effi-
ciencies at different contamination levels. DNA repair
enzymes are very labile and lose activity in stored seed
(Elder et al., 1987) and this process can be facilitated by
irradiation stress (Boubriak et al., 2002). It is not impossible
that a chaperone component (perhaps of a LEA-type protein)
might protect the relatively labile repair enzymes in adapted

plants and account for the sustained repair activity in the
Kopachy collection.

The present results on increased stress tolerance of seeds
are interpreted as evidence for an adaptive selection for
improved DNA repair capacity in the seeds of Oenothera
plants growing in the highly g/b-radionuclide-contaminated
site at Kopachy. The failure of the Yanov seeds to accom-
modate damage from the highest (1500 Gy) imposed dose
may be due, we suggest, to the proportionally higher
extent of a-emitters present in the soil of the parent
plants as shown in the direct radionuclide measurements.
Because a-particles have a very high linear energy transfer,
they are much more destructive than other types of radiation
and repair of the damage caused by this irradiation is
limited. This would be in agreement with the data obtained
on birch pollen and with an earlier report of the successful
adaptation of Vicia cracca plants to soils most highly con-
taminated by b-emitters, but not by a-emitters (Syomov
et al., 1992; Semov et al., 1997).

In the present paper, the long-term legacy of different
types of radiation insult upon the inherent stability of two
genetically distinct plant genomes using haploid and
diploid cells are described. The results show the capacity
of plants to adapt to and survive chronic levels of
g/b-emitters in the environment but an inability, so far, to
make such an adaptation to high levels of a-emissions.
The results alert us to a potential long-term threat to the
successful survival of plant species under a-emitter
contamination.

In this field of exploration there remains much to be elu-
cidated in our understanding of long-term chronic
irradiation damage from radioactive fall-out, not least in
understanding the indicators that could lead to future,
more successful, use of crops on contaminated land.
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