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Abstract

The pale grass blue butterfly, Zizeeria maha, has been used to evaluate biological impacts of
the Fukushima nuclear accident in March 2011. Here, we examined the possibility that butterflies
have adapted to be robust in the contaminated environment. Larvae (n = 2432) were obtained
from adult butterflies (n = 20) collected from 7 localities with various contamination levels in May
2012, corresponding to the 7th generation after the accident. When the larvae were reared on non-
contaminated host plant leaves from Okinawa, the normality rates of natural exposure without
artificial irradiation (as an indication of robustness) were high not only in the least contaminated
locality but also in the most contaminated localities. The normality rates were similarly obtained
when the larvae were reared on non-contaminated leaves with external irradiation or on
contaminated leaves from Fukushima to deliver internal irradiation. The normality rate of natural
exposure and that of external or internal exposure were correlated, suggesting that radiation
resistance (or susceptibility) likely reflects general state of health. The normality rate of external or
internal exposure was divided by the relative normality rate of natural exposure, being defined as
the resistance value.The resistance value was the highest in the populations of heavily contaminated
localities and was inversely correlated with the distance from the Fukushima Dai-ichi nuclear power
plant. These results suggest that the butterfly population might have adapted to the contaminated
environment within approximately 1 year after the accident. The present study may partly explain
the decrease in mortality and abnormality rates later observed in the contaminated areas.

Subject area: Conservation genetics and biodiversity, Molecular adaptation and selection
Key words: Fukushima nuclear accident, pale grass blue butterfly, radiation resistance, radioactive pollution, robustness,
Zizeeria maha

The Fukushima nuclear accident in March 2011 caused wide- Fukushima and Ibaraki Prefectures in the southern Tohoku district
spread nuclear pollution (Chino et al. 2011; Kinoshita et al. 2011; and the northern Kanto district near the Fukushima Dai-ichi nuclear
Hirose 2012; Torii et al. 2013). Particularly polluted areas are the power plant (NPP). Several field studies have already demonstrated
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the effects of the Fukushima pollution on various organisms; the
bird and arthropod populations (Meller et al. 2012, 2013), the
intertidal species populations including the rock shell (Horiguchi
et al. 2016), lycaenid butterfly (Hiyama et al. 2012a, 2013, 2015;
Nohara et al. 2014a, 2014b; Taira et al. 2014, 2015a; Otaki 2016),
gall-forming aphids (Akimoto 2014), Japanese monkey (Ochiai et
al. 2014), barn swallow (Bonisoli-Alquati et al. 2015), goshawk
(Murase et al. 2015), rice plant (Hayashi et al. 2014), and fir tree
(Watanabe et al. 2015).

Radioactive materials, whether artificial or natural, are gener-
ally considered mutagenic for organisms because of their ability to
cause mutations via ionizing radiation (Muller 1927, 1928; Maoller
and Mousseau 2013a, 2013b). This effect is particularly relevant for
organisms that live in the heavily polluted areas. Mutagens that sud-
denly emerge in an environment will likely cause random mutations
in somatic and germ-line cells; in the former case, chronic diseases
such as thyroid cancer may emerge, which was demonstrated by the
Chernobyl nuclear accident (Pacini et al. 1997); in the latter case,
offspring generations may be genetically affected, as was found in
swallows in Chernobyl! (Ellegren et al. 1997). Allelic diversity pro-
duced by such germ-line mutations may initiate selection for adap-
tive evolution according to a modern view of evolutionary biology
(Barton et al. 2007; Hillis et al. 2012; Futuyma 2013; Zimmer and
Emlen 2013). In addition, maternal effects from various environ-
mental factors, possibly including radiation levels, are known to play
a critical role in the offspring fitness, which is subjected to natural
selection (Mousseau and Dingle 1991; Mousseau and Fox 1998).
These evolutionary aspects of biological dynamics have not been
adequately stressed in evaluating the impacts of nuclear pollution
(Galvan et al. 2014), but these aspects are important to precisely
understand what has occurred and to predict what will occur in
organisms that live in the polluted areas. The nuclear accident pro-
vides evolutionary biologists with real-world (i.e., non-theoretical)
and real-time opportunities to examine the evolutionary process in
the field (Callaway 2013).

In the history of biology, butterflies and moths have often con-
tributed to the development of evolutionary concepts. For example,
Brazilian butterflies collected by Bates and Miiller inspired them
to discover Batesian and Millerian mimicry, respectively, which
contributed to establishing the Darwinian theory of natural selec-
tion (Wickler 1968). The genetic, developmental and ecological
studies of the Heliconius butterflies, a genus displaying Miillerian
mimicry, have accumulated molecular evidence for natural selec-
tion (Heliconius Genome Consortium 2012; Nadeau et al. 2016).
The most famous field observation of the natural selection process
is perhaps a case of industrial melanization of the peppered moth
(Majerus 1998; Cook 2003; van’t Hof et al. 2011, 2016; Cook et al.
2012; Cook and Saccheri 2013). Currently, butterflies and moths
are used for multiple disciplines, such as developmental biology,
evolutionary biology, ecology, behavioral biology, and environmen-
tal sciences (Nijhout 1991; Ehrlich 2003). In contrast to nymphalid
butterflies, which have often been the focus of these studies, we have
established a lycaenid model butterfly that can be useful for physi-
ological, genetic, and environmental studies, at least in Japan: the
pale grass blue butterfly, Zizeeria maha (Hiyama et al. 2010). This
butterfly has also been used for ecological risk assessment of trans-
genic plants (Shirai and Takahashi 2005; Wolt et al. 2015).

The pale grass blue butterfly is widely distributed in Japan,
except in Hokkaido (Shirdzu 2006; Yata 2007), and coexists with
humans; the butterfly can be found even in a metropolitan area such
as Tokyo (Washitani et al. 2013), which makes it a useful indicator

for human-living environments. The natural history of this butterfly
is well known (Oda and Kitazoe 2002). It is multivoltine, completing
1 generation in 1 month. Importantly, this butterfly is amenable for
large-scale field collection and laboratory experiments. It was used
to study range expansion, phenotypic plasticity and evolution (Otaki
et al. 2010; Buckley et al. 2010; Hiyama et al. 2012b) and the devel-
opmental effects of mutagenesis (Iwata et al. 2013).

Furthermore, the pale grass blue butterfly has been used to exam-
ine the biological effects of radioactive pollution from the Fukushima
nuclear accident (Hiyama et al. 2012a, 2013, 2015, 2017; Nohara
et al. 2014a, 2014b; Taira et al. 2014, 2015a; Otaki 2016). A series
of field surveys, laboratory experiments, and discussions from mul-
tidisciplinary perspectives established the causality of the Fukushima
Dai-ichi nuclear accident to high mortality and morphological abnor-
mality of the pale grass blue butterfly that was detected particularly
in the fall of 2011 (Hiyama et al. 2012a, 2013, 2015; Nohara et al.
2014a, 2014b; Taira et al. 2014). Importantly, when butterfly larvae
from a least contaminated area (i.e., Okinawa) were irradiated exter-
nally by an artificial radiation source of '¥’Cs or internally by feeding
them host plant leaves from highly contaminated areas (i.e., litate,
Fukushima, and Hirono), the survival rate decreased dose-depend-
ently (Hiyama et al. 2012a). Moreover, adult butterflies that survived
through the irradiation treatments showed phenotypic abnormalities
that were also found in field-caught adults from highly contaminated
areas (Hiyama et al. 2012a). According to the Postulates of Pollutant-
Induced Biological Impact (Taira et al. 2014), which were proposed
in reference to Koch’s postulates of infectious disease, the following
6 criteria must be satisfied to prove that an environmental pollutant
(or a group of pollutants) in question is a causal factor: 1) spatial
relationship, 2) temporal relationship, 3) direct exposure, 4) pheno-
typic variability or spectrum, 5) experimental reproduction (external
exposure), and 6) experimental reproduction (internal exposure).
These 6 criteria have been well satisfied in the pale grass blue but-
terfly. Additionally, the transgenerational inheritance of abnormal
traits has been shown in this butterfly; the Fukushima progeny (the
F, generation) fed non-contaminated leaves exhibited inheritance of
morphological abnormalities with low survival rate (Hiyama et al.
2012a; Nohara et al. 2014b).

Interestingly, the mortality and morphological abnormality of
this butterfly sharply increased by the fall of 2011 but subsequently
decreased to the normal level in the polluted localities by 2013
(Hiyama et al. 2015). A gradual decrease in radioactive materi-
als by radioactive decay and physical dispersion may have partly
contributed to these mortality and abnormality dynamics, but
this explanation is not satisfactory, because radioactive materials
that are sufficient to induce mortality and abnormality remain in
the polluted areas (Hiyama et al. 2015). Moreover, there was a
time delay in the abnormality peak of the butterfly from the dose
peak (Hiyama et al. 2015), suggesting a non-acute mode of effects.
A reasonable hypothesis is that the natural selection for radioactive
resistance resulted in the adaptive evolution of the pale grass blue
butterfly. If so, it is important to test whether the pale grass blue
butterfly from the polluted areas is robust and whether it is resist-
ant to radiation stress.

In this study, we collected adult butterflies from 7 locali-
ties (Tsukuba, Mito, Takahagi, Iwaki, Hirono, Motomiya, and
Fukushima) with various contamination levels in May 2012
(14 months after the accident) and examined how well their offspring
larvae can survive and become normal adults when eating non-con-
taminated host plant leaves. The offspring performance was further
tested by feeding the larvae non-contaminated leaves together with
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exposure to external radiation (external exposure experiment) and
by feeding the larvae contaminated leaves from Fukushima (internal
exposure experiment). We then examined the possible correlation of
resistance with the ground radiation dose or with the distance from
the Fukushima Dai-ichi NPP. We believe that such studies that probe
dynamic changes of local populations at a reasonable time-point
after a nuclear accident are scarce but very important to understand
biological consequences of a nuclear accident in the field.

Materials and Methods
Ethics Statement

No specific permission is required to study the pale grass blue but-
terfly in Japan.

Butterflies

The pale grass blue butterfly Z. maha (Kollar 1844) (Lepidoptera,
Lycaenidae) (Oda and Kitazoe 2002; Shirozu 2006; Yata 2007)
was used throughout this study. This monophagous butterfly
thrives on the host plant Oxalis corniculata. This butterfly is
multivoltine and completes 1 generation in a month. Except for
in the winter season, this butterfly species completes its life cycle
approximately 7 times a year in the southern Tohoku and northern
Kanto districts. Natural history of this butterfly in Japan has been
described briefly in Hiyama et al. (2013, 2015) and Taira et al.
(2014, 2015).

Field Work

We collected adult butterflies on 12-16 May 2012 (“Spring 2012”).
The Z. maha populations of Spring 2012 correspond to the 7th
generation after the Fukushima Dai-ichi NPP accident. The collec-
tion localities were Tsukuba City, Mito City, Takahagi City (these
3 localities belong to Ibaraki Prefecture), Iwaki City, Hirono Town,
Motomiya City, and Fukushima City (these 4 localities belong to
Fukushima Prefecture). The precise collection sites are shown in
Hiyama et al. (2015). The field work and subsequent egg collection
overlapped with Hiyama et al. (2012a). Abnormality rates of these
collected samples and their offspring generations have already been
reported in Hiyama et al. (2012a, 2015).

We collected host plant leaves on 30 May and 10 June 2012
from Watari (located 57.6-58.1 km away from the Fukushima Dai-
ichi NPP), Fukushima City. Immediately after collection, they were
stored in humidified bags and sent to the laboratory under refrig-
erated conditions. Upon arrival, they were immediately stored in
a refrigerator until use. Non-contaminated Okinawa leaves were
also collected from the University of the Ryukyus and its vicinity
on similar dates. They were similarly stored in a different refrigera-
tor. Ground radiation doses at the collection sites were measured
at the 0-cm level using an ALOKA Scintillation survey meter TCS-
161 (Hitachi Aloka Medical). The nearest host plant from the place
where an adult butterfly was collected was identified, and the site of
the plant was used as the dose measurement site.

Egg Collection and Larval Rearing

We followed the rearing method described in Hiyama et al. (2010)
with some modifications (Hiyama et al. 2012a). The eggs were col-
lected in a 30-cm cubic glass case from female adults. The num-
ber of females used for egg collection were: 4 for Fukushima, 2
for Motomiya, 2 for Hirono, 3 for Iwaki, 3 for Takahagi, 3 for
Mito, and 3 for Tsukuba. Thus, total sample size of adult butterflies

was 20. Eggs were collected from each locality group of females
using the host plant from Nishihara Town, Okinawa Prefecture.
All females used for the egg collection had normal phenotype with
no noticeable abnormality. We tried to collect as many eggs as pos-
sible in a given time. The number of eggs (and hence the number
of larvae) that were obtained varied among the locality groups, but
we used as many individuals as possible. Total sample size of larvae
was 2432. The collected offspring population was divided into 3
groups: control group (no exposure) (7 = 1137), external exposure
group (7 = 601), and internal exposure group (7 = 694). Uneven
sample numbers among these 3 groups were partly due to unpre-
dictability of the total number of larvae to be obtained and our
emphasis on the control group at the time of the experimentation.
The genetic difference among these groups is negligible, because
they were sorted randomly from the same parents. This sorting was
performed at the 14th day after egg deposition, when the larvae
were fully visible to the naked eye. Larvae were fed the host plant
leaves collected from Nishihara Town, Okinawa Prefecture, except
for the internal exposure experiment.

Morphological Examination

The adults that successfully eclosed were examined under a stereom-
icroscope for the normality or abnormality of morphological struc-
tures of the entire external body parts, including wing shapes, wing
color patterns, appendages, and other visible structures. A normal
adult individual was defined as one that did not have any detected
abnormalities.

Normality Rate, Robustness, and Resistance
The number of morphologically normal adults, with respect to the
number of starting larvae, was used to obtain the normality rate
under the natural exposure conditions (no artificial irradiation).
We also calculated the physiological robustness values (or simply
“robustness” in this paper), where the normality rate of the Tsukuba
population was simply set at 100%. This is because the Tsukuba
population was the least polluted locality population among the
local populations surveyed (and hence ideally it should score 100%)
and because it indeed had the highest level of the normality rate (see
below). The normality rates of the collection in May 2011 (“Spring
2011”) and September/October (“Fall 2011”) were obtained from
Hiyama et al. (2012a).

We defined the value of resistance to external irradiation (R );
to obtain R, the normality rate of the external exposure experi-
ment was divided by the robustness. Similarly, we defined the value

ex?

of resistance to the internal irradiation (R, ); to obtain R, the nor-
mality rate that was obtained in the internal exposure experiment
was divided by the robustness. Use of the robustness (instead of the
normality rate) in denominator was based on the assumption that
irradiation effects on animals at very small levels only with natural
irradiation (no artificial irradiation) may fluctuate due to subtleness

of the effects.

External Exposure Experiment

We used '¥7Cs (14.3 MBq) as a radiation source. Irradiation was
performed for 24 days. The larval containers were placed so that
any locality groups were equally subjected to irradiation. The
exposed doses varied among individuals, depending on the place
where the containers were placed in relation to the radiation source.
The farthest container from the radiation source was measured at
20.4 pSv/h, and its camulative dose was 7.848 mSv for the irradiation
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period of 384.71 h, which excluded times for container cleaning and
replacement of host plant leaves. The above data were obtained
using an ALOKA scintillation survey meter TCS-161 (Hitachi Aloka
Medical). The closest container to the radiation source was meas-
ured using DoseRAE2 PRM-1200 (RAE Systems, United States
of America), which yielded 323.0 pSv/h. The cumulative dose was
124.26 mSv for the irradiation period of 384.71 h. Thus, the range
of irradiation was 7.85 mSv (minimum) to 124.26 mSv (maximum).
Despite this large range, all locality groups were equally irradiated,
which made direct comparisons among the locality groups possible.
Irradiation was continuously executed in the prepupal and pupal
stages until immediately before eclosion. Because of a small num-
ber of usable larvae from the Mito females, the external exposure
experiment was performed using the 6 localities, excluding the Mito
population.

Internal Exposure Experiment

The larvae were fed contaminated leaves from a single source,
Watari, Fukushima City, from the 14th day after the egg deposition,
immediately after the random sorting process, until eclosion. The
amounts of radioactive cesium species ('**Cs and ¥’Cs) of the host
plant leaves from Watari, Fukushima City, were measured using a
Canberra germanium semiconductor detector GCW-4023. A por-
tion of the leaf samples given to larvae was saved every time, and
these leaves were collectively dried, burned into ashes without flame,
and subjected to measurements as described (Hiyama et al. 2012a).
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This internal exposure experiment through ingestion of contami-
nated leaves was performed for all 7 localities.

Statistical Analysis

Scatter plots and other graphic representations were made using
Microsoft Excel. Because of possible nonlinearity of radiation effects
in animals, Spearman correlation coefficient p was obtained using
the R version 3.1.3 (Austrian Association for Statistical Computing,
Vienna, Austria).

Results

Distances and Ground Radiation Levels of the
Localities Surveyed

We collected adult butterflies from the 7 localities in the southern
Tohoku and northern Kanto districts in May 2012 (Figure 1A, B),
which corresponded to the 7th generation after the Fukushima
nuclear accident. Their distances from the Fukushima Dai-ichi NPP
varied from the nearest one (Hirono) to the farthest one (Tsukuba)
(Figure 1C). The ground radiation dose at the time of butterfly
sampling also varied from Hirono to Tsukuba (Figure 1D), but the
highest locality was Motomiya, as expected from the dispersion of
radioactive materials to the northwestern area from the Fukushima
Dai-ichi NPP (Chino et al. 2011; Kinoshita et al. 2011; Hirose 2012;
Torii et al. 2013; Endo et al. 2015).
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Figure 1. Geographical locations of collection localities and 2 factors that characterize them. (A) Location of the Fukushima Dai-ichi NPP (FNPP) in Japan.
Fukushima Prefecture, Ibaraki Prefecture and the Tokyo Metropolitan Area are shaded. Circles indicate distance from the Fukushima Dai-ichi NPP. (B) Seven
collection localities for butterfly samples. Green dot in Fukushima City indicates the collection locality for the host plant leaves. Circles indicate distance from
the Fukushima Dai-ichi NPP. (C) Distance from the Fukushima Dai-ichi NPP. (D) Ground radiation dose. Motomiya is the most contaminated locality, followed by

Fukushima and Hirono. See online version for full color.
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Robustness of the Local Populations

We first examined the degrees of health of the local populations.
Larvae were obtained from females that were caught from the 7
localities in May 2011 (Spring 2011) and reared under the stand-
ard conditions using non-contaminated leaves from Okinawa with-
out artificial radiation exposure. The survival curves indicate that
the survival rate at the larval and pupal stages was relatively low
in all localities (Figure 2A), considering that the survival rate of
non-polluted populations (e.g., Okinawa populations) throughout
the developmental stages are usually more than 90% (Hiyama et al.
2012a; Taira et al. 2014; Nohara et al. 2014b). The adult survival
rates varied but were highest in Tsukuba among the 7 localities. This
result was expected because Tsukuba is the least contaminated local-
ity among the surveyed.

The adult individuals that successtully eclosed were visually exam-
ined for morphological abnormalities under a stereomicroscope. The
number of morphologically normal adults, with respect to the num-
ber of starting larvae, was used to obtain the normality rate of natural
exposure and the robustness (Figure 2B). In Ibraki Prefecture (i.e.,
Tsukuba, Mito, and Takahagi), the robustness value decreased with
the increase in the pollution level, suggesting the population-level
damage in these localities. However, the population of Motomiya,
which was the most polluted locality among the surveyed localities,
had the second highest level of robustness. This result is consistent
with the idea that the Motomiya population evolved to be normal
in the highly polluted environment. There was no clear relationship
between the robustness value and the distance from the Fukushima
Dai-ichi NPP (p = -0.37, P = 0.50) or between the robustness value
and the ground radiation dose (p = 0.60, P = 0.24).

For reference, we obtained the normality rates of May 2011
(Spring 2011) and September/October 2011 (Fall 2011) based on
the total abnormality rates in Hiyama et al. (2012a) and examined
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their dynamics in 7 localities over time (Figure 2C). Differences of
the normality rates between Spring 2012 and Fall 2011 were also
calculated (Figure 2D). In Hirono and Motomiya, 2 highly contami-
nated localities, the normality rate differences were highly positive,
suggesting that these populations regained normality in this period.

Resistance to External Irradiation

A randomly allocated portion of the offspring larvae was similarly
reared, but this time, larvae were subjected to external radiation
exposure from a '¥’Cs radiation source. The range of cumulative
radiation dose for a randomly allocated larva was from 7.85 mSv
to 124.26 mSv. Survival curves indicated low survival rate (i.e., high
mortality) in most localities, especially at the larval stage except for
the Hirono population (Figure 3A). For the Hirono population, rela-
tively high survival rate (low mortality) was observed throughout all
stages among the 7 localities.

We visually examined morphological abnormalities of adult indi-
viduals that eclosed successfully. Based on these abnormal individu-
als identified, we obtained the number of morphologically normal
adults, which was subsequently divided by the number of starting
larvae to obtain the normality rate of external exposure. This nor-
mality rate of external exposure was correlated with the normality
rate of natural exposure with the exception of the Hirono sample
(p = 0.80, P = 0.11 excluding the Hirono sample as an outlier)
(Figure 3B). Although this relationship was not statistically signifi-
cant, this could be overcome by an increase of sampling localities. If
so, these results suggest that radiation resistance (or susceptibility) to
external irradiation may reflect general state of health.

We here calculated the value of resistance to external irradiation
(R,) (Figure 3C). As expected from the aforementioned survival
curve, the Hirono population showed the highest resistance; it scored
more than 100%. The populations of Motomiya and Fukushima,
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Figure 2. Characterization of local populations of the pale grass blue butterfly. Larvae were reared with non-contaminated leaves under the standard conditions.
(A) Survival curve.The numbers of starting larvae are indicated as n. (B) Normality rate (left y-axis) and robustness (right y-axis).To obtain the robustness value,
theTsukuba population, which is the least contaminated one, is set at 100%. After theTsukuba population, the Motomiya population shows the highest value. (C)
Dynamics of the normality rates from Spring 2011 to Spring 2012. Original data were presented as the total abnormality rates in Hiyama et al. (2012a). Hirono and
Motomiya show v-shaped dynamics, indicating a decrease and then an increase of the normality rate. (D) Normality difference. It was calculated as a subtraction
of Fall 2011 from Spring 2012. Hirono and Motomiya show highly positive values. See online version for full color.
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for full color.

which were heavily contaminated localities, showed higher values
than the populations of Iwaki, Takahagi, and Tsukuba, which were
less contaminated localities.

The possible relationships of R_ with the distance from the
Fukushima Dai-ichi NPP and with the ground radiation dose were
examined, but we obtained no significant correlation coefficients in
either case (p = =0.37, P = 0.50 for distance and p = 0.60, P = 0.24
for radiation dose). Even when the exceptionally high Hirono
population was excluded as an outlier (Figure 3D, E), correlation
coefficient for R_ with the distance from the Fukushima Dai-ichi
NPP (p = 0.10, P = 0.95) and that with the ground radiation dose
(p = 0.60, p = 0.35) were not statistically significant.

Resistance to Internal Irradiation

Another randomly allocated portion of the offspring larvae was
similarly reared but without external radiation exposure. Instead,
they were reared with contaminated leaves that were collected
from Watari, Fukushima City. The levels of contamination were:
93.0 = 0.6 Bg/kg for 'Cs and 65.4 = 0.6 Bg/kg for **Cs, which
yielded 158.4 = 0.9 Bq/kg in total at the time of larval rearing.

The survival curves indicate that the Motomiya population had
the highest survival rate, whereas the Takahagi population had the
lowest survival rate (Figure 4A). Similarly to the external exposure
experiment, the survival rate was low at the larval and pupal stages.

However, the Motomiya, Tsukuba, and Hirono populations showed
relatively small changes throughout the stages, and the populations
of Fukushima, Iwaki, and Mito behaved similarly.

We visually examined the morphological abnormalities of adults
that successfully eclosed, and we obtained the number of morpho-
logically normal individuals, yielding the normality rate of internal
exposure. This normality rate of internal exposure was highly corre-
lated with the normality rate of natural exposure (p = 0.93, P = 0.023)
(Figure 4B). These results suggest again that radiation resistance (or
susceptibility) to internal irradiation reflects general state of health.

We obtained the value of resistance to the internal irradiation (R, )
(Figure 4C) and examined the possible relationships of the R, values
with the distance from the Fukushima Dai-ichi NPP (Figure 4D) and
with the ground radiation dose (Figure 4E). We obtained Spearman
correlation coefficients for R, with the distance from the Fukushima
Dai-ichi NPP (p = -0.79, P = 0.048) and with the ground radiation
dose (p =0.75, P = 0.066). Both correlation coefficients were reasonably
large in absolute numbers, although their P-values were not very small.

Discussion

Significance of the Experimental Outputs
In the previous study, we showed dynamic changes of the mor-
phological abnormality rates and mortality rates in 3 years from
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full color.

immediately after the Fukushima nuclear accident (Hiyama et al.
2015). An increase of the normality rate in Spring 2012 immediately
after an decrease in Fall 2011 was observed in the high-radiation
localities. In contrast, a decrease of the normality rate seem to con-
tinue in the low-radiation localities. Thus, we reasoned that evolu-
tionary velocity of regaining normality (and, as a result, the degrees
of health) could vary among the populations, depending on the con-
tamination levels.

In this study, we demonstrated that the degrees of health, repre-
sented by the normality rates and the robustness values, vary among
the populations under the natural exposure conditions as of May
2012 (Spring 2012). It is important to note that the individuals that
were reared under the laboratory conditions had no exposure of
external or internal artificial irradiation, although their parents and
ancestors were certainly exposed to the artificial radionuclides from
the Fukushima Dai-ichi NPP. Because the rearing conditions for the
offspring generation in the laboratory were all the same among the
individuals from different localities, what we observed here is local-
ity-dependent heritable effects.

These heritable effects include not only population-level genetic
effects that may have been shaped through natural selection but also
epigenetic effects from locality-dependent environments (Mousseau
and Dingle 1991; Mousseau and Fox 1998). The maternal effects are
known to contribute to the offspring fitness; the maternal effects are
epigenetic but their phenotypes are subjected to selection, leading to

genetic changes at the population level (Mousseau and Dingle 1991;
Mousseau and Fox 1998). Paternal effects may also contribute to epi-
genetic inheritance of environmental information (Skinner etal. 2015;
Soubry 2015). Long-term low-dose exposure of ionizing radia-
tion could induce genomic instability, which is transgenerational
(Merrifield and Kovalchuk 2013). Because irradiation from radioac-
tive pollutants continues generation after generation, genomic insta-
bility would be induced in every generation by the chronic exposure,
resulting in its accumulation over time. Therefore, in the present
study, synthetic local influences including both genetic and epige-
netic ones are likely reflected in the normality rates and the robust-
ness values for each locality. Our experimental results do not reveal
these mechanisms but simply are consequences of these unknown
mechanisms.

The normality rates and robustness values that were obtained
in this study do not indicate fitness and fecundity of the “normal”
individuals that eclosed successfully under the laboratory condi-
tions. Fitness and fecundity may vary even among the “normal”
individuals. We did not test this point. Rather, in this study, we
focused on deaths and morphological abnormalities that consid-
erably decrease fitness of individuals, and we obtained the nor-
mality rates (and robustness) of populations (not individuals). Our
experimental systems are thus not intended to demonstrate natural
selection operating in the field, although our results suggest the
possibility.
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Many butterfly species are known to use various host plants,
which is also known to be a source of the maternal effects that influ-
ence the offspring fitness (Mousseau and Dingle 1991; Mousseau
and Fox 1998). Because the pale grass blue butterfly is monopha-
gous, the possible effects from the host plant variation can be ignored
entirely in this species. However, it is known that maternal diet qual-
ity determines the offspring’s stress response and fitness (Mousseau
and Dingle 1991; Mousseau and Fox 1998). Maternal diet quality
certainly varied in the present study, because the maternal host plant
in each locality is contaminated by artificial radionuclides at vari-
ous levels, depending on the collection localities of the females. In
contrast, diet quality for larvae that were reared in the laboratory
did not vary, because the host plant leaves were collected from a sin-
gle source, Nishihara Town, Okinawa, for our rearing experiments,
except for the internal exposure experiment, in which case the leaves
were collected from Watari, Fukushima City. Thus, it is likely that
our results of the offspring generation from the field-caught females
partly reflect maternal diet quality of the parent generation.

It is to be understood that phenotypic plasticity of the pale grass
blue butterfly is mainly observed in clinal size changes that are geo-
graphical as well as temporal (Taira et al. 2015b). Additionally, tem-
perature-shock-induced color pattern modifications (not seasonal
polyphenism) are known (Buckley et al. 2010; Otaki et al. 2010;
Hiyama et al. 2012b). These plastic traits of this butterfly species are
unlikely to be significant in the present study, because all female but-
terfly samples were collected within a reasonably small geographic
range and within a reasonably short time span.

Locality-Dependence of Robustness

We found that in Ibraki Prefecture (i.e., Tsukuba, Mito, and
Takahagi), the robustness value decreased with the increase in the
pollution level, which suggests that these populations might have
been deteriorating and subjected to natural selection 1 year after
the Fukushima nuclear accident. Interestingly, the Motomiya and
Hirono populations, which were heavily polluted, had the robustness
values of approximately 80% and 60%, respectively. In other words,
the robustness values (and the survival rates) were high not only in
the least contaminated locality (i.e., Tsukuba) but also in the most
contaminated localities (i.e., Motomiya and Hirono). These high
robustness values in the highly polluted localities can be explained
by the faster development of radiation resistance in more polluted
areas than in less polluted areas. That is, the robustness results sug-
gest that radiation resistance has evolved relatively quickly in the
Motomiya and Hirono populations. However, unknown causes for
this radiation resistance, other than the Fukushima nuclear accident,
cannot be excluded.

Here we discuss 3 points to be considered in interpreting our
results in this study. First, we cannot rule out the possibility that
the locality-dependent heritable effects, which were observed as the
normality rates and robustness of the offspring generation, may stem
from locality-dependent environmental factors other than radioac-
tive contamination. This possibility cannot be overlooked, but it is
true that we collected female butterflies from geographically similar
localities (all in Fukushima and Ibaraki Prefectures) within a reason-
able time frame.

Second, we assume that before the Fukushima nuclear acci-
dent, all local populations were equally highly vulnerable to ion-
izing radiation at least at the level of the Tsukuba population. We
believe that this assumption is correct, based on our own studies
(Hiyama et al. 2012a, 2015). Especially important is the external

and internal irradiation experiments that were performed using the
Okinawa population (Hiyama et al. 2012a). Okinawa is the least
contaminated locality in Japan (because it is the farthest from the
Fukushima Dai-ichi NPP), and thus the Okinawa population can
be considered to retain the pre-accidental state of this butterfly even
after the Fukushima nuclear accident. The Okinawa population was
highly vulnerable to external and internal irradiation despite its high
normality rate (Hiyama et al. 2012a), showing low resistance values
(R, and R, ). Therefore, it is reasonable to assume that the 7 local
populations that were surveyed in the present study equally had low
resistance values before the Fukushima nuclear accident.

Third, the abnormality rate of the Hirono population in the fall
of 2013 was relatively low (see Figure 8b in Hiyama et al. 2015),
being consistent with the present study. However, the level of the
Motomiya population was relatively high (see Figure 8b in Hiyama
et al. 2015), being inconsistent with the present study. Because the
Hirono population is unique but the Motomiya population is not in
the external exposure experiment, adaptive evolution may be more
prominent in Hirono than in Motomiya. Alternatively, unknown
locality-dependent confounding factors might have existed to dif-
ferentiate these 2 local populations.

Correlation Between Robustness and Resistance

A simple but potentially important finding of this study is that the
normality rate of the external or internal exposure experiment is
reasonably correlated with that of natural exposure. This finding
may not be surprising, but these normality rates do not have to be
correlated with each other if the resistance that evolved is specific
to irradiation. Because the normality rate of natural exposure is a
simple indication of the health state of the population, these cor-
relations mean that the radiation resistance to external or internal
irradiation can be considered a reflection of general health state. The
radiation resistance we detected is thus likely related with general
stress response. The heritable radiation resistance does not seem to
have immediate fitness cost under the laboratory conditions.

External and Internal Irradiation Experiments

In our irradiation system, different larvae even in a given group
might have received different doses. In the external exposure experi-
ment, an exact dose for a larva depends on where a larva was located
with respect to the radiation source. In the internal exposure experi-
ment, the contamination level of leaves may vary from leaf to leaf.
This kind of heterogeneity of irradiation may be unavoidable but
does not undermine our experimental results.

Previously, we performed similar external and internal experi-
ments using the pale grass blue butterfly from the least contami-
nated area, Okinawa, and we obtained a dose-dependent decrease
in survival rate in both external and internal exposure experiments
(Hiyama et al. 2012a). The results of the present study strongly con-
trast with these previous results in that the populations of higher
pollution levels such as Hirono and Motomiya showed higher sur-
vival and resistance. Considering that the butterfly populations are
unlikely to have high radiation resistance (or high ability of general
stress response) before the accident based on the high morphological
abnormality and mortality rates in Fall 2011 (Hiyama et al. 2012a,
2015), the resistance that we detected here likely evolved recently
after the nuclear accident.

The highest R, was observed in the Hirono population (a score
of nearly 90%), and the populations of Motomiya and Fukushima
showed high R, values, compared with those of other localities. In
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these points, R, values were different from R values. Spearman cor-
relation coefficient between R and R, (p = 0.83, P = 0.064) was not
statistically significant. Overall, we conclude that the external and
internal exposure experiments had different results in terms of the
locality distribution patterns of resistance values. The mechanisms
of resistance (or susceptibility) to the external and internal expo-
sures may be somewhat different, and these mechanisms might have
independently evolved in the butterfly, considering the difference
between R and R, . However, this difference may simply because
of different exposure levels in our external and internal experiments.

The external resistance R was notably high in the Hirono popu-
lation but generally small in other populations. We do not know why
the Hirono population was so exceptionally resistant to external
irradiation. It may simply be a stochastic sampling error. However,
as shown in Figure 1C and also in Hiyama et al. (20135), the Hirono
population of this butterfly experienced severe deterioration in Fall
2011. Selection pressure in Hirono was probably much higher than
that in other localities examined in this study. In fact, Hirono is the
locality closest to the Fukushima Dai-ichi NPP among the surveyed
localities; it is located to the immediate south of the Fukushima Dai-
ichi NPP (nearly 20 km away from the Fukushima Dai-ichi NPP).
Although most radiation plumes from the Fukushima Dai-ichi NPP
were dispersed toward areas northwest of the Fukushima Dai-ichi
NPP, early plumes that contained "', '"Te and other short-lived
radionuclides were circularly distributed from the Fukushima Dai-
ichi NPP (Torii et al. 2013; Endo et al. 2015). Their B-ray effects on
animals would never be negligible (Endo et al. 2014). Thus, the effect
of the early plumes on the Hirono population was likely exception-
ally large. We speculate that the early effects were almost exclu-
sively mediated by external exposure, particularly from short-lived
radionuclides, because the overwintering larvae in March hardly
eat leaves. This external radiation exposure immediately after the
explosion of the Fukushima Dai-ichi NPP probably contributed to
the high R__ of the Hirono population. This speculation is consistent
with the fact that the Hirono population behaved differently from
other local populations regarding the mortality and abnormality
rates of the offspring generation in the fall of 2011, which were more
than 90% (Hiyama et al. 2012a).

In the internal exposure experiment, we obtained reasonably
high correlation coefficients between resistance and distance from
the Fukushima Dai-ichi NPP. One possible interpretation is that
local populations of the pale grass blue butterfly in the highly
contaminated areas were more resistant to irradiation than in
the less contaminated areas. A similar case has been reported in
Chernobyl (Galvéan et al. 2014). Because the butterfly populations
that were used in the present study were the 7th generation after the
Fukushima nuclear accident, an adaptive evolution process might
have been triggered readily after the accident, and the process has
still been under way.

Technically, combinations of the external and internal exposures
in the laboratory would reproduce the field conditions more faith-
tully, which will help to understand not only the realistic situation
of larvae in the field but also combinatorial effects of the 2 modes of
exposures in reference to the present results.

Evolutionary Changes of Robustness and

Resistance

The present results suggest a causal involvement of the Fukushima
nuclear accident in the evolutionary changes of robustness and radi-
ation resistance. We cannot prove the causality for the high radiation

resistance in this study, and we cannot specify a specific causal sub-
stance within the leaf samples in this study alone. However, we have
already demonstrated high toxicity of the leaves from the polluted
areas when ingested (Hiyama et al. 2012a; Nohara et al. 2014a,
2014b; Taira et al. 2015a). Because the larvae at the contaminated
areas are forced to eat contaminated leaves, using the field-collected
samples in the laboratory is the best experimental strategy to inves-
tigate what has occurred in the field.

Our results suggest the evolution of radiation resistance after
several generations, which is approximately a year after the
Fukushima accident, in the pale grass blue butterfly. In a previ-
ous study, we observed the real-time evolution of cold resistance
and color pattern changes in the same species in a few years, and
we reproduced this field case in the artificial selection experiment
using the same species (Otaki et al. 2010). Reasonable color pat-
tern changes were observed from the 6th generation onward (Otaki
et al. 2010). When the selection pressure is high, evolution may
be reasonably rapid, at least in this species. Adaptation to radia-
tion stress in naturally high-radiation areas has been reported
in Drosophila (Kratz 1975) and other organisms (Meller and
Mousseau 2013a). Our study is an interesting and important case
that describes the evolution of a physiologically important function
in the field, which was likely triggered by anthropogenic mutagenic
substances. Future studies should monitor the changes that have
occurred in the polluted butterfly populations.
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