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Abstract On March 11, 2011, a great earthquake occurred off the east coast of
Honshu Island, Japan. The consequent breakdown of the Fukushima Daiichi Nuclear
Power Plant (FDNPP) caused a massive release of radionuclides into terrestrial and
marine environments and into the atmosphere. The Abukuma Mountains region is
one of the areas highly polluted by this accident. Freshwater fishes continued to live
in this area after the FNPP accident became so polluted.

Mitochondrial DNA (mtDNA) usually transfers from the mother to the next gen-
eration clonally. Therefore, it is one of the best genetic predictors of the effect of
radiation on DNA. The influence of radiation can be presumed by comparing
mtDNA between larval fish and their female parent. mtDNA of masu salmon was
collected from an area highly polluted, namely, the upstream portion of Mano River,
and compared it with that from nonpolluted cultured masu salmon.

While no mutations were observed in the cultured masu salmon, those collected
from Mano River exhibited three types of subdivisions in the Cytb region and two
types of subdivisions in the D-loop region of mtDNA. These results suggest that
exposure to radioactive cesium causes a base exchange in DNA. But the mutations
observed were not serious enough to affect the masu salmon phenotype.

Keywords Mitochondrial DNA - Mutation - Cytb - D-loop - Oncorhynchus
masou - Fukushima

M. E. B. Yusof - M. Nakajima (P<)
Graduate School of Agricultural Science, Tohoku University, Sendai, Japan
e-mail: Masamichi.nakajima.b6 @tohoku.ac.jp

G. Kawada - M. Enomoto - A. Tomiya - M. Watanabe - D. Morishita - S. [zumi
Fukushima Inland Water Fisheries Experimantal Station, Inawashiro, Fukushima, Japan

© The Author(s) 2020 89
M. Fukumoto (ed.), Low-Dose Radiation Effects on Animals and Ecosystems,
https://doi.org/10.1007/978-981-13-8218-5_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8218-5_7&domain=pdf
https://doi.org/10.1007/978-981-13-8218-5_7
mailto:Masamichi.nakajima.b6@tohoku.ac.jp

90 M. E. B. Yusof et al.
7.1 The Fukushima Daiichi Nuclear Power Plant Accident

On March 11, 2011, a great earthquake measuring 9.0 on the Richter scale occurred
off the east coast of Honshu Island, Japan. It caused a huge tsunami, which struck
eastern Japan and broke down the cooling system of the reactors at Fukushima
Daiichi Nuclear Power Plant (FDNPP). The breakdown caused a massive release of
radionuclides into terrestrial and marine environments as well as into the atmo-
sphere. This raised a huge concern globally about how far the radionuclides would
travel around the world, and their biological influences on living organisms. It also
increased uneasiness among people about the long-term effect of radionuclides on
ecosystems and on the next generation of humans. Precise information on what
occurred and on what is ongoing has yet to be investigated. The collapse of FDNPP
caused a massive release of radioactive materials into the environment [1-3].
Various potential threats to ecosystems and to living organisms were reported [4, 5].
The released radioactivity can affect an organism’s genetic structure and ecosystem.
More importantly, radionuclides will accumulate in the bodies of organisms and
thus will be transmitted through the food chain.

The main radioactive materials that affect organisms are cesium-134 ('3*Cs) and
cesium-137 (1¥7Cs), because these materials have comparatively long half-lives of 2
and 30 years, respectively. During the decay process, these materials emit y-rays
and P-particles [6]. In addition, exposure to high-dose radioactive Cs is clastogenic
to chromosomes, increases mutation rates and can be transmitted to the next genera-
tion [7, 8].

7.2 The Genetic Effects of Radiation on Organisms

Various effects of radiation have been examined since radiation was discovered.
Since Muller [9] suggested that X-rays cause mutations in Drosophila, it has been
well known that X-rays and other forms of radiation lead to genetic mutations.
Casarett [10] reported the influence of radiation on mammals such as mice. In the
case of fishes, many studies have examined the genetic effects of X-rays and y-rays
from the 1960s to the 1980s [11-13] in guppy (Poecilia reticulata) and medaka
(Oryzias latipes). These studies used relatively high dose of external radiation. On
the other hand, in the case of the FDNPP accident, it is necessary to consider the
effect of internal low-dose and long-term exposure to radioactive substances. Little
is known about the effect of long-term exposure to low levels of radioactive sub-
stances such as '¥’Cs. The effect of *’Cs contamination on organisms should be
elucidated, especially with regard to changes in chromosome structure, gametes,
molecular structure and DNA sequence.
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7.3 The Situation of Freshwater Fishes in Fukushima

A large amount of radioactive Cs was released into the atmosphere as a result of the
FDNPP accident in March 2011. Chino et al. [14] estimated the total amount of
released radioactive materials until April 2011, as follows: iodine-131 (*3'T) was 1.5
x 107 Bq and "¥"Cs was 1.2 x 10! Bq. On the other hand, Stohl et al. [15] estimated
the released radioactive materials as follows: Xenon-133 (1¥Xe) was 1.24 x 10 Bq
and '"'Cs was 2.94 x 10'® Bq. Radioactive Cs travels through both air and water
systems, and in this case, it contaminated most aquatic organisms across a vast area
[1, 16, 17]. The Abukuma Mountains area is one of the areas highly polluted by the
accident. Radioactive pollution in the freshwater area in the Abukuma Mountains
continues to the present [18-20] (as of August, 2019, http://fikushima-radioactivity.
jp/pc/). Freshwater fishes have continued to live in this polluted environment after
the accident.

Masu salmon (Oncorhynchus masou), belongings to the salmonid family of
genus Oncorhynchus, is widely distributed in Russia, Korea, and Japan, including
the Abukuma Mountains. In Japan, they are distributed mainly in the coastal area of
the Sea of Okhotsk, the Northern Pacific Ocean and the Northern Sea of Japan [21,
22]. However, masu salmons are found in all areas of Mano River where sampling
was performed in this study; their distribution between upstream and downstream is
separated by Hayama dam. The upstream salmons are separated from the down-
stream population and spend their life cycle in the dam lake and the upper stream.
The individuals collected from Hayama Lake and its upper stream had spent
2-3 years in this ecosystem polluted by radionuclides from the FDNPP accident.

7.4 Use of Gynogenesis to Estimate Mutation Rate

Mitochondrial DNA (mtDNA) is one of the best genetic predictors of the effect of
radiation on DNA because mtDNA usually transfers to the next generation clonally.
mtDNA also has a higher mutation rate than genomic DNA [23]. It is expected that
mtDNA is more sensitive to radiation than genomic DNA. Because a cell contains
thousands of copies of mitochondria, there is a possibility of heteroplasmy. But,
since it was reported that heteroplasmic mtDNA quickly return to homoplasmy, it
can be assumed that the fundamental haplotype of each individual is homoplasmic
and monomorphic [24]. Gynogenesis involves the production of diploid eggs in
which both chromosome sets are obtained from the maternal half. An example of
paternal inheritance was also reported, but it is a very rare occurrence [25]. The
influence of mtDNA from the male parent can be excluded more certainly by using
artificial gynogenesis technology. It is expected that the offspring obtained from a
single female will possess basically the same DNA sequence. Fitri et al. (unpub-
lished) compared the sequences of two regions of mtDNA of offspring obtained
from two females collected from Mano River in Fukushima Prefecture against those
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collected from two cultured females from the Fukushima Prefectural Inland Water
Fisheries Experimental Station (FPIWFES).

The application of artificial gynogenesis technology to fish was established in the
1980s [26]. This technology was used to examine the production of tetraploid, poly-
ploid and clonal fishes, and these attempts succeeded in many fishes and shellfishes.
The clonalization of mtDNA in masu salmon using artificial gynogenetic technol-
ogy is not difficult. The influence of radiation can be presumed by examining what
happens in the mtDNA introduced from a dam as a clone larval fish.

7.5 Genetic Analysis in This Study

7.5.1 Materials and Methods

Masu salmons that had swum upstream to spawn were collected from Mano River
upstream of Hayama Lake (Fig. 7.1). The fishes examined in this study were some
of those individuals. We succeeded in obtaining gynogenetic offspring from two
females from Mano River and two cultured females from the FPIWFES.
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Fig. 7.1 Locations of sample collection, Mano River, Fukushima
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Table 7.1 Used microsatellite DNA markers in this study and their forward and reverse primers

Repeat sequence of cloned Primer sequence (5'-3") GenBank
Locus | allele (F, forward; R, reverse) no.
Onel02 | (ATCT)10 F: CATGGAGAAAAGACCAATCA | AF274518
R: TCACTGCCCTACAACAGAAG
Onel 14 | (TAGA)I12N4 F: TCATTAATCTAGGCTTGTCAGC | AF274530
(TAGA)12 R: TGCAGGTAAGACAAGGTATCC
Oke308 | (AGAT)19 F:
AAGAGCAGAGGGAGAAATGGA
R: GTTGTTTGGATGGGAAGTGG

DNA was extracted from the tail fin using a DNA extraction kit (DNeasy Blood
and Tissue Kit, Qiagen). Extracted DNA was used for parentage analysis and for the
detection of mutations at two regions of mtDNA: Cytb and D-loop. For parentage
analysis, three microsatellite primer sets were used: Onel02, Onell4 [27] and
Oke308 (Kudo et al. unpublished). The primer set of each microsatellite locus is
presented in Table 7.1. Primer sets corresponding to Cytb and D-loop were synthe-
sized with reference to the mtDNA sequence of NCBI database. The forward and
reverse primers of Cytb were 5'-GCCATGCACTACACCTCAGA-3" and
5'-GTTCTACGGGTATGCCTCCG-3'. The primers of D-loop were
5'-ACATCAGCACAACTCCAAGGT-3’ and 5-CGGTGCCAGGTGCTGTTA-3".
Forward and reverse sequencing analyses were performed using the 3500XL
Genetic Analyzer (Life Technologies).

7.5.2 Results
7.5.2.1 Parentage Analysis

The identified genotypes of the female parent and the segregation of the offspring
are presented in Table 7.2. Each maternal individual, M5 and M6, was identified by
three loci of microsatellite markers, because these two maternal individuals had no
common allele in the three loci examined. In Onel02, the genotype of M5 was
290/242; that of M6 was 262/225. The expected genotypes of the offspring in M5
were 290/290 and 242/242, and those of the offspring in M6 were 262/262 and
225/225. In the offspring, only the alleles that existed in the maternal parent were
observed. This phenomenon was observed also in the other two microsatellite mark-
ers. These results exclude the possibility that the individual’s mixture came from
another family.
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Table 7.2 Segregated genotypes observed in each locus of each family

Locus Family Maternal genotype Segregated genotype No. of individuals
Onel02 M5 2907242 290/290 9
242/242 5
M6 262/225 262/262 11
225/225 5
Onel 14 M5 313/217 313/313 7
217/217 6
M6 281/253 2817281 13
253/253
Oke308 M5 246/246 246/246 5
M6 290/234 290/290 8
234/234 11

Table 7.3 Samples used in this study

Collected area | Female parent | Number of examined individuals | Age |'*Cs* | '¥Cs?

Mano River M5 20 2 156.0 | 476.0
M6 22 1 62.6 | 149.0

FPIWFES FP9 50 2 0 0
FP23 50 2 0 0

‘Bg/kg
FPIWFES Fukushima Prefectural Inland Water Fisheries Experimental Station

7.5.2.2 Observed Mutations and Estimated Mutation Rate
in Mitochondrial DNA of Masu Salmon

A total of 42 offsprings from Mano River, 20 from M5 and 22 from M6, were exam-
ined (Table 7.3). The concentrations of radioactive Cs in muscle tissues of M5 and
M6 females were 632.0 and 211.6 Bg/kg, respectively. On the other hand, radioac-
tive Cs in muscle tissue was undetectable in all of 100 offsprings from the FPTWFES
(50 from FP9 and 50 from FP23). Although an estimated 800 bases were acquired
from direct sequencing, only 765 bases were analyzed (bases 207-972).

In the Cytb region, four types of substitutions were observed. In the offspring of
MS5, substitutions were observed at the 324th, 697th, and 795th bases (Table 7.4).
Among the four types of substitutions, amino acid substitution was observed in two
types, Ala to Thr and Thr to Ala, caused by G to A and A to G base substitutions,
respectively. In the M6 offspring, base substitutions were observed in the same posi-
tions as in the M5 offspring. In the D-loop region, substitutions were observed only
in two M6 offspring. In these two offspring, two types of substitutions were observed
at the 299th and 623rd bases, which were G to A and T to C, respectively (Table 7.5).
It is possible to consider these base substitutions are caused by exposure to radioac-
tive Cs. The individuals observed substitution have the alleles which from maternal
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Table 7.4 Mutations observed in the Cytb region

Female Base Type of Amino acid Observed number

parent position substitution change of individuals Mutation rate

M5 324 T>A Leu > Leu 1 8.04 x 10°¢

M6 324 T>G Leu > Leu 1 1.29x 107

M5 697 G>A Ala> Thr 1 8.04 x 10°¢

M6 697 A>G Thr > Ala 1 49x%x10°

M5 795 G>A Pro > Pro 2 3.1x107°

M6 795 A>G Pro > Pro 1 49x%x10°
Table 7.5 Mutations observed in the D-loop region

Female Base Type of Observed number of Mutation

parent position substitution individual rate

M6 299 G>A 2 1.76 x 107

M6 623 T>C 2 1.76 x 10~

individual in microsatellite analysis, can exclude the possibility of contamination
from other individuals. No mutation was observed in the samples from the captive
maternal parents of PF9 and PF23. The Cytb region is a coding region in mtDNA. It
codes for protein subunit cytochrome C complex III. The point mutation caused
amino acid substitution (i.e., Ala > Thr) or just synonymous mutation. A peculiar
phenomenon is the similarity of bases where mutation occurs in the Cytb region of
the M5 and M6 gynogens. Since mutation is expected to be random, the occurrence
of mutations of similar bases in the Cytb region might be due to the sensitivity of
certain regions of Cytb to external stress. Under natural conditions, nonsynonymous
mutation or deletion occurs in mtDNA due to environmental stresses [28]. Haplotype
variation is another possible cause of mutations in similar bases between the M5
and M6 groups. At the 697th base, the M5 offspring has a G to A mutation, whereas
those of M6 A to G mutation. This indicates that the mutation in base 697 is more
likely to be the result of a haplotype variation between the M5 and M6 maternal
parents.

The mutation rate at each site was calculated by using a formula by Haag-
Liautard et al. [29]:

=Y (dil1b)

where y is the mutation rate, di is the rate of individual observed mutations in the
examined individuals, b is the total number of bases of examined individuals, and ¢
is the number of generations (in this case, 1).

The calculated mutation rates were from 4.9 x 107 to 3.1 x 107° in the Cytb
region and 1.8 x 1073 in the D-loop region. These values were higher than the rate
calculated in Drosophila, 6.3 x 107 to 9.2 x 10~% (Haag-Liautard et al. 2008).
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Mutation rates more than two orders of magnitude higher were observed in masu
salmon from Mano River near to FDNPP. These results suggest that exposure to
radioactive Cs causes base exchanges of DNA. However, the observed mutations do
not induce any that would cause severe results such as death. Each sequence
observed in this study has been registered in the DNA database even if these base
substitutions led to amino acid substitutions (GenBank accession numbers
AB291986, AF125210, AF429776, LC098721, LC100136, and LC100137).
Gynogenesis removes lethal genes, as a homozygous individual with a lethal gene
cannot survive the early stage of development, whereas a nonlethal mutation can be
carried by surviving individuals. Evidence of a mutation in the Cytb region of larvae
from the wild might be a synonymous mutation that does not affect any morphologi-
cal function despite the amino acid change. However, since the larval phenotype has
not been investigated in detail, there is no strong evidence to expect that radioactive
cesium contamination in eggs does not cause morphological changes in offspring.
Of course, we did not examine the sequences in individuals that could not survive
until the swim-up stage. It is necessary to examine individuals in different stages of
development.

7.6 Future Studies

The effect of radioactive Cs on genetic materials have not been sufficiently studied.
Estimation of the mutation rate of aquatic organisms in natural conditions will be
important in determining the effect of radiation on the ecosystem. The present study
is the first attempt to estimate the mutation rate in an aquatic organism in an area
contaminated with radionuclides from FDNPP.

High levels of radioactive Cs are still observed in the rivers of the Abukuma
Mountains of Fukushima. Freshwater fishes have continued to live in these areas
after the accident occurred and the situation will continue for a long time. The
Japanese Government decided to continue the use of nuclear power plants in the
future. This decision suggests that an in-depth response to a nuclear accident is
needed. Therefore, it is necessary to monitor living conditions such as radioactive
Cs concentration in this area, as well as the health conditions of fishes that live there.
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