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% Background. The study of the long-term effects of chronic radiation exposure on plants and animals, which are still the
subject of scientific discussion, is necessary to understand the consequences of radiation accidents. After the Fukushima
nuclear power plant accident, some of the young pines and spruces showed an increased frequency of apical dominance
cancelling. The most probable cause of the observed morphoses is associated with damage to the apical meristem of conif-
erous plants by radiation in the first year of the accident, when they received the highest absorbed doses. If this hypothesis
is true, then even 8 years after the accident it will be possible with high degree of probability to detect an increased level of
cytogenetic abnormalities in the intercalary meristem of needles of plants from these populations.

The aim of this work was to verify this hypothesis.

Materials and methods. Five populations of Japanese red pine from territories contaminated with radionuclides as a re-
sult of the accident at the Fukushima nuclear power plant were investigated. The frequency and spectrum of cytogenetic
abnormalities in the intercalary meristem of needles were determined by the ana-telophase analysis.

Results. The frequency of aberrant cells in the needles intercalary meristem of Japanese red pine from the contaminated
with radionuclides territory statistically significantly exceeds the control level in all impact sites and increases along with
the dose rate. Although there is no correlation between the frequency of cytogenetic abnormalities in needles and the
presence of cancellation of apical dominance in plants, all pine populations from radioactively contaminated territories are
characterized by an increased frequency of both cytogenetic abnormalities and morphoses associated with the cancellation
of apical dominance.

Conclusion. Radiation damage to the apical meristems of conifers in the first year of the accident, when they received
the highest absorbed doses, is the most likely cause of the increased frequency of cancellation of apical dominance in the
studied populations of Japanese red pine from the zone affected by the accident at the Fukushima nuclear power plant.

% Keywords: accident at the Fukushima nuclear power plant; Japanese red pine; radioactive contamination; cytogenetic
abnormalities; cancellation of apical dominance.
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[Tocne aBapun Ha ADC «Pykycuma» y MOJIOABIX COCEH U eJieil Oblla 06GHApy:KeHa TOBbILLIEHHAsT YacToTa CHsTHS aru-
KaJIbHOro JloMHHMpoBanusl. Haubosee BeposiTHas npuynHaA HabJoaeMbIX MOP(O30B CBsI3aHa C MOBPEXKICHHEM H3Jyde-
HHEM aMuKalbHBbIX MEPUCTEM XBOHHBIX PACTEHHI B MepBble TOfibl MOC/e aBapHH, KOrja OHU MOJy4HIH HanboJiee BLICOKHE
norJiollieHHble 103bl. Ecaii 3Ta runoresa BepHa, TO Jayke CIycTs 8 JleT B MHTepPKasspHOH MepUCTeMe XBOM PacTeHHH M3
9THX TOMYJALMH C BBICOKOH J0J1efi BEPOSTHOCTH MOXKHO OyjeT OOHAPY:KHUTb MOBBILLICHHBINH YPOBEHb LIUTOr€HETHYECKHX
HapyLIeHUH.

Leabto nacrositieit paGoThl Gblia MpoBepKa TOH TMIOTE3bI.

Marepuanbl 1 meroapl. [llrpokasi pacrnpocTpaHeHHOCTb HA TEPPUTOPHUSIX, 3arPsIBHEHHBIX PAIHOHYKJIHAAMH B Pe3yJib-
tare aBapun Ha ADC «Dykycuma», W BBICOKAs PajlouyBCTBUTEJBHOCTb 0OYCJIOBUJIN BHIGOP KPACHOH SITOHCKOH COCHbI
(Pinus densiflora Siebold et Zucc.) B KauecTBe 00ObeKTa HAlMX HCC/enOBaHUH. LluToreHeTndyeckue ekt GbIIN
OLCHEHbI B MSTH €€ MonyJsiiusix. 4acToTy U CreKTp LUTOreHETHUECKUX HApYLICHHH B MHTEPKAJISIPHON MepUCTeMe XBOH
OMpeIesisiii aHa-TeJI0(ha3HBIM METOJIOM.

Pesyabrarsl. Uacrota aGeppaHTHBIX KJIETOK B MHTEPKAJSIPHOM MEPHCTEME XBOM CTAaTHCTHUECKH 3HAYHMO TMPEBbILIACT
KOHTPOJIbHBIFl YPOBEHb HA BCEX MMIMAKTHDBIX yYacTKax U pacTeT ¢ yBeJHueHHeM J03bl. XOTs KOPPeJIsiLiHE MesKIy 4acTOTON
LUTOr€HeTHYECKHUX HAPYLUeHUH B XBO€ W Ha/IMUMeM HapylleHUH aluKalbHOIO JOMHHHMPOBAHMSL y PACTeHUHd He oOHapy-
JKEHO, BCe IOI1YJIALUY COCHbL C PAJIMOAKTUBHO 3arpsi3HEHHbIX TEPPUTOPHI XapaKTePU3YIOTCs [TOBbILLEHHON YaCTOTON KaK
LMTOreHEeTHYECKUX HApYLIEHHi, TaK U MOP(HO30B, CBS3AHHBIX CO CHATHEM alMKaJbHOTO JOMHHHPOBAHHUSI.

BoiBoa. [loBpexieHne ua/aydeHHeM anuKajgbHbIX MEPUCTEM XBOHHBIX PACTEHHH B MepBble TOAbl MOC/]e aBapuH, Koria
OHH MOJIYUHJIH HanGoJiee BBICOKHE TOTIONIEHHbIE I03b, — HanOoJiee BepPOsITHAsT PUUHHA MOBBIILIEHHON YAaCTOThI CHSATHSI
aruKa/jbHOro JIOMHHMPOBAHHUSI B UCCJIEJ0OBAHHBIX MOMYJISILUSX KPACHOH SITOHCKOM COCHBI M3 30HbI, MOJBEPrILEHCs PaaHO-
aKTUBHOMY 3arpsidHeHuto B pesyJsbrate aBapun Ha ADC «Dykycuma».

% KitoueBble cioBa: aBapusi Ha ADC «Dykycnma»; KpacHast SIOHCKast COCHA; pajIMOaKTHBHOE 3arpsi3HeHHe; LIUTOreHe -
THYECKHE HapyLIeHHs; CHATHE aluKaJbHOTO JOMUHHPOBAHHSI.

GENETIC TOXICOLOGY

INTRODUCTION

As a result of major radiation disasters, the
human environment is deteriorating significant-
ly, and some previously densely populated areas
have become unlivable. One such disaster was
the accident that occurred at the Fukushima Dai-
ichi nuclear power plant in 2011. This accident
was assigned to the maximum category 7 on the
scale of the International Atomic Energy Agen-
cy (IAEA) [1]. The accident resulted in radioactive
contamination of a large area, and the population
along the northwestern trail was evacuated. The
territories contaminated with radionuclides and
abandoned by people provide a unique opportu-
nity for assessing the consequences of long-term
protracted exposure of wildlife to radiation. De-
spite the significant number of studies performed,
the consequences of protracted irradiation for
plants and animals inhabiting these territories
have remained the subject of scientific discussion
[2—5].

Analysis of the consequences of the Chernobyl
disaster has shown that coniferous phytocenoses
are the most sensitive to radiation effects [6, 7].

Studies conducted in the accident zone at the
Fukushima nuclear power plant confirm this con-
clusion. In particular, it was revealed [8, 9] that
young pine and spruce trees from territories con-
taminated with radionuclides are characterized by
an increased frequency of morphological anoma-
lies associated with the abolition of apical domi-
nance. Questions arise about the reasons for the
formation of such effects, and here genetic test
systems can provide necessary assistance, since
they are sufficiently sensitive and can integrate
the action of all biologically significant agents in
their response [10].

The most probable cause of the morphoses
presented in previous works [8, 9] is associated
with radiation damage to the apical meristems of
conifers in the first years after the accident, when
they received the highest absorbed doses. If this
hypothesis is correct, then even 8 years after the
accident, in the intercalary meristem of the nee-
dles of plants from these populations, an increased
level of cytogenetic abnormalities can be detect-
ed with a high degree of probability. This work
aimed to test this hypothesis.
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MATERIALS AND METHODS

The studies were performed on the Japanese
red pine (Pinus densiflora Siebold and Zucc),
which is widespread in the area contaminated with
radionuclides as a result of the accident at the Fu-
kushima nuclear power plant. The Japanese red
pine has high sensitivity to ionizing radiation, like
the Scotch pine [11], as well as large, easily iden-
tifiable chromosomes, and is one of the reference
species on which the modern system of radiation
protection of biota is based [12].

We studied pine populations from areas contami-
nated with radionuclides as a result of the accident
at the Fukushima nuclear power plant (Fig. 1).
The average age of most trees in the populations
studied was 5—8 years at the time of sampling. A
plant population from the territory of the Univer-
sity of Fukushima (F) was selected as a control. In
the contaminated areas, plant populations from the
Akibadai (A), Tsushima Farm (T), Tsushima School
(S), and Okuma (O) sites were studied. Three types
of trees were identified in each population, namely
those with impaired apical dominance (FA, AA, SA,
TA, OA); those that had recovered following impair-
ment of apical dominance (FR, AR, SR, TR, OR),
and those without morphoses (FN, AN, SN, TN,
ON). The share of abnormal trees in the population
is presented in Table 1.

The absorbed dose rate in air was measured
at a height of 1 m using a PDR-111 dosimeter
(Hitachi-Aloka Medical, Japan). At each site, the
average dose rate and standard deviation were
determined from the results of 10—20 measure-
ments. At the time of sampling, 8 years after the
accident, '”Cs made the main contribution to the
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Fig. 1. Scheme of the study area. g— sampling locations.
Symbols in the text

dose absorbed by plants. Dose rates at the time
of sampling and the coordinates of experimental
sites are presented in Table 1.

Young shoots with needles were collected in
May 2019. Shoots from 10—15 trees at a height
of 1—=2 m from the ground surface were taken
from each site within the homogeneous forest
stand. Ten young shoots were taken from each
tree and fixed in vinegar alcohol (1 : 3).

The frequency and spectrum of cytogenetic ab-
normalities in the intercalary meristem of the nee-
dles were assessed in ana-telophase. This method
is recommended as a sensitive, informative, and
highly reproducible tool for biological monitoring
of the environment [10, 13], used effectively in
our previous studies [11, 14].

For cytogenetic analysis, a section of needles with
an intercalary meristem was pinched off with twee-
zers and stained with aceto-orcein, after which tem-
porary squashed preparations were made according
to a previously published method [15]. All prepa-
rations were coded. In each preparation, all cells
were analyzed at the anaphase or telophase stages
(3412—7958 ana-telophases per variant of the ex-

Table 1
Characteristics of the areas under study (mean + SD)
Option Description I{?qissev;?]t,e{ Coordinates Pro;;;)(g‘;:)omn(:)rl})tl;e)zzswith
F University campus, hillside 0.33 + 0.05 ?106222231)51\% 0.14 + 0.04
A | Abandoned rice field 3.4% +0.1 S e 0.52% + 0.11
T | Abandoned agricultural plot 3.5% + 0.3 ST TN 0.42% + 0.07
S | Former athletic field 3.7 + 0.4 e 0.45% + 0.06
o [mdpedogbemvarn | gior | SHINN [ o so

* Difference from the control is statistically significant: p < 0,05.
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Fig. 2. Anomalies of mitosis in the intercalary meristem of red
Japanese pine needles: a — single fragment; b — double frag-
ment; ¢ — lagging behind; d — single bridge; e — double bridge;
J— multipolar mitosis

periment, 150—450 per plant), and the proportion of
cells with cytogenetic abnormalities was calculated.
When analyzing the range of disorders, chromatid
(single), chromosomal (double) bridges and frag-
ments, as well as multipolar mitoses and chromo-
some lagging were distinguished [15, 16] (Fig. 2).
In difficult cases, changes in focus and lighting were
used to identify accurately the type of abnormality.
The preparations were examined using Nikon Eclipse
55i and Nikon Eclipse E200 microscopes (Nikon,
Japan) at a total magnification of x400—1000.

Frequency of aberrant cells in the intercalary meristem
of cytogenetic abnormalities

The experimental data were tested for the presence
of outliers by the Dixon test. Four outliers exceeding
the critical value at p = 0.05 were excluded from further
consideration. Data analysis was performed in Micro-
soft Office Excel 2007 by methods of variation statis-
tics (variance and correlation analysis). The hypothesis
about the correspondence of the experimental data sam-
ples to the normal distribution was tested using IBM
SPSS Statistics (Armonk, NY) using the Kolmogorov—
Smirnov test. Since the experimental data were distrib-
uted in accordance with the normality assumptions, dif-
ferences between mean values were determined by the
Student’s test and considered significant at p < 0.05.
To optimize the sample size, the method of statisti-
cal analysis of empirical distributions was used [17].

RESULTS AND DISCUSSION

Empirical distributions of the data on cyto-
genetic effects in the populations studied were
highly homogeneous both for the entire set of the
trees under study (coefficient of variation 0.8—
1.2) and between plants of each population (co-
efficient of variation 0.2—0.4). The frequency of
cytogenetic disturbances in the intercalary meri-
stem of needles in all areas contaminated with
radionuclides was statistically significantly higher
than the control level (Table 2). The highest fre-

Table 2

of needles and the relative contribution of different types

Range
Option | VC | AC, % + SD "'+ m +SD "+ m"+ SD g+ mp + SD
f' | m' " | m" g | mp
95.16 + 0.05 32.08 + 0.05 42.77 + 0.05
F | 7958 | 1.08+0.11
1321 £0.02 | 11954002 | 377 +£0.03 | 2830 + 003 | 3836 + 0.04 | 440 + 001
17.95 + 0.04 48.72 + 0.06 33.33 + 0.05
A | 4422 |2.15% + 0.21
3.85* £0.01 | 1410 £0.01 | 833002 | 40.38 £0.03 | 27.56 £0.03 | 5.77 £0.02
9.24% + 0.04 63.59* + 0.06 97.17 + 0.06
T | 3467 |2.83* +0.38
435% +0.01 | 489+001 | 6524002 |57.07% +0.02[23.91% +0.02] 3.26 +0.01
11.30% + 0.04 53.04% + 0.06 35.65 + 0.06
s | 4591 |2.06% + 021
2.61% +0.01 | 8704002 |1435* +0.02| 3870 +0.02 | 30.87 +0.02 | 4.78 +0.02
9.27* + 0.03 47.10 + 0.05 43.63 + 0.05
O | 3412|388%+037
4.63* £0.01 | 463* £0.01 | 11.20* £ 001 | 35.91 £0.02 | 35,52 £0.02 | 811 +0.01

Note. VC — the number of viewed cells in the anaphase and telophase stages; AC — aberrant cells; . m” — chromatid (single ) fragments
and bridges; I, m” — chromosomal (double) fragments and bridges; g — lagging chromosomes; mp — multipolar mitoses; the differ-

ence from the control is statistically significant: * p < 0.05.
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Fig. 3. Frequency of cytogenetic disturbances in populations of red Japanese pine (this study) and populations of Scots pine from
the 30-km zone of the Chernobyl nuclear power plant [ 19] and the Bryansk region [ 14]. The difference from the control is statistically

significant: * p < 0.05

quency of abnormalities was registered at site O
located closest to the Fukushima nuclear power
plant. The differences in the frequency of cyto-
genetic abnormalities between sites A, S, and T
were statistically insignificant (p < 0.05), and the
levels of doses absorbed into the air also differed
insignificantly. The conclusion about the radia-
tion nature of the changes registered confirmed
the presence of a statistically significant correla-
tion of the frequency of cytogenetic abnormali-
ties with the dose (r = 0.95, p < 0.05). Thus, in
populations of Japanese red pine, characterized by
an increased frequency of apical dominance can-
cellation (Table 1), the frequency of cytogenetic
disturbances in the intercalary meristem of nee-
dles was also statistically significantly increased
(Table 2), which confirmed our hypothesis about
the radiation nature of the formation of this type
of morphoses.

Let us compare the results of this study with
the data from our previous studies of Scotch pine
populations from the territories contaminated with
radionuclides as a result of the Chernobyl acci-
dent. These studies were performed in 1995 in the
30-km zone of the Chernobyl nuclear power plant
(9 years after the accident, which is comparable
in time to the start of this study, 8 years after the
accident at the Fukushima nuclear power plant)
and in the most radionuclide-contaminated areas
of the Bryansk region (2003—2016). Despite the
fact that in populations of Japanese red pine the
frequency of cytogenetic abnormalities was esti-

mated in the intercalary meristem of needles, and
in populations of Scotch pine it was estimated in
the roots of seedlings, the results obtained are
qualitatively comparable (Fig. 3), although the
frequency of cytogenetic abnormalities in the in-
tercalary meristem is usually higher than in the
apical meristem of seedling roots [14, 18]. In all
three field studies, the frequency of cytogenetic
abnormalities increased statistically significantly
with increase in the dose rate of protracted irradia-
tion (Fukushima: r = 0.94, p < 0.05; 30-km zone
of the Chernobyl nuclear power plant: r = 0.98,
p < 0.05; Bryansk region: r = 0.85, p < 0.05).
Additional information on the nature of the
main factors contributing to the increase in the
level of mutational variability can be obtained by
analyzing the range of cytogenetic abnormalities.
Since the frequency of induction of different types
of structural mutations depends on the mecha-
nism of action of the factor [20], it can be con-
cluded from the change in the relative contribu-
tions of different types of mutations which factor
is the main contributor to the increase noted in
the frequency of mutations [10, 14]. In particu-
lar, ionizing radiation more often induces major
genetic changes (deletions and rearrangements),
which are expressed as an increased frequency of
chromosomal aberrations [21], and most chemi-
cal mutagens cause mainly mitotic abnormalities
and chromatid aberrations [10]. Indeed, in popu-
lations of Japanese red pine from regions T and S,
a statistically significant increase in the frequen-

& 9Ko02UMecKaA ceHemuKka TOM 18

Ne4 2020 ISSN 1811—-0932



488

GENETIC TOXICOLOGY

Fukushima

%

Share of abnormalities,
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Dose absorbed in air, mciv/h

f+m | f'+m" W g+mp

Chernobyl nuclear
power plant (1995)

Bryansk
(average for 2003-2016)

236 0.1 0.1 0.3 04 14 0.9

Fig. 4. The spectrum of cytogenetic disturbances in the populations of red Japanese pine (this study) and Scots pine from the
30-km zone of the Chernobyl nuclear power plant[ 19] and the Bryansk region[ 1 1]. ', m' — chromatid (single ) fragments and bridges;
", m" — chromosomal (double) fragments and bridges; g — lagging chromosomes; mp — multipolar mitoses. The difference from the

control is statistically significant: * p < 0.05

cy of chromosomal abnormalities was registered.
At the same time, the differences in the range of
disorders in trees within each population were
insignificant (coefficient of variation 0.62—3.56).
As in our previous studies on Scotch pine, there
is a tendency for the contribution of chromosomal
aberrations to increase with the increase in the
dose rate (Fig. 4). Thus, the data on the ratio of
different types of cytogenetic abnormalities in the
studied populations of the Japanese red pine are
another confirmation of the radiation nature of the
changes noted.

Since our studies were performed on popula-
tions that were examined for the presence of ra-
diomorphoses in 2014—2016 [9], the presence
of a relationship between the cancellation of api-
cal dominance and the frequency of cytogenetic
abnormalities in the needles can be verified. For
this purpose, the frequency of cytogenetic abnor-
malities at each experimental site was calculated
separately for plants with apical dominance can-
cellation (FA, AA, SA, TA, OA), for plants that
recovered after apical dominance cancellation
(FR, AR, SR, TR, OR), and plants without radio-
morphoses (FN, AN, SN, TN, ON). The analysis
did not reveal (Fig. 5) statistically significant dif-
ferences between plants from different groups in
the frequency of cytogenetic abnormalities. Nev-
ertheless, it should be noted that all areas con-
taminated with radionuclides were characterized

not only by an increased frequency of cytogenetic
effects (Table 2) but also by a high frequency of
apical dominance cancellation (Table 1). The ra-
diosensitivity of meristem cells is several orders
of magnitude higher than that of differentiated
and specialized cells; therefore, they are critical
tissues under irradiation conditions [22] and are
damaged at doses that do not have visible effects
on the organs and tissues formed. Therefore, in
the first years after the accident, when the plants
received the highest absorbed doses, the apical
meristems could be seriously damaged. Dam-
age to the apical meristem stimulates the pro-
liferative activity of more radio-resistant dormant
buds which form lateral shoots, that is, it leads
to the cancellation of apical dominance. In some
cases, the restoration of apical dominance is
registered when one of the shoots suppresses
the growth of the others and takes a leading
position.

Based on the results obtained, it can be con-
cluded that the increased frequency of cytogenetic
abnormalities in the needles of Japanese red pine
growing in areas contaminated with radionuclides
is due to radiation exposure. Even 8 years after
the accident at the Fukushima nuclear power
plant, the existing levels of radioactive contami-
nation can have a negative impact on plants sen-
sitive to ionizing radiation. The data obtained
are comparable with the results of our studies
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Fig. 5. The relationship between the frequency of cytogenetic effects and disorders of apical dominance. On the abscissa axis of the
tree group: with impaired apical dominance (FA, AA, SA, TA, OA); recovered (FR, AR, SR, TR, OR); without morphoses (FN, AN,

SN, TN, ON)

in areas exposed to radioactive contamination as
a result of the Chernobyl accident and offer an
explanation for the formation of morphoses asso-
ciated with the cancellation of apical dominance
in young conifers in the first period after the
accident.

This work was supported by the Russian Foun-
dation for Basic Research grant no. 119-54-50003
and the JSPS grant (JRISBP120194806) within
the framework of the bilateral program for sup-
porting RFBR and JSPS joint projects.
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