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Preface to ”Radioactive Pollution and Biological

Effects of Radioactivity”

The Special Issue “Radioactive Pollution and Biological Effects of Radioactivity“of the Journal

Life involved the participation of academic scientists, researchers, and scholars from all over the World

that contributed with articles, reviews, and case reports, based on high-quality research works.

The common topic of the published works concerns the radioactive pollution, which occurs

when radioactive elements enter the atmosphere and reach the Earth’s surface, within solids, liquids,

or gases, including the human body. This happens after natural and/or man-made activities, such as

nuclear tests, industrial waste (e.g., radiodiagnostics), and excesses of naturally occurring radioactive

sources. This kind of pollution entails risks of radiological contamination of the environment, with

harmful effects on human health caused by the ionizing radiation. This theme has become even more

current due to the increasing use of ionizing radiation for domestic, industrial, and medical purposes

during the last century. Radiological monitoring is a primary objective of radiation protection in order

to estimate and understand the impact of radionuclides on the environment and to assess the health

risk for the population.

The aim of the Special Issue has been to provide an interdisciplinary platform for researchers

to exchange and share their experiences and latest achievements on all aspects of radioactive

pollution. Survey data analysis, original and unpublished results of conceptual, constructive,

empirical, experimental, and theoretical work were welcome, as well as other concepts related to

the radiation field.

Fabrizio Ambrosino and Supitcha Chanyotha

Editors
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Gender Differences in the Impact of Recommendations on
Diagnostic Imaging Tests: A Retrospective Study 2007–2021

Lucy A. Parker 1,2, Andrea Moreno-Garijo 3, Elisa Chilet-Rosell 1,2, Fermina Lorente 4

and Blanca Lumbreras 1,2,*

1 Department of Public Health, University Miguel Hernández de Elche, 03550 Alicante, Spain
2 CIBER de Epidemiología y Salud Pública (CIBERESP), 28029 Madrid, Spain
3 Faculty of Pharmacy, University Miguel Hernández de Elche, 03550 Alicante, Spain
4 Radiology Department, University Hospital of San Juan de Alicante, Sant Joan d’Alacant,

03550 Alicante, Spain
* Correspondence: blumbreras@umh.es; Tel.: +34-965-919510

Abstract: (1) Background: The frequency of imaging tests grew exponentially in recent years. This
increase may differ according to a patient’s sex, age, or socioeconomic status. We aim to analyze
the impact of the Council Directive 2013/59/Euratom to control exposure to radiation for men
and women and explore the impact of patients’ age and socioeconomic status; (2) Methods: The
retrospective observational study that includes a catchment population of 234,424. We included
data of CT, mammography, radiography (conventional radiography and fluoroscopy) and nuclear
medicine between 2007–2021. We estimated the associated radiation effective dose per test according
using previously published evidence. We calculated a deprivation index according to the postcode of
their residence. We divided the study in 2007–2013, 2014–2019 and 2020–2021 (the pandemic period).
(3) Results: There was an increase in the number of imaging tests received by men and women after
2013 (p < 0.001), and this increase was higher in women than in men. The frequency of imaging tests
decreased during the pandemic period (2020–2021), but the frequency of CT and nuclear medicine
tests increased even during these years (p < 0.001) and thus, the overall effective mean dose. Women
and men living in the least deprived areas had a higher frequency of imaging test than those living
in the most deprived areas. (4) Conclusions: The largest increase in the number of imaging tests is
due to CTs, which account for the higher amount of effective dose. The difference in the increase of
imaging tests carried out in men and women and according to the socioeconomic status could reflect
different management strategies and barriers to access in clinical practice. Given the low impact
of the available recommendations on the population exposure to radiation and the performance
of high-dose procedures such as CT, deserve special attention when it comes to justification and
optimization, especially in women.

Keywords: imaging tests; radiation exposure; recommendations; gender; socioeconomical status

1. Introduction

In recent decades, diagnostic imaging tests using radiation, together with nuclear
medicine, have been a major source of exposure to non-natural radiation in the general
population in Western countries [1]. In most developed countries, it has been shown that
the contribution of nuclear medicine diagnostic procedures is between 4% and 14% [2].
The widespread use of diagnostic techniques such as CT scans has also meant the number
of doses of ionising radiation received has increased, at both individual and population
level [3]. Over the last 22 years, radiation due to CT exposures were estimated to account
for 0.7% of the cancer incidence and 1% of cancer mortality [4]. Moreover, the incidence of
cancer in individuals who had been exposed to CT was found to be 24% higher compared to
individuals who had not [4]. Other adverse effects of the increase in imaging tests are time

Life 2023, 13, 289. https://doi.org/10.3390/life13020289 https://www.mdpi.com/journal/life1
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and resource utilization and the presence of incidental findings that can lead to unnecessary
clinical interventions [5].

The US Food and Drug Administration (FDA) and the European Union have de-
veloped strategies aimed at reducing unnecessary radiation exposure. In 2010, the FDA
published an initiative to promote patient safety through the justification of each imag-
ing test carried out in accordance with the patient’s symptoms and medical history. In
addition, they promoted the lowest possible dose based on each patient’s anatomical and
physiological factors [6]. The most relevant European initiative in this regard is the Di-
rective 97/432/EURATOM [7] which has given rise to various projects such as the DOSE
DATAMED. This project consisted of a survey to assess the radiation received by the Eu-
ropean population. In accordance with this European directive other projects have been
developed, which aim at unifying the training and knowledge of the professionals involved
in radiation protection: MEDRAPET Project [8], European Medical ALARA Network [9]
and Medical Physics Expert Project [10]. The Directive 2013/59/Euratom [11], which
was an update of the previous directive, was published in 2013. It was supposed to be
transposed in all member countries before the 6 February 2018. However, in Spain, this
directive was not transposed until the 18 October 2019 (Royal Decree 601/2019 [12]) and
has not yet been implemented.

Despite these recommendations, recent studies indicate that the frequency of imaging
tests has grown exponentially in recent years. Even during the SARS-CoV-2 pandemic
when access to healthcare was limited, the use of imaging tests remained widespread [13].

Moreover, this increase in the frequency of imaging tests may differ according to
patient’s characteristics such as sex, age, or socioeconomic status. It has been known
for over 30 years that there are wide differences in the clinical management of men and
women in many situations. Even though women use more health services than men [14],
there is evidence that there is a diagnostic bias between men and women [15]. Research
regarding appropriateness has shown that women are less likely to have an imaging test
considered adequate than men [16]. Another study also found that more inappropriate and
uncertain myocardial perfusion imaging was ordered for women compared to men [17].
Some studies estimate that radiation from imaging tests may be linked to 1% of cancers
diagnosed in the United States, with adult women between the ages of 35 and 54 years being
the largest population at risk [18,19] especially if they are under the age of 30 years [20,21].
Previous reports identified ionising radiation from CT as a contributing factor for both
breast cancer [22] and a greater hazard of radiation-related solid cancer in women compared
to men [23]. These data could have influenced the differential use of imaging diagnostic
testing in women compared to men [24].

In addition, other aspects such as the socioeconomic context could also play a role
in the different performance of imaging tests. Social determinants of health are known
to play a large role in health outcomes. For example, they may impact an individual’s
ability to access nutritious food and healthcare resources, time, and space for physical
activity [25,26]. A previous study found that the intersection of sex and social factors in
influencing patient-relevant outcomes varies even among countries with similar healthcare
and high gender equality [27]. High income countries have been associated with a higher
frequency of CT examinations per inhabitant [28]. However, there is little data on the
differences in the frequency of imaging tests according to the socioeconomic status of the
population for men and women in the same country, including those with a public health
system like Spain.

The purpose of this study was to analyze the impact of the establishment of new
recommendations in 2013 to control exposure to radiation for men and women, and to
explore the impact of patients’ age and socioeconomic status on gender differences, in a
single university hospital.
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2. Materials and Methods

2.1. Study Design

We conducted a retrospective observational study to analyse the impact of the estab-
lished recommendations in 2013 on tests performed in clinical practice according in men
and women. We also calculated the per capita effective dose and the influence of patients’
age and socioeconomic status.

2.2. Setting

The target population for the study were all residents in the catchment area of San
Juan Hospital (Alicante), in the Valencian Community (Spain), a general centre, with an
estimated catchment population of 234,424. This is a referral hospital for all individuals
living in the catchment area who belong to the National Health Care System (NHS). Most
of the Spanish population uses the NHS as the main medical service (the publicly funded
insurance scheme covers 98.5% of the Spanish population).

2.3. Participants

We included utilization data of CT, radiography (including mammography, con-
ventional radiography, and fluoroscopy) and nuclear medicine by the target population
between 2007–2021 (in any care setting, inpatient, outpatient, or emergency department).
We excluded imaging tests that did not involve radiation exposure (i.e., MRI and ultra-
sound) and patients who had an imaging test in this hospital but did not belong to its
catchment area.

2.4. Imaging Test Frequency

For collecting data on imaging test frequency, we carried out procedures similar
to those used in a previous study [29]. Briefly, we collected the following data from the
Medical Image Bank of the Valencian Community from the Department of Universal Health
and Public Health Service: sex and age at entry in the study, radiological examination, and
date. Both the images and the patient data were anonymised and deidentified by the Health
Informatics Department of the Hospital of San Juan using Research and Development (R&D)
Cloud CEIB Architecture [30]. This digital register started in 2007 in our setting. Each
imaging test received was classified as a single radiation exposure. However, abdomen
and pelvis tests carried out in the same process were included as a single abdomen–pelvis
test, while an abdomen or a pelvis test in a different process, even in the same patient, were
included as two different tests. Thoracic and lumbar spine tests were included when they
were performed alone but not when performed together with chest or abdominal tests.

2.5. Effective Dose Estimate

Given that it was impossible to get individual machine parameters for all imaging
tests, we estimated the associated radiation effective dose per test according to its region
of anatomical coverage by age and using previously published evidence [31]. This review
provides values of the typical effective doses associated with the 20 most frequent imaging
tests for adults and children and for the most widely used set of weights (ICRP60) as well
as for the most recent (ICRP103). In addition, we estimated the effective dose of imaging
tests different from the 20 most frequent imaging tests in Dose DataMed 2 project according
to previous studies [32–34].

2.6. Socioeconomical Status

To represent the socioeconomic status of the individuals we calculated a deprivation
index according to the postcode of their residence. The Spanish Society of Epidemiology
(SEE) published a deprivation index for the entire country using the enumeration dis-
trict [35] and the information from the 2011 census. We reconstructed the index within the
catchment area of the hospital by assigning each enumeration district with the postcode
and then estimated the six socioeconomic indicators used by the SEE at postcode level
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using the census data (percentage of manual working population, percentage of casual
working population, percentage of unemployed population, percentage of population with
insufficient education, percentage of young population with insufficient education, and per-
centage of main dwellings without internet access). We used principal components analysis
in Stata SE to recalculate the deprivation index by postcode. As this is a standardized index
(with mean 0 and standard deviation 1), values close to zero would indicate the average
deprivation in the population area. We divided the population in tertials according to the
deprivation index: least deprived between −2.579506 and −1.060423, medium deprived
between −0.813536 and 0.276083, and most deprived between 0.399323 and 5.022990.

2.7. Calendar Time

We assessed the different values according to two periods of study: 2007–2013 and
2014–2019 according to the year of publication of the Council Directive 2013/59/Euratom.
Although this recommendation was transposed in Spain on the 18 October 2019, we did
not evaluate its impact because of the SARS-CoV-2 pandemic in 2020. However, we also
assessed the pandemic period: 2020–2021.

2.8. Statistical Analysis

All analysis were stratified by sex. We evaluate the frequency of imaging tests per-
formed by imaging modality, age (<18 years [children]; 18–64 years [adults], and >64 years
[older adults]), deprivation index (grouped in terciles), and calendar year (2007–2013,
2014–2019, 2020–2021) using the Chi-Square test. The annual average frequency was as-
sessed per 1000 persons per women and men (number of people who are administratively
assigned to the university hospital in each year by sex and age group). We also estimated
the effective radiation dose by imaging modality (median and interquartile range) age,
deprivation, and calendar time using Mann–Whitney U test.

Statistical analyses of the data were performed with SPSS (V.25.0; SPSS). A p-value of
0.05 was considered significant.

3. Results

3.1. Population Included in the Study

In 2007, 232,446 people were administratively assigned to the selected hospital: 107,622
(46.3%) men and 124,824 (53.7%) women. The population in 2021 was 249,572 persons:
114,434 (45.9%) men and 135,138 (54.1%) women. There were not statistical differences
according to the distribution of demographic variables (age and deprivation level) between
men and women in the years 2007–2021: 16% were subjects < 18 years, 61% were subjects
18–64 years, and 23% >65 years. The deprivation level was divided in terciles, with the
minimum value −2.84 (least deprived) and the maximum 5022 (mean −0.9514, sd 2.01).

3.2. Impact of Calendar Time in the Frequency of Imaging Tests According to Type of Imaging Test,
Patients’ Age and Deprivation Index for Men and Women (Table 1)

The frequency of imaging tests was higher in women than in men for the three periods
of study. The increase in tests between the years 2007–2013 and 2014–2019 was higher
in women than in men (from 575.3 tests per 1000 women to 634.3 tests per 1000 women,
percentage of change of 10.3% vs. from 498.5 tests per 1000 men to 535.6 tests per 1000 men,
percentage of change of 7.4%). The frequency of imaging tests decreased in 2020–2021 to
519.6 tests per 1000 women (percentage of change of −18.1%) (p < 0.001) and this decrease
was lower in men during the years 2020–2021, 471 tests per 1000 men (percentage of change
−12.1%) (p < 0.001). (Table 1).

Although the frequency of radiography in men was similar between 2007–2013
and 2014–2019, it decreased during the years 2020–2021. CT frequency in men, in con-
trast, increased throughout the period of study (67.1 tests per 1000 persons in 2007–2013,
88.8 tests per 1000 persons in 2014–2019, and 98.7 tests per 1000 persons in 2020–2021).
Similarly, the frequency of nuclear medicine tests in men also increased during the pe-
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riod of study: 29.9 per 1000 men in 2007–2013, 38.4 per 1000 men in 2014–2019, and
41.2 per 1000 men in 2020–2021 (p < 0.001). In women, the frequency of mammography,
radiography and nuclear medicine increased between 2007–2013 (26.3 per 1000 women,
460.4 per 1000 women, and 35.6 per 1000 women, respectively) and 2014–2019 (32.5 per
1000 women, 486.7 per 1000 women, and 43.4 per 1000 women, respectively) and these
frequencies decreased in 2020–2021 (28.7 per 1000 women, 376.3 per 1000 women, and
37.7 per 1000 women, respectively). However, the frequency of CT also increased during
the study (p < 0.001).

According to age, the frequency of tests decreased in 2014–2019 and 2020–2021 in
comparison with 2007–2013 for men < 18 years and those aged 18–64 years; the frequency
increased in men > 64 years between 2007–2013 and 2014–2019 (686.2 tests per 1000 men to
892.3 tests per 1000 men) and this frequency decreased in 2020–2021 (855.8 tests per 1000 men)
(p < 0.001). Although the frequency of imaging tests in women < 18 years was lower than in
men during the three periods of study, the frequency of tests in women > 64 years was higher
than in men > 64 years during the period of study. As well as in men, the frequency of tests
also decreased in women < 18 years and those 18–64 years in 2014–2019 and in 2020–2021
in comparison with 2007–2013; nevertheless, the frequency of imaging tests increased in
women > 64 years in 2014–2019 in comparison with 2007–2013 (916.6 tests per 1000 women
to 1180 tests per 1000 women) and this frequency decreased in 2020–2021 (1010.3 tests per
1000 women) in comparison with 2014–2019 (p < 0.001)

In Figure 1, we have shown that the amount of CT increased in 2014–2019 and
in 2020–2021 in comparison with 2007–2013 in patients aged 18–64 years and in those
older than 64 years, for men and women. The frequency of radiographies increased in
2014–2019 in comparison with 2007–2013 in patients > 64 years, although it decreased in
patients < 18 years and in those aged 18–64 years in men and women. In addition, although
the frequency of mammographies decreased during 2020–2021 in women aged 18–64 years,
it increased in women older than 64 years. The frequency of nuclear medicine tests in-
creased between 2007–2013 and 2014–2019 in men and women > 64 years and it decreased
in 2020–2021.

Table 1. Description of the impact of calendar time in the frequency of imaging tests according to
type of imaging test; patients’ age and deprivation index for men and women.

Frequency per 1000 Persons
Men Women

2007–2013 2014–2019 2020–2021 p Value 2007–2013 2014–2019 2020–2021 p Value

Imaging test <0.001 <0.001
Mamography 0.9 0.9 0.8 26.3 32.5 28.7
Radiography 400.5 407.6 330.4 460.4 486.7 376.3
CT 67.1 88.8 98.7 53.0 71.7 76.9
Nuclear medicine 29.9 38.4 41.2 35.6 43.4 37.7
Age (years) <0.001 <0.001
<18 409.4 327.3 223.4 310.5 255.6 168.1
18–64 452.2 458.4 393.9 519.4 532.6 431
>64 686.2 892.3 855.8 916.6 1180 1010.3
Deprivation index <0.001 <0.001
Least deprived 414.5 474.4 440.1 492.1 587.1 500.9
Medium deprived 407.6 466.1 422.1 452.3 537.0 456.6
Most deprived 323.1 346.1 310.4 400.1 448.5 376.2
Total 498.5 535.6 471.0 <0.001 575.3 634.3 519.6 <0.001

The frequency of imaging tests was higher in those patients living in the least deprived
areas than in those living in the most deprived areas for women and men (Figure 2). In men
and women, the frequency of imaging tests increased between the years 2007–2013 and
2014–2019 for the three groups of patients according to their living area and decreased in the
years 2020–2021 (p < 0.001). In Figure 2, the frequency of radiographies decreased for men
and women in 2020–2021 in comparison with 2014–2019 and with 2007–2013 regardless the
deprivation area; however, the amount of CT increased in the three periods of time for men
and women in the three deprivation groups. In women, the frequency of mammographies
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decreased in 2020–2021 in comparison with 2014–2019, but it was higher than the frequency
in 2007–2013. In men, the frequency of nuclear medicine tests increased in 2020–2021 in
comparison with the previous years, mainly in men in the least deprived area; in women,
the frequency of nuclear medicine tests decreased in 2020–2021 in comparison with the
previous years for women regardless of the deprivation index.

The impact of calendar time in the mean dose (mSv), according to the type of imaging
test, patients’ age and deprivation index for men and women, is shown in Table 2.

Table 2. Description of the impact of calendar time in the mean dose (mSv) according to the type of
imaging test; patients’ age and deprivation index for men and women.

Mean Dose (mSv)
Men Women

2007–2013 2014–2019 2020–2021 p Value 2007–2013 2014–2019 2020–2021 p Value

Imaging test <0.001 <0.001
Mamography 0 0 0 0.01 0.01 0.01
Radiography 0.14 0.20 0.17 0.17 0.24 0.20
CT 0.57 0.71 0.80 0.44 0.56 0.63
Nuclear medicine 0.32 0.36 0.30 0.37 0.43 0.32
Age <0.001 <0.001
<18 0.31 0.16 0.22 0.25 0.21 0.15
18–64 0.80 1.00 1.05 0.83 1.04 1.05
>64 2.20 3.18 5.59 1.98 2.80 2.88
Deprivation index <0.001 <0.001
Least deprived 0.77 1.02 1.23 0.70 0.97 1.02
Medium deprived 0.71 0.96 1.07 0.63 0.85 0.91
Most deprived 0.69 0.82 0.90 0.64 0.78 0.82
Total 1.04 1.27 1.27 <0.001 0.99 1.24 1.16 <0.001

Men received higher effective doses of radiation than women in the three periods of
time, and there was an increase in the effective mean dose received throughout the period
of study for men and women.

In men, the mean dose associated with radiographs increased between 2007–2013 and
2014–2019 (0.14 mSv and 0.20 mSv, respectively), and decreased in 2020–2021 (0.17 mSv).
This trend was the same for nuclear medicine tests: the frequency increased between
2007–2013 and 2014–2019 (0.32 mSv and 0.36, respectively), and decreased in 2020–2021
(0.30 mSv). In contrast, the mean dose associated with CT increased throughout the period
of study (p < 0.001). The same trend was found in women throughout the period of study
(p < 0.001).

Regarding age, the mean dose increased in men > 64 years throughout the study
(2007–2013, 2.20 mSv; 2014–2019, 3.18 mSv, and 2020–2021, 5.59 mSv) (percentage of
change between 2007–2013 and 2020–2021, 154%%) (p < 0.001). The mean dose received in
women > 64 years also increased throughout the period of study and the percentage of
change between 2007–2013 and 2020–2021 was lower than in men (45%) (p < 0.001).

Men living in the least deprived areas received the higher mean dose in comparison
with men living in the medium and the most deprived areas. In addition, the mean dose
received by men living in the least deprived areas increased 59.7% between 2007–2013
(0.77 mSv) and 2020–2021 (1.23 mSv). In men living in the most deprived areas, the mean
dose received increased by 30.4% between 2007–2013 (0.60 mSv) and 2020–2021 (0.90mSv)
(p < 0.001). Women living in the least deprived areas also showed the higher mean dose in
comparison with women living in the medium and the most deprived areas. The mean
dose received by women living in the least deprived areas increased by 45.7% between
2007–2013 (0.70 mSv) and 2020–2021 (1.02 mSv). In women living in the most deprived area,
the mean dose received increased by 28.1% between 2007–2013 (0.64 mSv) and 2020–2021
(0.82 mSv) (p < 0.001).
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4. Discussion

The results provide important information on the imaging diagnostic test trend and
the collective effective dose, according to the available recommendations in a university
hospital for men and women. We found an increase in the number of imaging tests re-
ceived by men and women after the publication of the recommendations in 2013, and this
increase was higher in women than in men. The frequency of imaging tests, including
all imaging modalities, decreased during the pandemic period (2020–2021), but the fre-
quency of CT increased even during these years in men and women, and the frequency of
nuclear medicine tests in men and thus, the overall effective mean dose. The population
aged > 64 years showed the highest frequency of imaging tests and the frequency increased
between 2007–2013 and 2014–2019 for both women and men. Moreover, women and men
living in the least deprived areas had a higher frequency of imaging test (and the higher
mean dose received) than those living in the most deprived areas.

The publication of several recommendations to decrease the population’s exposure to
radiation did not have an impact on the imaging tests that were carried out. A previous
study on clinicians’ awareness of the European recommendations showed that nearly 80%
of the clinicians surveyed had never heard of the European recommendations [36]. In
addition, they did not take into account the need to consider radiation exposure when
ordering imaging tests and the requirement to inform the patient about the risks associated
with medical radiation exposure [36]. Women showed a greater increase in both the number
of CT scans and conventional radiographies received than men after the publication of the
recommendations, especially among patients older than 64 years.

The frequency of nuclear medicine diagnostic procedures increased in 2014–2019 in
comparison with 2007–2013 and it also increased in 2020–2021 in men. Nuclear medicine
examinations contributed approximately 6% to the total frequency of all diagnostic medical
procedures included in this study, leading to a high exposure to radiation. Similar data
have been shown in other countries which followed DoseDataMed2 methodology [37],
and therefore, it is essential to raise awareness about the potential dose optimization.
Although previous studies found a remarkable increase in the number of CTs performed
annually [38–40], they also found that CT utilization plateaued due to several reasons
such as the acknowledgement of the harms of excess imaging, an increase in the use of
other modes of imaging, or the cost [41]. However, we found that the number of CTs
increased during the period of study regardless of the publication of recommendations and
the pandemic period. During the pandemic in 2020–2021, the lower number of imaging
tests reflected the much smaller number of patients treated that year. However, as previous
research showed [13], the COVID-19 lung imaging recommendations which covered all
radiological modalities, in particular the CT, could reflect the further increase in the number
of CTs in 2020–2021. Moreover, the reason for the increase in CTs during the period of
study could be that modern helical CT enables faster examination; thus, more examinations
can be performed in one day [42]. The decreasing number of conventional radiographies
is also probably due to the tendency of replacing it with CT [28]. CTs only represent 13%
of all radiological procedures in our setting, but they are the major source of exposure to
the population and recent reports have shed light on the increasing frequency of CT. For
example, a recent study comprising 2.5 million patients found that patients underwent a
median of six CT exams in a year and that some patients received up to 109 exams over
five years [43]. Thus, more efforts are needed to increase optimisation and justification
according to established recommendations.

The number of CTs carried out was higher in men than in women. In contrast, the
number of conventional radiographies was higher in women than in men, mainly due to
breast cancer examinations. Nevertheless, the percentage of change between 2007–2013 and
2014–2019 for both conventional radiographies and CTs was higher in women than in men.
In addition, the number of nuclear medicine diagnostic procedures was higher in women
than in men in 2007–2013 and 2014–2019; however, in the pandemic years the frequency
increased in men and decreased in women. This could reflect different clinical management
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strategies in practice for women and men. A previous study on the clinical management
of solitary pulmonary nodule found that women were more likely than men to have a
follow-up rather than have an immediate intervention [44]. As a result, accumulative
radiation was higher in women than in men. It is necessary to include sex as a variable
in future lines of research, as well as in protocols for action in relation to imaging tests
and their indications in clinical guidelines since, despite the evidence on the differences
between men and women, the incorporation of sex as a variable is not very common at
present. Reviews of clinical guidelines have shown that only 35% of them take sex into
account as a specific factor for the detection, diagnosis, or management of different diseases
in clinical settings [45].

The healthcare system in Spain is public; that is, it is free of charge to anyone living
and working in Spain, and the general taxation funds the Spanish state healthcare system.
However, patients living in the least deprived areas had a higher frequency of imaging
tests and received a higher effective dose than those living in the most deprived areas.
On the one hand, if we consider the risk of excessive radiation, this could be interpreted
with an equity lens in a positive manner (i.e., lower radiation among the most vulnerable
population). However, it would be important to explore the pertinence of the imaging tests
solicited and ensure that this reduction in imaging among the most deprived population is
not due to a reduction of the pertinent tests due to problems with access, as this could lead
to diagnostic delays.

We included a general hospital and its catchment area (with a total population of
over 200,000 people). Even though our results could have some limited generalizability
in other settings, the population included in this study is similar to the general Spanish
population. Moreover, analysing this population provides important insights, showing
as far as we know, the first evaluation of the impact of the available recommendations on
the frequency of imaging tests carried out for men and women. Limitations of the study
need to be included. This study did not consider images carried out in private health and
it may hide differences by socioeconomical status. In addition, the deprivation index is
a population level type indicator. Its advantage is that it represents a summary measure
of the socio-economic characteristics of the population residents in each census section,
which allows the study of socio-economic inequalities in health. It can be considered
a measure of socio-economic deprivation of the census section, combining information
related to individuals (compositional) and to the context. Although this method has the
advantage of a similar population size dimension, it is sensitive to variation and it could
change over time and given that, it includes 21 different areas. We obtained the data from
the Medical Image Bank of the Valencian Community from the Department of Universal
Health and Public Health Service and did not distinguish between the slice-spiral CT and
the multi-slice CT. However, according to a previous study [46], the average effective dose
to patients was only slightly changed from 7.4 mSv at single-slice to 5.5 mSv and 8.1 mSv
at dual- and quad-slice scanners, respectively. In our study, we applied an estimation of the
average values of the effective dose of imaging tests, and thus, we do not consider that this
variation according to the type of CT could have influenced on the results.

5. Conclusions

In conclusion, this is the first study to provide insight into the impact of available
recommendations on population exposure due to radiological medical procedures for men
and women during a long period of study. By far, the largest increase in the number of
imaging tests is due to CTs and nuclear medicine tests, which account for the higher amount
of the effective dose. The difference in the increase of imaging tests carried out in men
and women and according to the socioeconomic status could reflect different management
strategies in clinical practice. Given the low impact of the available recommendations on
the population’s exposure to radiation, the performance of high-dose procedures, such as
CT and nuclear medicine tests, deserve special attention when it comes to justification and
optimization, especially in women.
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Abstract: This paper presents the first measurement of the investigation of the health impacts of
indoor radon exposure and external dose from terrestrial radiation in Chiang Mai province during
the dry season burning between 2018 and 2020. Indoor radon activity concentrations were carried
out using a total of 220 RADUET detectors in 45 dwellings of Chiang Mai (7 districts) during burning
and non-burning seasons. Results show that indoor radon activity concentration during the burning
season (63 ± 33 Bq/m3) was significantly higher (p < 0.001) compared to the non-burning season
(46 ± 19 Bq/m3), with an average annual value of 55 ± 28 Bq/m3. All values of indoor radon
activity concentration were greater than the national (16 Bq/m3) and worldwide (39 Bq/m3) average
values. In addition, the external dose from terrestrial radiation was measured using a car-borne
survey during the burning season in 2018. The average absorbed rate in the air was 66 nGy/h, which
is higher than the worldwide average value of 59 nGy/h. This might be due to the high activity
concentrations of 238U and 323Th in the study area. With regards to the health risk assessment, the
effective dose due to indoor radon exposure, external (outdoor) effective dose, and total annual
effective dose were 1.6, 0.08, and 1.68 mSv/y, respectively. The total annual effective dose is higher
than the worldwide average of 1.15 mSv/y. The excess lifetime cancer risk and radon-induced lung
cancer risk during the burning season were 0.67% and 28.44 per million persons per year, respectively.
Our results substantiate that indoor radon and natural radioactive elements in the air during the
burning season are important contributors to the development of lung cancer.

Keywords: lung cancer; natural environmental radiation; indoor radon; external dose; burning season

1. Introduction

According to International Agency for Research on Cancer (IARC), lung cancer (LC) is
one of the leading causes of cancer mortality among both men and women worldwide [1,2].
In Thailand, LC is the second cause of incidence and mortality particularly in Upper
Northern Thailand (UNT) [3,4]. Chiang Mai is the largest city in UNT and LC is one of
the most common cancers for both genders as reported by World Health Organization
(WHO) [5]. Multiple risk factors can cause LC in Chiang Mai, such as cigarette smoking,
air pollution, and natural background radiation (e.g., radon and gamma) [3,4,6]. Cigarette
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smoking is the main cause of LC development, while radon (222Rn), the most stable isotope
of radon element is identified as the second leading cause of LC and the major risk factor
among non-smokers [7–9].

Radon (and its progeny) is the major contributor (more than 50%) of natural envi-
ronmental radiation on the surface of the earth reported by WHO [7,9] and have been
classified as a human carcinogen (group 1) that can cause LC by IARC [8]. It is a radioac-
tive gas (half-life of 3.82 days), invisible, odorless, and colorless. It naturally occurs as a
decay product of radium-226 (226Ra) and is ultimately a member of the uranium-238 (238U)
series, found in the soil, rocks, groundwater, and air [7,9]. Approximately, 8–33% of all
LC deaths worldwide are likely caused by indoor radon exposure [7,10–12]. Therefore,
chronic exposure to radon and its decay products can induce DNA damage through chro-
mosome alterations and double-strand breaks (DSBs), which subsequently increase the
risk of LC [11,13]. Moreover, it indicates that radon and their decay products may exist
in air pollutants including particulate matter (PM) with a diameter of less than 10 μm
(PM10), smoke haze, and small dust particles, and all these elements together lead to LC
development [14].

Lately, Chiang Mai has been annually facing adverse health impacts of airborne PM
including LC and respiratory diseases during the dry season burning for over 20 years.
This is because farmers burn biowaste materials from agricultural land and forest fires [15].
The highest levels of PM are seen between November and April every year and the peak
tends to occur around the middle of March. Our previous study [16] indicates that the
annual average indoor radon activity concentration (57 Bq/m3) in Chiang Mai is considered
to be higher than the worldwide average (39 Bq/m3) and national average (16 Bq/m3)
values [7,12,17]. An indoor and outdoor-radon activity concentration during the burning
season (Mid-March) were 5.5 and 4-fold higher than the worldwide average, respectively.
Therefore, it is important to elucidate the long-term measurements of indoor radon levels,
particularly during the dry season burning. This paper provides the first attempt that
investigates the indoor radon activity concentration and external dose from terrestrial
radiation conducted between 2018 to 2020, particularly during the burning season in the
Chiang Mai province. Additionally, we assessed the health risk for the potential impact of
human health outcomes based on natural environmental radiation.

2. Materials and Methods

2.1. Study Area and Selection of Measurement Locations

Chiang Mai is the second-largest city in Thailand and the largest city in UNT. There are
divided into 25 districts with a population of approximately 1.19 million residents which
represents 6% of the total population in Thailand (Figure 1a). It is located on the Mae Ping
River and surrounded by mountains in particular granitic rock (high background radiation
area), such as Daen Lao and Thanon Thong Chai. Chiang Mai has lower humidity and a
tropical climate characterized by three seasons: the winter (November–February), summer
(March–May), and rainy (June–October).

This research was carried out in seven districts (high radon potential zone) located
in different areas in Chiang Mai (Figure 1b). This area is affected by a high number of
LC patients from 2009 to 2018 (Figure 1c). Between 2016 to 2018, indoor radon activity
concentration measurements were carried out in a total of 172 randomly selected dwellings
(1–5 dwellings in each subdistrict randomly depending on the district size). The districts
surveyed are Mueang, Hang Dong, Saraphi, and San Pa Tong. In addition, 45 randomly
selected dwellings (Mueang, Hang Dong, Saraphi, San Pa Tong, San Sai, San Kamphaeng,
and Doi Saket) were selected for the study of indoor radon during the dry season burning
in the period between 2018 to 2020. Most of the selected dwellings in the study area were
built of cement and wood along with concrete floors.
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Figure 1. Location of measurement sites in Thailand. (a) Map of Chiang Mai, Thailand. (b) Map of Chi-
ang Mai showing the study areas. (c) Number of lung cancer patients in Chiang Mai (*: study area).

The study encompassed fieldwork and data collection from participants by interviews
(questionnaire concerning information about dwelling characteristics, family histories of
LC, and lifestyle). All participants were informed of the study information about indoor
radon measurements, risks, or benefits that may occur from the study. Informed consent
was obtained from all participants prior to the enrollment.

2.2. Radon Activity Concentration Measurement

A passive type of radon-thoron discriminative monitor (RADUET) using an α track
type radon detector (CR-39) was used to measure indoor radon in the bedroom (ground
floor) of selected dwellings (172 RADUET detectors) for a period of six months between
2016 and 2018 [16]. The RADUET detectors were placed away from sunlight, windows,
doors, and electric devices, at a distance of 20 cm from the internal wall and a height of
100 to 200 cm from the floor as representative of human breathing inside the bedroom. At
the end of the measurement, all RADUET detectors were collected, wrapped in a plastic
bag, shipped, and measured at the Institute of Radiation Emergency Medicine, Hirosaki
University. Briefly, CR-39 was chemically etched using a solution of 6.25 M NaOH at 90 ◦C
for 6 h, then washed with distilled water and dried. Afterward, α particles in CR-39 were
taken by digital camera and counted with an automatic reading system to evaluate the
indoor radon activity concentration.

The radon activity concentration (C) is calculated using Equation (1):

C =
ρ

kt
(1)
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where ρ is α particles track density corrected by background track density(track/cm2), k is
the conversion factor from α particles track density to indoor radon activity concentration
[(tracks/cm2/h)/(Bq/m3)], t is exposure time (h). It should be noted that the contribution
of thoron and its progeny in this study is relatively small compared to radon and should be
negligible (data not shown) [16].

In order to study the effects of biomass burning on indoor radon levels (total of
220 RADUET detectors), the experiments were performed in two sets of 45 random
dwellings for periods of 12 months (replaced with a new RADUET detector every 2–3 months
to cover the burning season (November–April) and non-burning season (May–October)
in Chiang Mai); the first period in 2018–2019 (20 dwellings) and the second period in
2019–2020 (25 dwellings).

2.3. Car-Borne Survey

A car-borne survey technique is an effective method to evaluate the external radia-
tion dose from terrestrial gamma radiation [uranium (238U) series, thorium (232Th) series,
and potassium (40K)] in the Saraphi district which is subdivided into twelve subdistricts
for a short period during the burning season from March 16–17 and 19 in 2018 using a
3-in × 3-in NaI(Tl) scintillation spectrometer (EMF-211, EMF Japan Co., Osaka, Japan) [18].
We selected the Saraphi district as one of the target areas because it is well documented
that this area has a higher number of LC patients and is one of the most polluted areas in
Chiang Mai [3]. The detector was installed inside a car at 1 m from the ground level and
gamma radiation counting was carried out every 30 s in a moving car along the survey
route with a global positioning system (the latitude and longitude for each measurement
point). During the survey (a total of 821 measurement points), the car was moving at a
speed of around 30–40 km/h depending on the road conditions, and the shielding factor of
the car body was calculated at 18 measurement points by measurements outside and inside
of the car. The methodology of the car-borne survey, the calculation of dose rates in air, and
the activity concentration of natural radionuclides (40K, 238U, and 232Th) to absorbed dose
rate in the air was followed as previously described by Hosoda et al. [19,20].

2.4. Health Risk Assessment
2.4.1. The Annual Effective Dose (H) of Inhalation Dose

H is the total exposure of indoor radon activity concentration (and its progeny) on
residents in the study area (in a year), which corresponds to the average indoor radon
calculated using Equation (2), based on the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) report [21]:

H (mSv/y) = C × F × O × T × D (2)

where C is an annual average indoor radon activity concentration in the dwellings (in
Bq/m3), F is the equilibrium factor between indoor radon (and its progeny) (0.4), O is
the occupancy factor for the residential population (0.8), T is an average exposure period
(24 h × 365 days = 8760 h), and D is an inhalation dose conversion factor (9 × 10−6 mSv/h
per Bq/m3) [16].

2.4.2. The Annual Effective Dose to Lungs (HL)

HL was calculated using Equation (3):

HL (mSv/y) = H × WR × WT (3)

where WT (the radiation-weighting factor) is 20 for α particles and WT (the tissue weighting
factor for lungs) is 0.12, as recommended by the Internal Commission on Radiological
Protection (ICRP) [22].
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2.4.3. The External (Outdoor) Annual Effective Dose (He)

He was estimated using Equation (4) based on the measured absorbed dose rate in air
in the Saraphi district.

He (mSv/y) = Da × DCF × T × O × 10−3 (4)

where Da is an average outdoor absorbed dose rate in air (nGy/h), DCF is dose conversion
factor received by an adult (0.7 Sv/Gy), T is 8760 h and O is the occupancy factor for the
residential population (0.2) [21,23].

2.4.4. Excess Lifetime Cancer Risk (ELCR)

ELCR was estimated using Equation (5):

ELCR = H × DL × RF (5)

where DL is the mean of life estimated to 77 years in Thailand and RF is the risk of fatal
cancer per Sievert (0.055 Sv−1), as reported by ICRP [24,25].

2.4.5. The Number of LC Cases per Year per Million (LCC)

LCC was given according to Equation (6):

LCC= H × RFLC (6)

where RFLC is the risk factor for LC induction per million per person of 18 × 10−6 mSv−1 y
as recommended by ICRP [26,27].

2.5. Statistical Analysis

The software Sigma Plot10 (Sigma, St. Louis, MO, USA) and Microsoft Excel were
used to conduct all statistical analyses in this study. All data presented were determined
based on the mean ± standard deviation (SD), median, and geometric. The Wilcoxon
signed rake test was performed to test for the mean difference between two groups of data
and a p-value of 0.05 between groups was considered to be significant.

3. Results and Discussion

3.1. Indoor Radon Activity Concentration and Health Risk Assessment Due to Indoor
Radon Exposure

The indoor radon activity concentration and health risk assessment (H,HL, ELCR,
and LCC) in a total of 172 dwellings in four districts of Chiang Mai province (Mueang;
Hang Dong; Saraphi, and San Pa Tong) were measured between 2016 and 2018 as shown in
Table 1. The indoor radon activity concentration is found to be varied from 23 (Saraphi)
to 209 (San Pa Tong) Bq/m3 (an average value of 48 ± 20 Bq/m3) with a geometric mean
of 45 Bq/m3. The highest maximum value of indoor radon in the San Pa Tong district
was 209 Bq/m3 with approximately two times higher than the reference level (100 Bq/m3)
imposed by WHO but this value is below the ICRP reference level of 300 Bq/m3 [7,26]. This
might be due to the difference in radioactive elements in the soil (geological condition),
dwelling characteristics, and ventilation condition. The average value of indoor radon
in Chiang Mai is higher compared to the worldwide average of 39 Bq/m3 and national
average values of 16 Bq/m3 [7,12,17]. About 64% of dwellings in the study area exceeded
the worldwide average value of indoor radon. Our finding is in agreement with the
previous study (Table 2) reported that Chiang Mai has a higher radon activity concentration
than in average obtained by national and worldwide.
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Table 1. Indoor radon activity concentration and the potential risk of lung cancer to residents of
Chiang Mai, Thailand.

Mueang Hang Dong Saraphi San Pa Tong Total

No. of dwellings 48 25 83 16 172
Max (Bq/m3) 99 65 100 209 209
Min (Bq/m3) 24 33 23 31 23
Mean ± SD (Bq/m3) 47 ± 17 43 ± 10 49 ± 16 50 ± 43 48 ± 20
Geometric mean (Bq/m3) 45 42 46 43 45
No. of Dwellings >39 Bq/m3 28 15 60 7 110 (64%)
No. of Dwellings >100 Bq/m3 0 0 0 1 1 (0.6%)
H (mSv/y) 1.2 1.1 1.2 1.3 1.2
HL (mSv/y) 2.9 2.6 3.0 3.0 2.9
ELCR (%) 0.51 0.47 0.52 0.53 0.51
LCC (×10−6) 21.6 19.8 22.1 22.7 21.6

Abbreviations: SD, standard deviation; H, annual effective dose; HL, annual effective dose to lungs; ELCR, excess
lifetime cancer risk; LCC, the number of LC cases per year per million.

Table 2. Comparison of the average indoor radon activity concentration in Chiang Mai.

Study Areas (Districts)
No. of

Detectors/Period
Indoor Radon

(Bq/m3)
Ref.

Saraphi 50/99 days 21 [28]
Mueang, Hang Dong,
Saraphi and San Pa Tong 110/1 year 57 [16]

Doi Saket 30/4 months 53 [29]
Not available 46/3 months 110 [10]
Mueang, Hang Dong,
Saraphi and San Pa Tong 172/6 months 48 This study

As the risk of individual LC development increases with duration and exposure
to indoor radon, it is very pivotal to estimate the effect on human health from long-
term exposure to indoor radon exposure [6,11]. Table 1 shows the estimated health risk
assessment of indoor radon exposure to residents in the study area. The total values of H
were calculated between 0.6 to 5.3 mSv/y (data not shown) with an average of 1.2 mSv/y.
The average H is less than the action level limit of 3–10 mSv/y, as recommended by
ICRP [30]. However, the average H is found to be higher than the worldwide average of
1.15 mSv/y (inhalation dose), while the average HL is 2.9 mSv/y [21]. This value is higher
than the worldwide average due to the stressful effects of the α particle on the lungs [6].
To consider the risk of LC due to indoor radon exposure, ELCR is used to predict the
probability of cancer development by residential radon over a lifetime. The average ELCR
for indoor radon exposure in the study area was 0.51%, which is lower than the action level
of 1.3%, and due to indoor radon levels of 148 Bq/m3 as recommended by the United States
Environmental Protection Agency (USEPA) [31]. However, this value is higher than the
worldwide average of 0.145%, which may be related to the high radiation area in Chiang
Mai [10,32]. Therefore, LCC average value in Chiang Mai caused by radon exposure was
estimated to be 21.6 per million people per year. This value is lower than the limit range
between 170 to 230 per million persons per year as reported by ICRP [30]. Based on the
estimated values, our data show that the impact of health risk for LC development received
by residents in the study area is related to chronic exposure to indoor radon. To this end,
our future work will focus on the investigation of long-term indoor radon measurements
with a larger sample size.

3.2. Indoor Radon Activity Concentration and Health Risk Assessment during Burning- and
Non-Burning Seasons

Long-term exposure to natural environmental radiation and outdoor air pollution may
be associated with an increased risk of LC development [33]. Lately, Chiang Mai is facing
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the highest air pollution in the world, caused by the open burning of biomass during the
harvest season. Despite biomass burning being important; this condition causes Chiang
Mai to have a high level of radon in UNT and Thailand [10]. To our knowledge, there is
little understanding of the relationship between indoor radon exposure and air pollution
during the burning season in Chiang Mai, which can affect LC development and other
diseases [7]. In this study, indoor activity concentration and health risk assessment were
recorded in 45 dwellings in seven districts in the Chiang Mai province (Mueang (n = 6),
Hang Dong (n = 7), Saraphi (n = 21), San Pa Tong (n = 5), San Sai (n = 2), San Kamphaeng
(n = 2) and Doi Saket (n = 2)) during burning- and non-burning seasons between May 2018
and October 2020 are reported in Table 3.

Table 3. Indoor radon activity concentration and potential risk of lung cancer during burning and
non-burning seasons to Chiang Mai residents during 2018–2020.

Burning Season Non-Burning Season Total

No. of dwellings 45 45 45
Period (months) 6 6 12
Max (Bq/m3) 230 139 230
Min (Bq/m3) 28 19 19
Mean ± SD (Bq/m3) 63 ± 33 46 ± 19 55 ± 28
Median (IQR) (Bq/m3) 61 (35) 42 (16) 48 (27)
Geomean (Bq/m3) 57 44 50
No. of Dwellings >39 Bq/m3 34 24 19 (42.2%)
No. of Dwellings >100 Bq/m3 2 1 1 (2.2%)
H (mSv/y) 1.6 1.2 1.4 ± 0.3
HL (mSv/y) 3.8 2.8 3.3 ± 0.7
ELCR (%) 0.67 0.5 0.58 ± 0.12
LCC (×10−6) 28.44 21 24.72 ± 5.26

Abbreviations: SD, standard deviation; IQR, interquartile range; H, annual effective dose; HL, annual effective
dose to lungs; ELCR, excess lifetime cancer risk; LCC, the number of LC cases per year per million.

As can be seen in Table 3, the annual indoor radon activity concentration measurement
ranged from 19 to 230 Bq/m3 with an average value of 55 ± 28 Bq/m3 (geometric mean is
found to be 50 Bq/m3). The highest indoor radon activity concentration was observed in the
San Pa Tong district (data not shown). Overall, 42.2% of dwellings presented indoor radon
activity concentration comparatively higher than the world average value and 2.2% had a
value above 100 Bq/m3. This clearly suggests that the annual average value of indoor radon
in Chiang Mai is greater than the national and worldwide average value. Interestingly, a
comparison result (Table 3 and Figure 2), shows a significant statistical difference (p < 0.001)
between indoor radon activity concentration during burning-and non-burning seasons.
The average indoor radon level during the burning season (63 ± 33 Bq/m3 with a geomean
of 57 Bq/m3) was found to be higher than those measured in the non-burning season
(46 ± 19 Bq/m3 with a geomean of 44 Bq/m3). The difference in the radon level during
biomass burning season may be due to high levels of natural background radiation in
air pollution, high levels of radioactive elements in the soil, climatic parameters (such as
high concentrations of radon in the winter burning season), home ventilation and building
materials [34–36].

In estimating human health risk due to indoor radon exposure (and its progeny) during
burning- and non-burning seasons (Table 3), H values in the study area during burning-and
non-burning seasons were found to be 1.6 and 1.2, respectively, (with varies from 0.5 to
5.8 mSv/y, data not shown), with an average of 1.4 mSv/y. The estimated average H during
burning- and non-burning seasons and average annual H are higher when compared with
a worldwide average value of 1.15 mSv/y [21]. The calculated HL due to indoor radon
exposure during burning-and non-burning seasons were 3.8 and 2.8, respectively, with an
average of 3.3 mSv/y. These results are higher than the action level by ICRP [30]. The ECLR
attributable to residential radon during burning-and non-burning seasons were 0.67 and
0.5%, respectively, with an average value of 0.58%. All estimated values in the present data
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were lower than the action level reported by USEPA [31]. However, these values are higher
than average worldwide [32]. The radon-induced LC during burning-and non-burning
seasons were 28.44 and 21 per million people per year, respectively. While the LCC average
of 24.84 per million people per year is lower than the range recommended by ICRP [30].
All together, these findings also show a significant difference (p < 0.05, data not shown)
in all human health risk assessments on residential radon exposure (H, HL, ECLR, and
LCC) between burning-and non-burning seasons. Therefore, this comparison indicates the
potential risk of natural background radiation during the burning season to human health;
hence it can be a major public health problem for the UNT of Thailand due to chronic
exposures to radon (and its progeny) along their lifetime.

Figure 2. Variation of indoor radon activity concentration during burning and non-burning seasons
in seven districts of Chiang Mai during 2018–2020.

To the best of our knowledge, our study is the first attempt in dealing with long-
term indoor radon measurements within a human health risk assessment in the Chiang
Mai province during the burning season. However, the lack of measurement of natural
radioactivity concentrations such as 40K, 232Th, and 238U present in dust particles in the
air, and outdoor radon activity concentration in the ambient air during burning- and non-
burning seasons is the limitation in this study. Additional research is needed to obtain
more detailed results.

3.3. External Radiation Dose and External Annual Effective Dose Estimation from Natural
Environmental Radiation during burning Season

For a further understanding of the health effects of natural environmental radiation
during the burning season in Chiang Mai, an external dose of terrestrial radiation for
residents living in the Saraphi area was obtained by car-borne measurement during the
peak of the dry season burning in 2018 (16, 17 and 19 March). The survey route consists of
twelve subdistricts of Saraphi and variations of external radiation dose in the air (outdoor
absorbed gamma dose rates) are shown in Figure 3c. The shielding factor (Figure 3a) and
dose conversion factor (Figure 3b) were determined as 2.44 and 0.0018 nGy/h, respectively.
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Figure 3. Map of outdoor gamma dose rates in the air in Saraphi district during the dry season burning
measured in 2018. (a) Correlation between count rates outside and inside the car. (b) Correlation
between air karma and total count rate outside the car. (c) Map showing the survey route and
distribution of air kerma rate. (d) Absorbed dose rate in air in Saraphi district.

A total of 821 measurement points were collected in the study areas. Figure 3c shows
the outdoor gamma dose rates range from 47 to 171 nGy/h with an average value of
66 nGy/h (median value of 65 nGy/h). This average value was found to be higher than the
world average value of 59 nGy/h as reported by UNSCEAR [21]. This study shows that
a high outdoor gamma dose rate in air is an important contribution to external radiation
dose in Chiang Mai during the dry season burning. In addition, the average gamma
dose rate in air in Chiang Mai, UNT was higher than in other parts of Thailand Western
(44 nGy/h), Eastern (35 nGy/h), and Southern (42 nGy/h), which may be related to high
activity radioactivity area on the UNT of Thailand [37].

Furthermore, airborne gamma-ray spectrometry measurement was carried out to
determine the radionuclides activity concentration contributing to natural environmental
radiation during the burning season. Table 4 represents the activity concentration of 40K,
238U, and 232Th in soil, and the absorbed dose rate in the air 1 m above the ground was
measured at 24 points in the Saraphi district. The contribution to absorbed dose rate in
the air of 40K, 238U, and 232Th ranged from 13% to 27%, 30% to 41%, and 34% to 48% with
an average value of 22%, 36%, and 42%, respectively (data not shown). As displayed in
Table 4, the average activity concentration of 40K, 238U, and 232Th were 346 ± 90, 56 ± 16
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and 43 ± 14 Bq/kg, respectively. Based on this result, the activity concentration of 238U and
232Th were higher than the worldwide average values of 35 and 30 Bq/kg, respectively [21].

Table 4. The measured activity concentration of 40K, 238U, and 232Th and absorbed dose rate in air in
Saraphi district during the dry season burning.

Point No.
Location Activity Concentration (Bq/kg) Absorbed Dose Rate in

Air (nGy/h)Latitude (◦) Longitude (◦) 40K 238U 232Th

1 18.6659 98.9742 234 30 21 42
2 18.633 98.9637 306 43 30 52
3 18.6514 98.9698 372 42 37 59
4 18.686 98.9954 404 44 40 63
5 18.6521 99.0001 298 35 28 48
6 18.6754 99.0043 398 46 46 69
7 18.6969 98.9956 437 69 38 70
8 18.7048 98.9969 416 70 51 80
9 18.6894 99.0134 439 65 51 80
10 18.6932 99.0274 451 76 62 89
11 18.6862 99.0573 330 46 36 63
12 18.6821 99.0387 147 30 26 41
13 18.7054 99.0384 413 77 68 93
14 18.7169 99.0263 173 34 30 44
15 18.72 99.0633 297 88 72 96
16 18.6986 99.0591 294 69 61 81
17 18.745 99.0405 338 59 37 66
18 18.7416 99.0568 396 65 38 74
19 18.7367 99.0661 335 72 54 84
20 18.7203 99.0136 173 49 29 49
21 18.739 99.0214 409 59 44 71
22 18.7288 98.9943 438 66 55 80
23 18.7499 98.9997 427 54 41 70
24 18.7158 99.004 376 47 37 63

Average 346 ± 90 56 ± 16 43 ± 14 68 ± 16

These findings suggest that 238U and 232 Th-series elements are the main sources of
external natural radiation exposure during the burning season in the study area. High
activity concentrations of 238 U and 232 Th can be explained by the geometrical environment
(such as granites) and the mechanisms of soil information [19,20,38,39]. However, it should
be noted that 38% of measurement points (n = 9) have an activity concentration of 40K above
the worldwide average value of 400 Bq/kg and were found to be a minor contribution to
the total absorbed dose rate in the air [21]. Further investigation of radionuclides activity
concentration in this study area is needed to confirm these results.

With regards to the health risk assessment, the mean, minimum and maximum values
of external (outdoor) annual effective dose (He) were estimated to be 0.08, 0.06, and
0.21 mSv/y, respectively (data not shown). The average He value of this study area was
higher than the worldwide average value of 0.07 mSv/y, as reported by UNSCEAR [21].
Therefore, the outcome of radiation dose assessment indicates the relevant effects of natural
environmental radiation during the dry burning season on human health.

4. Conclusions

We have presented our first study that provides an understanding of the impacts of
biomass burning on natural environmental radiation in the Chiang Mai province, particu-
larly indoor radon exposure and external dose from terrestrial radiation. The findings show
indoor radon activity concentration (63 ± 33 Bq/m3) and external dose from terrestrial ra-
diation (66 nGy/h) during the burning season was higher than the national and worldwide
average value. The activity concentration of 238U and 232Th found in the soil of area studies
during the burning season was higher than the worldwide average value. The estimated
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value of effective dose due to exposure to indoor radon (and its progeny), external (outdoor)
effective dose, and the total annual effective dose received by Chiang Mai residents were
1.6, 0.08, and 1.68 mSv/y, respectively. The total annual effective dose is higher than the
worldwide representative value of 1.15 mSv/y. The excess lifetime cancer risk was found
to be 0.67%, which is higher than the worldwide average. The radon-induced LC risk
during the burning season presents a value of 28.44 per million persons per year. With
all results obtained from the fieldwork, indoor radon (and its progeny) and terrestrial
radiation represent the major contributions of human exposure to natural radiation during
the dry season burning and may increase the possibility of LC developing in their lifetime.
Future research related to natural environmental radiation and air pollution during the
burning season is required to confirm these findings.
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Abstract: Biological effects of the Fukushima nuclear accident have been reported in various organ-
isms, including the pale grass blue butterfly Zizeeria maha and its host plant Oxalis corniculata. This
plant upregulates various secondary metabolites in response to low-dose radiation exposure, which
may contribute to the high mortality and abnormality rates of the butterfly in Fukushima. However,
this field effect hypothesis has not been experimentally tested. Here, using an artificial diet for larvae,
we examined the ingestional toxicity of three radiation-dependent plant metabolites annotated in a
previous metabolomic study: lauric acid (a saturated fatty acid), alfuzosin (an adrenergic receptor
antagonist), and ikarugamycin (an antibiotic likely from endophytic bacteria). Ingestion of lauric acid
or alfuzosin caused a significant decrease in the pupation, eclosion (survival), and normality rates,
indicating toxicity of these compounds. Lauric acid made the egg-larval days significantly longer,
indicating larval growth retardation. In contrast, ikarugamycin caused a significant increase in the
pupation and eclosion rates, probably due to the protection of the diet from fungi and bacteria. These
results suggest that at least some of the radiation-dependent plant metabolites, such as lauric acid,
contribute to the deleterious effects of radioactive pollution on the butterfly in Fukushima, providing
experimental evidence for the field effect hypothesis.

Keywords: radioactive pollution; Fukushima nuclear accident; lauric acid; alfuzosin; ikarugamycin;
plant secondary metabolite; artificial diet; Zizeeria maha; Oxalis corniculata; low-dose exposure

1. Introduction

Anthropogenic impacts on wild organisms have been an important scientific and
political issue worldwide in this century. Human activities often involve local and global
scale pollution of air, water, soil, and ocean, leading to climate changes and human health
disorders [1,2]. For example, anthropogenic radionuclides from nuclear bomb tests and
nuclear power plant accidents can be found worldwide [3–7]. It is thus important to un-
derstand precisely how severely wild organisms are affected by human activities and in
what ways. To this end, butterflies have often been used as ecological indicators because
of their advantages over other organisms [8,9]. For example, (1) butterflies are often con-
spicuous and abundant in the field and easy to identify at the species level, (2) a wealth of
information on life history is available, (3) rich museum specimens are often available, and
(4) many amateur lepidopterists may join field studies covering a wide geographic range.
These advantages of using butterflies are invaluable for field studies. Not surprisingly,
changes in butterfly species in abundance, range, phenology, and diversity have been
used as key factors to understand recent environmental influences in many studies [10–16].
Occasionally, studies have focused on a single or a few indicator species [17–23]. An ad-
vantage of a single-species approach is to couple field surveys and laboratory experiments
to understand what occurs in the field.
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The pale grass blue butterfly, Zizeeria maha, has been used as a field indicator and
laboratory model species to understand evolutionary and developmental plasticity in
response to environmental changes [17,24–28]. In this butterfly, an environmentally induced
plastic phenotype was genetically assimilated in the laboratory experiment and in the field,
which was probably one of the best pieces of evidence for genetic assimilation [29,30]. Just
after the establishment of the pale grass blue butterfly as a laboratory model species that
can also be used as a field indicator species, the Fukushima nuclear accident occurred in
March 2011. Anthropogenic radioactive materials from the Fukushima Dai-ichi Nuclear
Power Plant (FDNPP) heavily polluted the east side of Tohoku district in Japan. The
northern range margin of the pale grass blue butterfly was located 380 km away from the
FDNPP [17], and the polluted area in Fukushima is completely covered by the distribution
range of the pale grass blue butterfly. Without question, the pale grass blue butterfly was
the logical choice for studying the biological effects of the Fukushima nuclear accident.

The Fukushima nuclear accident was reported to have caused various biological and
ecological effects on animals, such as birds [31–33], insects [34–39], Japanese monkeys [40–42],
and intertidal invertebrates [43], plants such as rice [44,45], fir trees [46], red pine trees [47],
and the creeping wood sorrel Oxalis corniculata [48–50], and soil microbes [51]. A series of our
studies [31–34,52–63] demonstrated that the pale grass blue butterfly has been severely affected
by the Fukushima nuclear accident. One of the pieces of important evidence was provided
by the internal exposure experiment, in which the contaminated host plant leaves collected
from Fukushima were given to larvae from Okinawa (where radioactive contamination is
minimal), resulting in high mortality and abnormality rates. However, when an artificial diet
containing pure radioactive cesium (137Cs) was given to larvae, no change in the survival
rate was observed [64]. A similar discrepancy between field and laboratory results has been
observed in the case of the Chernobyl nuclear accident [65,66]. This field-laboratory paradox
was explained by the field effect hypothesis: the host plant in the field responded to low-level
radiation stress by upregulating metabolites that were toxic to larvae as a part of plant defense
mechanisms [59,67]. Subsequent studies have reported upregulated and downregulated
metabolites and nutrients in plant leaves [48–50], supporting this field effect hypothesis.

In a previous metabolomic study [49], the creeping wood sorrel in Okinawa was
irradiated by contaminated soil collected from Fukushima, and the leaf samples (the edible
part for larvae) were subjected to GC–MS (gas chromatography–mass spectrometry) and
LC–MS (liquid chromatography–mass spectrometry) analyses. Under the acute low-dose
radiation conditions, 5.7 mGy (34 μGy/h for seven days), many peaks were significantly
upregulated, although most of them were annotated as multiple compounds or not an-
notated at all. One of the upregulated peaks was singularly annotated as lauric acid by
targeted GC–MS analysis, and two of the upregulated peaks were singularly annotated as
alfuzosin and ikarugamycin by LC–MS analysis. Therefore, the potential toxic effects of
these three compounds are of great interest.

Lauric acid is a saturated fatty acid, also called dodecanoic acid, that can be found
widely in plants. Lauric acid shows a wide variety of bioactivities as a plant defense,
volatile against Staphylococcus [68,69], Mycobacterium tuberculosis [70], fungus [71], and
Phytophthora sojae, an agriculturally important plant pathogen that belongs to Protista [72].
Notably, extracts from Vitex species containing lauric acid have larvicidal activity against
a mosquito species, Culex quinquefasciatus [73]. Lauric acid is likely sensed at least by an
insect, Holotrichia parallela [74], as an odorant. Accordingly, it is reasonable to hypothe-
size a larvicidal activity of lauric acid in O. corniculata against larvae of the pale grass
blue butterfly.

Alfuzosin is a synthetic α1-adrenergic receptor antagonist used widely for the treat-
ment of benign prostatic hyperplasia [75–78]. Because it is synthetic, it is unlikely to be
present naturally in the plant. However, because the LC–MS peak annotated as alfuzosin
has very similar (virtually identical) elution time and exact mass with alfuzosin, examina-
tion of MS/MS (mass spectrometry/mass spectrometry, i.e., tandem mass spectrometry)
spectrograms was required to differentiate alfuzosin and this unknown plant metabolite
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(called the alfuzosin-related compound hereafter) [49]. Faced with the fact that the exact
identity of the alfuzosin-related compound cannot be determined easily, we tested the
toxicity of alfuzosin itself in this study, assuming that alfuzosin and its related metabolite
may have similar biological effects on larvae of the pale grass blue butterfly.

Ikarugamycin is an antiprotozoal agent isolated originally from the soil bacterium
Streptomyces phaeochromogenes var. ikaruganensis [79]. Importantly, ikarugamycin has also
been detected from an endophytic actinomycete, Streptomyces harbinensis, from soybean
root [80]. Endophytic bacteria have been widely observed in plants [81–86], including
O. corniculata [87,88]. Accordingly, ikarugamycin detected from leaves of O. corniculata is
likely from an endophytic Streptomyces sp. in leaves or roots, which responded to low-level ra-
diation [49,50]. Ikarugamycin and its derivatives are antifungal [89] and antibacterial [89,90]
agents and inhibit clathrin-mediated endocytosis in eukaryotic cell lines [91].

These three upregulated metabolites have been hypothesized to function as toxicants
for larvae of the pale grass blue butterfly under low-level radiation stress. In other words,
these compounds are candidate causal substances for the ecological field effects of low-
level radiation pollution in Fukushima. In this study, we tested the above hypothesis by
investigating the ingestional toxicity of these compounds using a novel artificial diet that
has a reduced leaf content of O. corniculata.

To detect their potential toxicity, we examined three aspects of development: meta-
morphosis rates, developmental periods, and adult wing size. The metamorphosis rates
were used to detect the number of surviving individuals after metamorphosis and included
the following: the pupation rate, the eclosion (survival) rate, and the normality rate. The
developmental periods were used to detect developmental retardation or acceleration
and included the following: the egg-larval period, the pupal period, and the immature
period. Adult wing size included both male and female forewing sizes. In this way, we
examined high mortality and abnormalities, growth retardation, and smaller forewing
size, which have been detected as biological effects of the Fukushima nuclear accident in
previous studies [34–37].

2. Materials and Methods

2.1. Egg Collection and Larval Rearing

Egg collection and rearing were performed according to Hiyama et al. (2010) [24] and
other related publications [34,52,56] with some minor modifications, as described briefly
below. Adults of the pale grass blue butterfly Z. maha and its host plant, the creeping wood
sorrel O. corniculata, were collected at the University of the Ryukyus and its vicinity. The
whole plant was placed in a pot and set in a glass tank (300 mm × 300 mm × 300 mm) in
which approximately three female butterflies and a few male butterflies were confined at a
time. A single trial of egg collection was performed for a period of four days. All rearing
processes were executed under the conditions where light was automatically turned on
from 6:00 a.m. to 10:00 p.m. (L16:D8) and room temperature was set at 27 ◦C.

After eggs were deposited on the leaves of the host plant, the plant pot was re-
moved from the glass tank and covered with a plastic bag. When the leaves were eaten
enough by newly hatched larvae, they were transferred to a transparent plastic container
(150 mm × 150 mm × 55 mm), to which a new bunch of the host plant leaves was supplied
every day. Larvae were reared with fresh leaves for 14 days from the beginning of egg
collection. Larvae were then randomly divided into different treatment groups: a fresh
leaf group, an artificial diet group with no test additive (0 mg/g), and a few artificial diet
groups with different concentrations of a test additive (0.01 mg/g, 0.1 mg/g, and 1 mg/g).
One group was reared in one container that housed 15–25 larvae, depending on the total
number of larvae that were obtained simultaneously from a single egg collection trial. The
larvae obtained from a single trial were all siblings; they constitute a sibling group. In this
way, genetic bias was minimized. The artificial diet was given as four small square lumps
(10 mm × 8 mm × 3 mm per lump) at four corners in a container.
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We cleaned containers and changed old lumps of the artificial diet for fresh ones
every day, but unexpected deaths that were apparently unrelated to the toxicity of the
test additives could not be entirely avoided. This is probably partly because we use fresh
leaves collected from the field without sterilization because the sterilization process may
breakdown or vaporize some ingredients in fresh leaves important for larvae to initiate
eating behavior (such as oxalic acid as an eating initiator [92]). Pupation and eclosion
were checked every morning, roughly from 8:30 am to 1:00 pm, so that the data on the
developmental periods (days) could be obtained later. We set a criterion that the eclosion
(survival) rate of the sibling group of the artificial diet without a test additive should be
more than 45% to be considered a successful rearing trial. Sibling groups with eclosion
rates below this criterion were considered technical failures and excluded from subsequent
analyses. This threshold was set as the gap based on our rearing experience. After pupation,
pupae inside the container were transferred to small petri dishes individually. Soon after
eclosion, adult butterflies were frozen until subsequent analyses.

2.2. Artificial Diet Preparation

Larvae require leaves (or some plant chemicals) as a component of an artificial diet to
eat, but the leaf content in an artificial diet should be minimized to test toxicological effects
of a metabolite in leaves themselves. Furthermore, the process of collecting fresh leaves is
the most laborious and time-consuming process for preparing an artificial diet. To meet
these demands, we developed a novel artificial diet for the pale grass blue butterfly for
the feeding experiments in this study. We used a commercially available diet, Silk Mate
L4M (Nosan Corporation, Yokohama, Kanagawa, Japan), for rearing silkworm. This diet
was supplied as powder containing defatted soybean, starch, sugar, cellulose, formative
agent, citric acid, mulberry leaf powder, vitamins, minerals, preservative, and antibiotics
(diet additives), according to the manufacturer’s specification. For the current study, fresh
leaves of the creeping wood sorrel, Silk Mate L4M, and deionized water were mixed at a
weight ratio of 1:3:5. Thus, this new diet was named AD-FSW-135.

A possibility that Silk Mate L4M contains lauric acid, the alfuzosin-related compound,
and ikarugamycin from mulberry leaves was not considered in this study based on the
following reasons, although it cannot be excluded completely. First, ikarugamycin and alfu-
zosin (and thus the alfuzosin-related compound) have never been reported from mulberry
leaves to the best of our knowledge. Besides, their concentrations in the creeping wood
sorrel were low (see below). Second, lauric acid is known to be contained in mulberry
leaves [93,94]. However, because lauric acid is volatile, it may be minimized during an
autoclave sterilization process of Silk Mate L4M. The basal levels of the three compounds
that were carried from the fresh leaves in AD-FSW-135 (prepared in this study) were shown
to be low (see Section 4).

2.3. Lauric Acid, Alfuzosin, and Ikarugamycin

Lauric acid (catalog No. 042-23281, Wako Special Grade; FUJIFILM Wako Chemicals,
Tokyo, Japan), alfuzosin (catalog No. PHR1638, Pharmaceutical Secondary Standard,
Certified Reference Material; Sigma–Aldrich, St. Louis, MO, USA), and ikarugamycin
(catalog No. 15386; Cayman Chemical, Ann Arbor, MI, USA) were purchased. They were
in powder form and were added to the diet preparation directly. They were then mixed
well manually or using an electric mixer until the diet preparation was visually judged to
be homogeneous. In this way, we assumed that the test additives were incorporated evenly
into the diet and became solubilized. However, they might not have been solubilized
completely at higher concentrations (see Section 4). Concentrations of these test additives
were expressed in milligrams per gram of artificial diet (mg/g) throughout this paper. For
lauric acid, we tested 0 mg/g (control), 0.01 mg/g, 0.1 mg/g, and 1 mg/g. This range
covered the estimated concentration of lauric acid in leaves (see below). For alfuzosin, we
tested 0 mg/g (control), 0.01 mg/g, and 0.1 mg/g. For ikarugamycin, we tested 0 mg/g
(control) and 0.01 mg/g. These ranges of alfuzosin and ikarugamycin were much greater
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than the concentrations of the alfuzosin-related compound and ikarugamycin in leaves
(see below). Nevertheless, we tested these concentrations because excessive doses are
often necessary to obtain the median toxic dose TD50 and the median lethal dose LD50 and
because comparison among the three compounds at the same doses may provide us with
valuable information on diverse effects of leaf compounds. Basal levels of the compounds
from leaves in AD-FSW-135 were not taken into account for analyses due to uncertainty of
the estimated leaf concentrations.

2.4. Concentration of Lauric Acid in Leaves

The concentration of lauric acid in leaves was roughly estimated as follows. Lauric
acid in leaves was discovered by the targeted method of GC–MS [49] (Appendix A).
Because this metabolite was targeted based on previously known chemical information,
the identification and peak area data were more credible than the nontargeted method.
Although each compound has a different detection efficiency in GC–MS, it is possible to
roughly compare peak area values among targeted metabolites detected simultaneously
from the same samples. One of the targeted metabolites was oxalic acid. The concentration
of oxalic acid in leaves of O. corniculata has been reported to be 16.9 mg/g (leaf) [95]. On
the other hand, the mean peak area value of oxalic acid (No. 15) in nonirradiated samples
in the targeted GC–MS analysis was 6,409,017 (n = 3) (Figure A1) [49]. Similarly, the mean
peak area value of lauric acid (No. 175) in nonirradiated samples in the targeted GC–MS
analysis was 18,899 (n = 3) (Figure A1) [49]. Therefore, the concentration of lauric acid in
nonirradiated leaves was calculated to be 0.050 mg/g (leaf). When irradiated, the mean
peak area value of lauric acid was 23,977 (n = 3) [49], and it increased approximately
1.27 times to 0.063 mg/g (leaf) under the previous experimental conditions [49].

2.5. Concentration of the Alfuzosin-Related Compound in Leaves

The concentration of the unknown alfuzosin-related compound in Oxalis leaves was
estimated by HPLC spectrograms of LC–MS newly performed in this study (Figure A2).
Leaf samples for the previous study (Figure A1) [49] and the current study (Figure A2) were
identical. Sample preparation procedures followed a previous LC–MS study [49]. Washed
fresh leaves of O. corniculata (100 mg) were frozen, ground, and thoroughly homogenized
with methanol (300 μL). After a brief centrifugation, 200 μL was recovered, from which
10 μL was subjected to LC–MS analysis. This extraction process can be considered a total
volume increase to 400 μL, assuming that leaf density is close to that of water (1.0 g/mL).
The experimental conditions for the LC–MS analysis in the present study are described in
Appendix A.

The alfuzosin-related compound in the leaf extract had a mean peak area value of
201.81 in triplicate of a sample (Figure A2a). This peak area value was similar to that of
the alfuzosin standard (Sigma–Aldrich), 199.36, when 0.10 ng/mL methanol extract was
analyzed (Figure A2b). Although the alfuzosin standard spectrum showed an additional
peak, this peak was found to be an impurity peak in methanol (Figure A2c). Considering
the volume conversion factor, ×4.0, the concentration of the alfuzosin-related compound
in nonirradiated leaves was estimated to be 0.40 ng/g (leaf). In a previous metabolomic
study, the mean peak area values of the alfuzosin-related compound (No. 4746) were
133,169 (n = 3) (without irradiation) and 534,069 (n = 3) (irradiated) (Figure A1) [49]. Thus,
when irradiated, the area value increased 4.01 times to 1.6 ng/mg (leaf) under the previous
experimental conditions.

2.6. Concentration of Ikarugamycin in Leaves

The concentration of ikarugamycin in leaves was estimated based on the previous
peak area values of LC–MS (Figure A1) [49]. Alfuzosin-related compound (No. 4746) had a
mean peak area value of 133,169 (n = 3) in nonirradiated samples, whereas ikarugamycin
had a peak area value of 76,713 (n = 3) from the same samples [49]. Assuming that it is
possible to roughly compare peak area values among metabolites detected simultaneously
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from the same samples, the concentration of ikarugamycin was calculated to be 0.20 ng/g
(leaf) based on the estimated concentration of the alfuzosin-related compound in leaves.
When irradiated, the mean peak area value of ikarugamycin was 99,905. Thus, the area
value increased 1.30 times to 0.26 ng/g (leaf) under the previous experimental conditions.

2.7. Toxicological Output Data

To understand the toxicity of the three metabolites, we recorded three metamorphosis-
related data as the number of individuals as follows: the number of individuals that success-
fully pupated (the number of pupae), the number of individuals that successfully eclosed
(the number of adults), and the number of individuals that successfully eclosed without
wrinkled wings (the number of normal adults), as shown in Appendix B (Tables A1–A4).
These three numbers were used for calculating the three metamorphosis rates: the pupation
rate, the eclosion rate, and the normality rate. For calculations, these numbers were divided
by the starting number of larvae, and the results were expressed as a percentage. The
eclosion rate was also called the “survival rate”.

We also recorded three developmental period data as the number of days: the number
of days from the time point when egg collection started to pupation (the egg-larval days),
the number of days from pupation to eclosion (the papal days), and the number of days
from the time point when egg collection started to eclosion (the immature days). The
immature days are simple summation of the egg-larval days and the pupal days. The
egg-larval days included prepupal days.

Additionally, we measured adult forewing size from the wing base to the apex us-
ing a desktop digital microscope SKM-2000 with its associated software SK-measure
(Saito Kogaku, Yokohama, Kanagawa, Japan). Because male and female forewing sizes
are known to be different in this species [24,64], forewing size data were compiled sex-
dependently. Individuals with wrinkled wings were not subjected to size measurements.
The developmental period data and the forewing size data were compiled in Table S1. The
numbers of individuals in repeated biological trials were also shown in Table S1.

2.8. Statistical Analysis

A treatment group (0.01 mg/g, 0.1 mg/g, or 1 mg/g of a test additive of interest)
was statistically compared to a corresponding no treatment (control) group (0 mg/g). We
performed the χ2 test for the data on the number of individuals that produced the pupation
rate, the eclosion rate, and the normality rate. The χ2 test was also performed for evaluating
the performance of the artificial diets and for comparing the normalized eclosion and
normality rates between lauric acid and alfuzosin. Yates’ correction was not performed. We
performed either Student’s t-test (equal variance) or Welch’s t-test (unequal variance) for
the egg-larval days, the pupal days, the immature days, and the forewing size, assuming
that they were normally distributed. Bonferroni or other correction was not performed.
Statistical analyses were performed using Microsoft Excel (Office 365), JSTAT (Yokohama,
Kanagawa, Japan), and MetaboAnalyst [96]. MetaboAnalyst was also used to produce box
plots of metabolites obtained in a previous study [49].

3. Results

3.1. Performance of the Artificial Diet AD-FSW-135

The new artificial diet AD-FSW-135 developed for this study was compared with
the previous diets, AD-F (artificial diet with fresh leaves) [24] and AD-FSI-112 (artificial
diet with fresh leaves, soy powder, and Insecta F-II (Nosan Corporation)) [64], in terms of
ingredients (Figure 1a). The most important difference among the three artificial diets was
the leaf content. Oxalis leaves occupied 58.7% of the diet in AD-F [24] and 32.2% in AF-FSI-
112 [64]. In contrast, Oxalis leaves occupied only 11.1% in the new diet AD-FSW-135. In
other words, AD-FSW-135 (this study) contained approximately one-fifth and one-third of
fresh leaves of the previous diets AD-F [24] and AD-FSI-112 [64], respectively. The reduced
leaf content in the new diet AD-FSW-135 was considered important for toxicological
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tests (see Section 2). This leaf-content reduction was achieved by the introduction of Silk
Mate L4M (Nosan Corporation), a commercially available artificial diet for silkworms.
In a previous diet, AD-FSI-112, Insecta F-II from the same manufacturer was used [64].
Simplification of the contents for quick and easy preparation with just three ingredients
was also an important advantage of the new artificial diet AD-FSW-135 developed for
this study.

Figure 1. Ingredients and performance of artificial diets. (a) Ingredients and their weight percentages.
AD-FSW-135 has a reduced leaf content. It also has simplified contents with just three ingredients.
(b) Survival rate (eclosion rate). AD-FSW-135 shows a higher survival rate than AD-D [24] and a
lower rate than AD-F [24] and AD-FSI-112 [64]. The p-values obtained from the χ2 test are shown.
The AD-FSW-135 results were obtained from ten biological repeats (see Supplementary Table S1).
(c) Male (top) and female (bottom) forewing size. The p-values obtained from the t-test between the
natural diet and AD-FSW-135 are indicated. Both natural diet and AD-FSW-135 results were obtained
from ten biological repeats (see Supplementary Table S1).

Throughout the rearing experiments with the new artificial diet AD-FSW-135 contain-
ing a compound of interest (called a test additive), we always simultaneously reared a
group of larvae with natural fresh leaves of the creeping wood sorrel and another group
of larvae with AD-FSW-135 without a test additive (0 mg/g) (Appendix B; Table A1). To
evaluate the performance of the new diet AD-FSW-135, the survival (eclosion) rates of lar-
vae without an additive were compared among the previous and present diets (Figure 1b).
AD-FSW-135 (this study) had a significantly higher survival rate than AD-D (artificial diet
with dried leaves) [24] and a significantly lower rate than AD-FSI-112 [64] and AD-F [24],
indicating that the survival rate of AD-FSW-135 (this study) was not very high but was not
very low. AD-FSW-135 (this study) was thus considered acceptable for toxicological tests,
as long as the majority of larvae could eat AD-FSW-135 and grow.

The forewing size of adult individuals reared with the new diet AD-FSW-135 was
reduced in comparison to that of fresh plant leaves (Figure 1c). Males from the natural diet
and AD-FSW-135 groups showed forewing sizes of 12.16 ± 0.71 mm (mean ± standard
deviation) and 10.88 ± 0.65 mm, respectively. Females from the natural diet and AD-FSW-
135 groups showed forewing sizes of 12.67 ± 0.68 mm and 11.68 ± 0.92 mm, respectively.
In both sexes, the forewing size was reduced significantly. However, these results were
essentially similar to those of the previous diets in terms of size distributions [24,64]; this
level of size reduction seems to be inherent in rearing butterflies in artificial diets. Therefore,
the forewing size reduction in the AD-FSW-135 results was considered acceptable for
toxicological tests in this study.

3.2. Lauric Acid

We prepared three concentrations of lauric acid in the artificial diet: 0.01 mg/g,
0.1 mg/g, and 1 mg/g, in addition to the diet without it (0 mg/g). These concentrations
covered an estimated concentration of lauric acid in the irradiated leaves of O. corniculata of
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0.063 mg/g. The number of pupae, eclosion, and normal adults were recorded (Appendix B;
Table A2). We examined the toxicity of lauric acid from three different viewpoints: meta-
morphosis rates (the pupation rate, eclosion rate, and normality rate), developmental
periods (egg-larval days, pupal days, and immature days), and adult forewing size.

The normality rate linearly decreased in response to the concentration of lauric acid
(Figure 2a). The pupation rate and the eclosion rate were largely similar to the normality
rate except at 0.1 mg/g, which showed an increase (Figure 2a). In comparison to the diet
without lauric acid (0 mg/g), the diet with 1 mg/g showed a significant decrease in the
pupation rate, eclosion rate, and normality rate, indicating the toxicity of lauric acid. At
0.1 mg/g and 1 mg/g, the egg-larval days appeared to be significantly longer than the
control (0 mg/g) (Figure 2b). The immature days of the 0.01 mg/g and 0.1 mg/g treat-
ments were significantly longer than those of the control (0 mg/g). These results indicate
that developmental retardation occurred in the larval periods at all three concentrations
of lauric acid. The forewing size of females at 0.1 mg/g was reduced significantly in
comparison to the control (0 mg/g), although such a reduction was not observed at other
concentrations (Figure 2c).

Figure 2. Results of the toxicity test for lauric acid. Asterisks indicate levels of statistical significance
in comparison to the control (0 mg/g); *, p < 0.05; **, p < 0.01. These results were obtained from four
biological repeats (see Supplementary Table S1). (a) Pupation rate (green), eclosion rate (brown),
and normality rate (red). The p-values obtained from the χ2 test are indicated. The pink vertical
broken line indicates a rough position of the estimated concentration of lauric acid in irradiated
leaves, 0.063 mg/g. (b) Egg-larval days (blue), pupal days (brown), and immature days (gray). The
mean values (±standard deviation) are shown as bar height. The p-values obtained from the t-test
are indicated. (c) Male (blue green) and female (pink) forewing size. The mean values (±standard
deviation) are shown as bar height. The p-values obtained from the t-test are indicated.

3.3. Alfuzosin

We prepared two concentrations of alfuzosin in the artificial diet, 0.01 mg/g and
0.1 mg/g, in addition to the diet without it (0 mg/g), to compare the results with those of
lauric acid, although the lowest concentration used in the present study, 0.01 mg/g, was
6.3 × 103 times higher than an estimated concentration of the alfuzosin-related compound
in irradiated leaves, 1.6 ng/g. As in the case of lauric acid, we examined the metamorphosis
rates, developmental periods, and adult forewing size (Appendix B; Table A3).

The pupation rate, eclosion rate, and normality rate all decreased significantly in
response to alfuzosin, but not linearly (Figure 3a). Reasons for lower rates at 0.01 mg/g
than those at 0.1 mg/g were uncertain but may be technical (see Section 4). The egg-larval
days and the immature days were significantly different from those without alfuzosin
(0 mg/g) (Figure 3b). Somewhat surprisingly, these differences showed developmental
acceleration instead of retardation. The forewing size did not differ from that of the control
(0 mg/g), but at 0.1 mg/g in females, the forewing size tended to increase, although the
increase was not statistically significant (Figure 3c).
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Figure 3. Results of the toxicity test for alfuzosin. Asterisks indicate levels of statistical significance in
comparison to the control (0 mg/g); *, p < 0.05; **, p < 0.01; ***, p < 0.001. These results were obtained
from three biological repeats (see Supplementary Table S1). (a) Pupation rate (green), eclosion rate
(brown), and normality rate (red). The p-values obtained from the χ2 test are indicated. The pink
vertical broken line indicates a rough position of the estimated concentration of the alfuzosin-related
compound in irradiated leaves, 1.6 ng/g. (b) Egg-larval days (blue), pupal days (brown), and
immature days (gray). The mean values (±standard deviation) are shown as bar height. The p-values
obtained from the t-test are indicated. (c) Male (blue green) and female (pink) forewing size. The
mean values (±standard deviation) are shown as bar height. The p-values obtained from the t-test
are indicated.

3.4. Ikarugamycin

We prepared one concentration of ikarugamycin in the artificial diet, 0.01 mg/g, in
addition to the diet without it (0 mg/g) to compare the results with those of lauric acid, al-
though the lowest concentration used in the present study, 0.01 mg/g, was 3.8 × 104 times
higher than an estimated concentration of ikarugamycin in irradiated leaves, 0.26 ng/g. As
in the cases of lauric acid and alfuzosin, we examined the metamorphosis rates, develop-
mental periods, and adult forewing size (Appendix B; Table A4).

Surprisingly, the pupation rate and the eclosion rate increased significantly in response
to ikarugamycin, although an increase in the normality rate was not significant (Figure 4a).
These results indicate mild drug efficacy of ikarugamycin instead of toxicity. In contrast to
lauric acid and alfuzosin, the egg-larval days, pupal days, and immature days at 0.01 mg/g
were not different from those without ikarugamycin (0 mg/g) (Figure 4b). The forewing
size at 0.01 mg/g did not differ from those without ikarugamycin (0 mg/g) (Figure 4c).

3.5. Comparison of Three Compounds

Here, we compared the results of the three compounds tested above. The eclosion
(survival) rates and the normality rates were normalized so that they became 100% when
no compound was added to the diet (0 mg/g) (Appendix B; Tables A5 and A6) as shown in
Figure 5. The eclosion rates (Figure 5a) and the normality rates (Figure 5b) were not very
different, but lauric acid exhibited a smooth and gradual dose-dependent decrease in the
normality rate curve, although not in the eclosion rate curve, as seen previously (Figure 2a).
It is remarkable that the normality rate curves of the three compounds showed different
behaviors; in response to concentration, the lauric acid curves decreased dose-dependently,
the alfuzosin curves decreased more sharply and not linearly, and the ikarugamycin curves
increased (Figure 5b). At the concentration of 0.01 mg/g, where three compounds were
able to be compared, the normality rates of lauric acid, alfuzosin, and ikarugamycin were
69.5%, 23.4%, and 125.0%, respectively (Appendix B; Table A6). The differences between
lauric acid and alfuzosin appeared to be more significant at the concentration of 0.01 mg/g
than 0.1 mg/g in both the eclosion and normality rates, but this may be because of a low
solubility of alfuzosin at 0.1 mg/g (see Sections 2 and 4).
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Figure 4. Results of the toxicity test for ikarugamycin. Asterisks indicate levels of statistical sig-
nificance in comparison to the control (0 mg/g); *, p < 0.05. These results were obtained from
three biological repeats (see Supplementary Table S1). (a) Pupation rate (green), eclosion rate (brown),
and normality rate (red). The p-values obtained from the χ2 test are indicated. The pink vertical
broken line indicates a rough position of the estimated concentration of ikarugamycin in irradiated
leaves, 0.26 ng/g. (b) Egg-larval days (blue), pupal days (brown), and immature days (gray). The
mean values (±standard deviation) are shown as bar height. The p-values obtained from the t-test
are indicated. (c) Male (blue green) and female (pink) forewing size. The mean values (±standard
deviation) are shown as bar height. The p-values obtained from the t-test are indicated.

Figure 5. Comparison of the results of the three compounds. The p-values obtained from the χ2 test
between lauric acid and alfuzosin are shown. (a) Eclosion (survival) rate (normalized). (b) Normality
rate (normalized).

As a convention of toxicological analysis, a regression line was determined using the
normality rates as y = −24.9x + 79.8 (R2 = 0.40) for lauric acid, and at the normality rate of
50% (y = 50), lauric acid concentration x was determined as 1.2 mg/g. This is considered
equivalent to the median toxic dose, TD50. Similarly, a regression line was determined as
y = −185x + 64.6 (R2 = 0.069) for alfuzosin, and at the normality rate of 50% (y = 50), the
alfuzosin concentration x was determined to be 0.079 mg/g, which is 15 times smaller than
that of lauric acid. Just to be sure, if the value at 0.1 mg/g in alfuzosin was erroneously high
due to technical reasons, such as low solubility (see Section 4), the LD50 value of alfuzosin
should be much lower.

Likewise, using the eclosion (survival) rates, a regression line was determined as
y = −24.8x + 90.8 (R2 = 0.69) for lauric acid, and at the normality rate of 50% (y = 50),
lauric acid concentration x was determined as 1.6 mg/g. This is considered equiva-
lent to the median lethal dose, LD50. Similarly, a regression line was determined as
y = −126x + 66.9 (R2 = 0.038) for alfuzosin, and at the normality rate of 50% (y = 50), the
alfuzosin concentration x was determined as 0.13 mg/g, which is 12 times smaller than that
of lauric acid. As in the case of TD50, the LD50 value of alfuzosin should be much lower if
the value at 0.1 mg/g was technically erroneous.
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4. Discussion

We tested the ingestional toxicity of three compounds, namely, lauric acid, alfuzosin,
and ikarugamycin, which were significantly upregulated in O. corniculata and annotated by
a previous metabolomic study [49]. For convenience, concentration data are compiled in
Table 1. In this study, we employed a new artificial diet, AD-FSW-135, which contained
a relatively small amount of host plant leaves, occupying just 11% of the entire diet.
It is important to keep the leaf content as low as possible in the artificial diet due to
an experimental addition of a testing compound. Indeed, the basal levels of the three
compounds in the new diet AD-FSW-135 (Table 1) were considered low enough for the
current study. This new diet showed acceptable performance based on the survival rate
and forewing size, two indexes to evaluate artificial diets [64]. Thus, we believe that the
use of AD-FSW-135 in the present study is justifiable but that there is still much room for
further improvement of artificial diets.

Table 1. Concentrations of the three metabolites of interest.

Metabolite
Leaf

(w/o Radiation)
Leaf

(with Radiation) *1
Basal Level in
AD-FSW-135

Toxicity Test in
AD-FSW-135 *2 Coverage *3 TD50 LD50

Lauric acid 0.050 mg/g 0.063 mg/g 0.0055 mg/g 0, 0.01, 0.1, 1 mg/g Yes 1.2 mg/g 1.6 mg/g

Alfuzosin *4 0.40 ng/g 1.6 ng/g 0.044 ng/g 0, 0.01, 0.1 mg/g No 0.079 mg/g 0.13 mg/g

Ikarugamycin 0.20 ng/g 0.26 ng/g 0.022 ng/g 0, 0.01 mg/g No NA NA

*1: For irradiation conditions, see Sakauchi et al. (2021) [49]. *2: Concentrations in toxicity tests ignore the basal
levels of these metabolites from leaves in AD-FSW-135. *3: Coverage indicates if leaf concentration was covered
by the tested concentration range. *4: Alfuzosin was tested, but the leaf concentrations shown here are those of
the alfuzosin-related compound. NA: Not applicable.

With this new diet AD-FSW-135, we demonstrated that lauric acid was toxic to larvae
dose-dependently in terms of metamorphosis rates, although the larval response was mild.
Lauric acid is present in leaves without radiation, and larvae are certainly tolerant to lauric
acid at the leaf level of 0.050 mg/g, explaining the gradual dose–response curves. The mild
toxicity of lauric acid is expressed in its TD50, 1.2 mg/g, in contrast to the TD50 of alfuzosin,
0.079 mg/g. LD50 values also indicated such a relationship. We observed some toxicity
even at the level of 0.01 mg/g, but this may be because larvae were exposed to a sudden
rise in lauric acid concentration when the artificial diet was first given. In addition to the
changes in the metamorphosis rates, growth retardation was detected at the egg-larval
period in response to lauric acid. Furthermore, the forewing size reduction was observed,
although only at 0.1 mg/g in females. These results indicate the toxicity of lauric acid on
the developmental physiology of the butterfly and appear to be biologically significant in
the field because the estimated concentration of lauric acid in irradiated leaves, 0.063 mg/g,
was covered by the current study.

In a previous study, the fold change values in the upregulation of lauric acid was
1.27 at low-level radiation exposure; the cumulative dose to the plant was 5.7 mGy
(34 μSv/h in a period of seven days) [49]. It is somewhat surprising that the plant signif-
icantly responded to this low-level exposure, and we expect that the fold change value
may increase further in response to higher levels of radiation exposure. According to
Nohara et al. (2014) [52], the ground radiation dose rate in Iitate was 18.9 μSv/h, which
is indeed lower than the experimental dose rate used in our study, 34 μSv/h. However,
experimental irradiation in the present study was only by external exposure during a
very limited period of time (seven days), but in the wild, both external and internal ex-
posures are expected for much longer periods of time throughout the entire life span of
the butterfly. Importantly, the present results are reminiscent of those found in previous
exposure experiments [34–36,52–56] and may also explain the spatiotemporal dynamics
of the abnormality rates and collection efficiency (an indicator of population density) in
2011–2013 in Fukushima [37]. Therefore, we conclude that lauric acid acts as a potent
toxicant (larvicide) for the pale grass blue butterfly not only in the laboratory but also in
wide polluted areas in Fukushima in the field.
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This conclusion is consistent with previous studies on lauric acid as a plant defense
chemical [68–74]. More tolerance may evolve in larvae in the field, and this scenario may ex-
plain the adaptive evolution of the butterfly shown in the polluted areas in Fukushima [56].
Interestingly, lauric acid has been reported to be a feeding stimulant for the silkworm at
the concentration of 0.013% in an artificial diet [94]. This percentage corresponds to the
0.1 mg/g level in the present study. In lepidopteran insects, a feeding stimulant for a given
species is often toxic to other organisms [97]. Thus, it is reasonable that a feeding stimulant
for the silkworm moth, lauric acid, is toxic to the pale grass blue butterfly. Conversely, a
feeding stimulant for the pale grass blue butterfly, oxalic acid [92], is probably toxic to other
insects including the silkworm moth.

Alfuzosin was also demonstrated to be toxic, but its toxicity was not linearly dose
dependent in the metamorphosis rates. We do not understand this nonlinearity, but it
might have originated from a technical reason regarding low solubility; alfuzosin might
not have been dissolved well in the diet at the relatively high concentrations. Surprisingly,
in addition to the reduced metamorphosis rates, alfuzosin appeared to act on the egg-
larval period to accelerate growth and tended to increase the forewing size. These results
are in sharp contrast to those of lauric acid, indicating different toxic pathways in these
two compounds. Because alfuzosin is an antagonist of the α1-adrenergic receptor [75–78],
it may act on insect receptors for biogenic amines, such as octopamine and tyramine [98].
Nonetheless, both alfuzosin and lauric acid seem to affect the larval period but not the
pupal period.

Because the alfuzosin concentrations tested in AD-FSW-135 were much higher than
those in leaves and because the biological effects of alfuzosin and its related compound are
not necessarily similar, direct extrapolations of the alfuzosin results to the alfuzosin-related
compound were difficult. However, there may be a possibility that the alfuzosin-related
compound was as toxic as alfuzosin due to their structural similarities. If so, the alfuzosin-
related compound is 15 times as toxic as lauric acid (based on the TD50 values) and 12 times
as lethal as lauric acid (based on the LD50 values), but the concentration of the alfuzosin-
related compound in leaves was much lower than that of lauric acid. Therefore, the presence
of the alfuzosin-related compound in leaves would not affect larvae in the field.

In contrast, ikarugamycin showed mild drug efficacy instead of toxicity. This may be
simply because it is an antibiotic that inhibits bacterial or fungal growth in the artificial
diet, although some antibiotics were contained in Silk Mate L4M, a commercially available
ingredient of AD-FSW-135. In that case, ikarugamycin may protect the plant in the wild
from fungal and bacterial infection. However, this drug efficacy of ikarugamycin for larvae
may not be evident in the field because of the low concentration of ikarugamycin in leaves.
Therefore, ikarugamycin would not nullify the toxicity of plant larvicides, such as lauric
acid, in the field. Importantly, the present results of ikarugamycin suggest a possible
contribution of metabolites from endophytic bacteria to plant and larval immunity under
radiation stress. Practically, further addition of ikarugamycin or other antibiotics into
AD-FSW-135 may improve its performance in the future.

In reality, in the wild, lauric acid and other upregulated unknown metabolites prob-
ably function together to ward off insects. Indeed, in response to radiation exposure,
24 upregulated peaks (p < 0.05) were obtained in LC–MS, among which only two of them
(alfuzosin and ikarugamycin) were annotated singularly [49]. Only one upregulated peak
(p < 0.05) was obtained in targeted GC–MS, which was lauric acid [49]. Additionally,
10 upregulated peaks (p < 0.05) were obtained in nontargeted GC–MS [49].

It is not possible, at least at this point, to demonstrate collective effects of many up-
regulated compounds with an artificial diet containing them. On the other hand, the
“collective effects” have already been known by internal exposure experiments using con-
taminated leaves collected from Fukushima, resulting in lower survivorship and growth
retardation [34–36,52–56]. We also have evidence that external exposure resulted in similar
outcomes [34]. Therefore, the present finding that at least one upregulated metabolite,
lauric acid, is larvicidal, is important. It is reasonable to conclude that the intricate bal-

42



Life 2022, 12, 615

ance between the plant and the larva through chemical interactions was affected by the
Fukushima nuclear accident.

In addition to revealing the importance of plant-insect interactions in evaluating the
biological effects of the Fukushima nuclear accident, this study opened new perspectives.
Because ikarugamycin is likely produced by an endophytic bacterium, bacterial, fungal, or
other microbial communities in plants and soil may play a role in amplifying the biological
effects of low-dose radiation pollution.

5. Conclusions

We demonstrated within a reasonable concentration range (0.01 mg/g to 1 mg/g)
that lauric acid is able to function as a toxicant for the pale grass blue butterfly at the
leaf concentration (0.063 mg/g with radiation) by lowering metamorphosis rates and by
causing growth retardation. Based on its TD50 and LD50 values (1.2 mg/g and 1.6 mg/g,
respectively), lauric acid may be considered a mild larvicide. In the field, lauric acid proba-
bly acts as one of the larvicides in leaves in response to radiation exposure. Interpretations
of alfuzosin results are not straightforward, but its relatively low TD50 and LD50 values
(0.079 mg/g and 0.13 mg/g, respectively) imply that the alfuzosin-related compound may
also be toxic, although it may be irrelevant in the field because of its low leaf concentration
(1.6 ng/g with radiation). Because ikarugamycin is an antibiotic likely from endophytic
bacteria, its drug efficacy on increasing the metamorphosis rates of larvae may be sec-
ondary; it may function to prevent the artificial diet from fungal and bacterial growth. As
an extrapolation, ikarugamycin may function to protect leaves from fungi and bacteria
under radiation stress. The case of ikarugamycin suggests a contribution of endophytic
bacteria to the process of radiation-stress management in the plant.

In conclusion, the present results provide experimental evidence for the field effect
hypothesis that concentration changes in radiation-induced metabolites, such as lauric acid,
in the host plant leaves of the pale grass blue butterfly caused deterioration of the butterfly
at the individual and population levels in radioactively polluted areas in Fukushima.
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Appendix A

To estimate the concentrations of the three metabolites of interest, lauric acid, alfuzosin-
related compound, and ikarugamycin in leaves, the peak area values for these metabolites
and oxalic acid obtained in the previous GC–MS and LC–MS analyses were compared
(Figure A1). Exact values are mentioned in the Section 2. For the alfuzosin-related com-
pound, LC–MS analyses were newly performed in the present study in triplicate to estimate
its concentration in leaves using an alfuzosin standard (Sigma–Aldrich) as a reference
material (Figure A2). Leaf samples used for Figures A1 and A2 were identical.

We used a Shimadzu Prominence UFLC XR System (Kyoto, Japan) equipped with a
Shimadzu solvent delivery unit LC-20ADXR and a Shimadzu autosampler SIL-20ACXR
using a reverse-phase column Inertsil ODS-4 (2.1 mm × 150 mm) (GL Sciences, Tokyo,
Japan). Mobile phase A was a 0.1% aqueous solution of formic acid, and mobile phase
B was acetonitrile with a time program of its concentrations as follows: 20% (0 min) →
40% (10 min) → 98% (10.01–15 min) → 20% (15.01–23 min). The injection volume was
10 μL, and the flow rate was 0.2 mL/min.

A peak of the alfuzosin-related compound was obtained at 6.7 min from the leaf extract
(Figure A2a). The alfuzosin standard also showed a peak at 6.7 min but with an additional
peak at 2.1 min (Figure A2b). The latter peak was an impurity from methanol (Figure A2c).
MS/MS analyses were also performed simultaneously to confirm the identities of these
compounds (not shown).

Figure A1. Peak area values of oxalic acid and lauric acid in the targeted GC–MS analysis [49] (left) and
peak area values of alfuzosin-related compound and ikarugamycin in the LC–MS analysis [49] (right). Box
plots for lauric acid, alfuzosin, and ikarugamycin are also shown in Sakauchi et al. (2021) [49]. IR (shown
in red) and NC (shown in green) indicate irradiated samples (n = 3) and nonirradiated control samples
(n = 3), respectively. A single black dot represents the mean value of triplicate of a sample. FC indicates
fold change of mean values from nonirradiated to irradiated samples. These plots were produced using
MetaboAnalyst [96]. Asterisks indicate levels of statistical significance; *, p < 0.05; **, p < 0.01 (t-test).
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Figure A2. Identification of the alfuzosin-related metabolite by HPLC. (a) Leaf extract. A peak at
6.74 min was observed. This is one of the triplicate results. The peak area value here is 224.17.
(b) Alfuzosin standard (Sigma–Aldrich) 0.1 ng/mL in methanol. The peak at 6.69 min is attributed to
alfuzosin, and the peak at 2.09 min is attributed to an impurity in methanol. The peak area value of
alfuzosin, 199.36, is similar to that of the alfuzosin-related compound. (c) Methanol only. A peak at
2.12 min was observed, demonstrating impurity.

Appendix B

The exact numbers and percentages of individuals obtained after the feeding exper-
iments are shown below for leaf and AD-FSW-135 (without any test additive) controls
(Table A1), lauric acid (Table A2), alfuzosin (Table A3), and ikarugamycin (Table A4). Nor-
malized eclosion rates (survival rates) (Table A5) and normalized normality rates (Table A6),
used for Figure 5, are also shown. Further information can be found in Table S1.

Table A1. Number of individuals after rearing with live leaves or AD-FSW-135.

Number Leaf AD-FSW-135

Number of starting individuals 185 (100%) 205 (100%)

Number of pupae (Pupation rate) 168 (90.8%) 165 (80.5%)

Number of eclosion (Eclosion rate) 166 (89.7%) 141 (68.7%)

Number of normal adults (Normality rate) 156 (84.4%) 99 (48.3%)
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Table A2. Number of individuals after oral administration of lauric acid.

Number 0 mg/g 0.01 mg/g 0.1 mg/g 1 mg/g

Number of starting individuals 75 (100%) 50 (100%) 75 (100%) 75 (100%)

Number of pupae (Pupation rate) 66 (88.0%) 41 (82.0%) 68 (90.7%) 52 (69.3%)

Number of eclosion (Eclosion rate) 56 (74.7%) 30 (60.0%) 50 (66.7%) 37 (49.3%)

Number of normal adults
(Normality rate) 41 (54.7%) 19 (38.0%) 27 (36%) 23 (30.7%)

Table A3. Number of individuals after oral administration of alfuzosin.

Number 0 mg/g 0.01 mg/g 0.1 mg/g

Number of starting larvae 60 (100%) 60 (100%) 60 (100%)

Number of pupae (Pupation rate) 46 (76.7%) 17 (28.3%) 26 (43.3%)

Number of eclosion (Eclosion rate) 38 (63.3%) 11 (18.3%) 22 (36.7%)

Number of normal adults (Normality rate) 30 (50.0%) 7 (11.7%) 15 (25.0%)

Table A4. Number of individuals after oral administration of ikarugamycin.

Number 0 mg/g 0.01 mg/g

Number of starting individuals 70 (100%) 70 (100%)

Number of pupae (Pupation rate) 53 (75.7%) 62 (88.6%)

Number of eclosion (Eclosion rate) 47 (67.1%) 59 (84.3%)

Number of normal adults (Normality rate) 28 (40.0%) 35 (50.0%)

Table A5. Normalized eclosion rates (survival rates).

Metabolite 0 mg/g 0.01 mg/g 0.1 mg/g 1 mg/g

Lauric acid 100% 80.3% 89.3% 66.0%

Alfuzosin 100% 28.9% 58.0% NA

Ikarugamycin 100% 125.6% NA NA
NA: not applicable.

Table A6. Normalized normality rates.

Metabolite 0 mg/g 0.01 mg/g 0.1 mg/g 1 mg/g

Lauric acid 100% 69.5% 65.8% 56.1%

Alfuzosin 100% 23.4% 50.0% NA

Ikarugamycin 100% 125.0% NA NA
NA: not applicable.
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Abstract: The biological impacts of the Fukushima nuclear accident, in 2011, on wildlife have been
studied in many organisms, including the pale grass blue butterfly and its host plant, the creeping
wood sorrel Oxalis corniculata. Here, we performed an LC–MS-based metabolomic analysis on leaves
of this plant collected in 2018 from radioactively contaminated and control localities in Fukushima,
Miyagi, and Niigata prefectures, Japan. Using 7967 peaks detected by LC–MS analysis, clustering
analyses showed that nine Fukushima samples and one Miyagi sample were clustered together,
irrespective of radiation dose, while two Fukushima (Iitate) and two Niigata samples were not in
this cluster. However, 93 peaks were significantly different (FDR < 0.05) among the three dose-
dependent groups based on background, low, and high radiation dose rates. Among them, seven
upregulated and 15 downregulated peaks had single annotations, and their peak intensity values
were positively and negatively correlated with ground radiation dose rates, respectively. Upregulated
peaks were annotated as kudinoside D (saponin), andrachcinidine (alkaloid), pyridoxal phosphate
(stress-related activated vitamin B6), and four microbe-related bioactive compounds, including
antibiotics. Additionally, two peaks were singularly annotated and significantly upregulated (K1R1H1;
peptide) or downregulated (DHAP(10:0); decanoyl dihydroxyacetone phosphate) most at the low dose
rates. Therefore, this plant likely responded to radioactive pollution in Fukushima by upregulating
and downregulating key metabolites. Furthermore, plant-associated endophytic microbes may also
have responded to pollution, suggesting their contributions to the stress response of the plant.

Keywords: metabolome; LC–MS; Fukushima nuclear accident; plant physiology; radioactive pollution;
Oxalis corniculata; creeping wood sorrel; endophytic microbe; stress response

1. Introduction

Environmental pollution caused by human activities is widespread around the globe
in the 21st century. Major incidents of pollution after World War II include the Great
Smog in London, UK (1952) caused by particulates and gaseous mixtures, the Minamata
disease outbreak in Japan (1956) caused by methylmercury, Agent Orange used during the
Vietnam War (1961–1971), and the Deepwater Horizon oil spill accident (2010) in the Gulf
of Mexico [1]. Additionally, recent human history has seen a series of pollution incidents
by anthropogenic radionuclides: atomic bombs used in Hiroshima and Nagasaki, Japan
(1945); atomic and hydrogen bomb experiments in Bikini Atoll (1946–1958); the Three Mile
Island accident in the USA (1979); the Chernobyl nuclear accident in the Ukraine (1986);
and the Fukushima nuclear accident, Japan (2011) [1]. The Fukushima nuclear accident
in 2011 was the second largest nuclear accident next to the Chernobyl nuclear accident in
1986. Without question, one of the most serious environmental pollutants in this century is
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a group of radioactive materials released from nuclear bombs and the collapse of nuclear
power plants. Today, anthropogenic 137Cs is detected from soil worldwide [2–5].

In the case of the Chernobyl nuclear accident, there have been inconsistencies in the
biological impacts of relatively low-level radiation exposure on organisms in the surround-
ing environments [6–10]. There seem to be many reasons for these inconsistencies, but
one reason may be political; the Chernobyl nuclear accident occurred in the former Soviet
Union, and access to the polluted areas was limited. Another important reason may be
technical. At the time of the Chernobyl nuclear accident, none of the currently available
analysis technologies based on genomics, proteomics, and metabolomics had been devel-
oped. In the case of the Fukushima nuclear accident, some scientists began investigating
the biological effects soon after the accident using various wild animals and plants be-
cause access to the polluted areas was not difficult from a political standpoint. There is
now accumulating field-based evidence that the Fukushima nuclear accident impacted
animals and plants, including birds [11–13], butterflies [14–17], aphids [18,19], Japanese
monkeys [20–22], intertidal invertebrates [23], and plants [24–29], even at relatively low
levels of anthropogenic radiation. However, the application of advanced technologies such
as metabolomics in studies on Fukushima has not yet been sufficient.

In this study, we focused on a weed plant, the creeping wood sorrel Oxalis corniculata,
in a contaminated field in Fukushima. This plant is the host plant of the pale grass blue
butterfly, which has been used as an indicator species in Fukushima-based studies. Larvae
of this butterfly eat only this plant. It has been demonstrated that the pale grass blue
butterfly was impacted both genetically and physiologically by the Fukushima nuclear
accident. More precisely, in view of genetic damage, the inheritance of mutation-related
phenotypes over generations has been demonstrated [14,15,30,31]. In terms of physio-
logical damage, it has been demonstrated that the ingestion of contaminated plants by
butterfly larvae caused internal radiation exposure and resulted in abnormal and fatal
phenotypes [14,15,32–35], although adaptive evolution to tolerate radioactive pollutants
may occur over generations [36]. However, the ingestion of a 137Cs-containing artificial diet
by larvae did not decrease survival rate, pupation rate, and eclosion rate [37]. Therefore,
a positive involvement of the plant itself has been suggested to cause abnormal or fatal
phenotypes in butterflies based on internal exposure experiments [38]. The plant may
have experienced biochemical changes in leaves in response to radiation exposure, which
has led to harmful consequences in butterflies. This field effect hypothesis is reasonable,
considering that at least some plants responded to Fukushima pollution at the levels of gene
expression and phenotype [24–29]. Physiological damage to butterflies is likely mediated
by multiple pathways, but one of them includes biochemical plant changes in response to
radiation exposure, such as changes in nutritional contents [28] and changes in secondary
metabolites [29].

Plants produce secondary metabolites and proteins that are toxic to herbivorous ani-
mals such as insects. These phytotoxins include a wide variety of chemical compounds,
such as cyanogens, glycoalkaloids, glucosinolates, saponins, flavones, nonprotein amino
acids, furanocoumarins, condensed tannins, gossypol, protease inhibitors, lectins, and threo-
nine dehydratase [39]. It is generally believed that herbivorous insects have evolved to cope
with phytotoxins; the larvae of many species of butterflies feed on leaves containing phyto-
toxins such as cyanogenic glucosides and have the ability to sequester them [40]. These
butterflies use these chemicals for their own defense, although many other lepidopteran
insects can de novo synthesize cyanogenic glucosides [41]. The field effect hypothesis
above, thus, posits that a delicate balance between phytotoxins in plants and the tolerance
of phytotoxins in insects in ecosystems may have been affected by radioactive pollution.

In the present study, to examine changes in the metabolites found in O. corniculata
in response to anthropogenic environmental radiation, we performed an LC–MS-based
metabolomic analysis using plant leaf samples collected from 14 localities with various
levels of 137Cs contamination, including Fukushima, Miyagi, and Niigata prefectures,
and examined whether there were any LC–MS peaks that changed based on the ground
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radiation dose rate. In this way, we found candidate compounds that were upregulated or
downregulated in response to different levels of radiation exposure in the plant.

2. Materials and Methods

2.1. Field Sampling

We visited 14 localities in the period from 29 July 2018 to 17 September 2018 (Figure 1a–e),
and two people collected leaves of the creeping wood sorrel O. corniculata. These localities
were not affected by the tsunamis from the Great East Japan Earthquake on 11 March 2011,
excluding its potential effects on the plant. Information on sampling sites and dates is listed
in Table 1. Leaf samples were named OC01 to OC16 for each locality. OC05 (Minamisoma-1)
and OC12 (Iwaki) were collected but were not analyzed for financial reasons.

Figure 1. Leaf sampling: (a) Prefectures that include sampling localities in this study. The Fukushima
Daiichi Nuclear Power Plant (FDNPP) is indicated in red; (b) municipalities that include 14 sampling
localities in Fukushima, Miyagi, and Niigata prefectures. Minamisoma, Namie, and Iitate each have
2 or 3 independent sampling localities (see Table 1); (c–e) landscapes of sampling sites in Murakami
(c), Minamisoma-2 (d), and Hirono (e); (f) Stem-separated leaves of Oxalis corniculata collected in
Tomioka (photographed at the Kazusa DNA Institute upon sample receipt). Leaf samples from all
other localities were similarly healthy when they arrived at the Institute.
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Table 1. Sampling information for the leaf samples, ground radiation dose rates, and radioactivity
concentrations.

Sample Name Sampling Locality Date (2018)
Ground Dose Rate

[μSv/h] (*1)

137Cs Radioactivity
Concentration

[Bq/kg]

OC01 Murakami City, Niigata Pref. 29 Jul 0.07 (B) 0
OC02 Yahiko Village, Niigata Pref. 30 Jul 0.04 (B) 0
OC03 Sendai City, Miyagi Pref. 31 Jul 0.04 (B) 4.54
OC04 Soma City, Fukushima Pref. 31 Jul 0.10 (L) 74.45

OC06
Minamisoma City, Fukushima Pref.

(Minamisoma-2) 31 Jul 0.42 (L) 84.27

OC07 Hirono Town, Fukushima Pref. 1 Aug 0.11 (L) 7.96
OC08 Namie Town, Fukushima Pref. (Namie-1) 1 Aug 0.97 (L) 64.10
OC09 Namie Town, Fukushima Pref. (Namie-2) 1 Aug 2.45 (H) 551.16
OC10 Okuma Town, Fukushima Pref. 1 Aug 0.60 (L) 424.45
OC11 Tomioka Town, Fukushima Pref. 1 Aug 0.27 (L) 135.98
OC13 Iitate Village, Fukushima Pref. (Iitate-1) 17 Sep 3.50 (H) 213.72
OC14 Iitate Village, Fukushima Pref. (Iitate-2) 17 Sep 2.94 (H) 494.74
OC15 Namie Town, Fukushima Pref. (Namie-3) 17 Sep 4.55 (H) 717.65

OC16
Minamisoma City, Fukushima Pref.

(Minamisoma-3) 17 Sep 1.46 (H) 175.23

(*1) Three groups were set depending on the relative levels of ground radiation dose rate (R): H (high, R ≥ 1.00);
L (low, 0.10 ≤ R < 1.00); and B (background, R < 0.10). Samples OC05 (Minamisoma-1) and OC12 (Iwaki) were
collected but not analyzed.

Leaf sample collection procedures followed those described in a previous study [28].
Briefly, the plant leaves and stems were handpicked with disposable gloves so as not to
damage the leaves. Leaves were further isolated from the stem. We collected leaves that
were healthy and showed no signs of leaf necrosis, chlorosis, or other abnormalities. In
other words, we observed no phenotypic changes under radiation stress. Leaves with
damage (by insect bites, handpicking, or other unknown reasons), dead or dying leaves,
leaves of different species, and other objects were eliminated manually. A minimum of
40 g of leaf samples per site was collected. Leaf samples were washed with Evian bottled
natural mineral water (Evian les Bains, France).

The leaf samples (minimum of 10 g per site) were sent to the Kazusa DNA Research
Institute, Kisarazu, Chiba, Japan, under refrigeration (unfrozen) conditions (0−10 ◦C) for
LC–MS analyses. The samples arrived at the Institute within a day. At the time of arrival,
leaf quality was visually checked again at the Institute; the leaves were reasonably fresh
and green (Figure 1f). A portion of the leaf samples (approximately 30 g per site) was saved
for an analysis of radioactivity concentration at the University of the Ryukyus.

2.2. Measurements of Ground Radiation Dose Rates and Radioactivity Concentrations

At the sampling sites, we measured the ground radiation dose rate (often simply
called the ground dose) using a Hitachi Aloka Medical TCS-172B scintillation survey meter
(Tokyo, Japan) for 90 s at 3 points in the area of leaf collection with the probe at 0 cm from
the ground surface. The ground dose was measured similarly in two localities of Iitate
Village (Iitate-1 and Iitate-2), one locality of Namie Town (Namie-3), and one locality of
Minamisoma (Minamisoma-3) using a Polimaster handheld gamma monitor PM1710A
(Minsk, Republic of Belarus). The measured values were averaged, and they are shown in
Table 1.

Procedures for measuring radioactivity concentrations were described elsewhere [28].
Briefly, the radioactivity concentration of a dried leaf sample was measured using a Can-
berra GCW-4023 germanium semiconductor radiation detector (Meriden, CT, USA). Mea-
surements were conducted to obtain 137Cs signals until the error rate became less than
5% of the measured value within 14 days of the measurement period. Otherwise, the
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measurements were terminated at the end of the 14th day. In that case, a measurement
value was not obtained, and it was considered zero. The results were listed in Table 1.

Ground dose and radioactivity concentration were not perfectly correlated (Sup-
plementary Results and Supplementary Discussion, Figure S1). Based on the following
considerations, we decided to preferentially use ground dose values. The leaves were more
likely to be subjected to external irradiation from the ground than to internal irradiation
from absorbed 137Cs because the plant was small, the leaves were very close to the ground,
and the ground radiation included complete radiation doses of various radionuclides.

2.3. LC–MS: Analysis, Peak Detection, Alignment, and Annotation

The procedures for LC–MS, including analysis, peak detection, alignment, and annota-
tion, were described elsewhere [29]. Briefly, leaf samples were prepared using methanol
and MonoSpin M18 columns (GL Sciences, Tokyo, Japan). Samples were analyzed using
a SHIMADZU Nexera X2 high-performance liquid chromatography (HPLC) instrument
(Kyoto, Japan) with an InertSustain AQ-C18 column (2.1 × 150 mm, 3 μm particle size)
(GL Sciences) connected to a Thermo Fisher Scientific Q Exactive Plus high-resolution mass
analyzer (Waltham, MA, USA).

The LC–MS data obtained above were converted to mzXML format using ProteoWiz-
ard (Palo Alto, CA, USA). Peak detection, determination of ionizing states, and peak
alignments were performed automatically using the data analysis software PowerGet-
Batch developed by the Kazusa DNA Research Institute [42,43]. The exact mass values
of the nonionized compounds calculated from the adducts were used to search candidate
compounds against the UC2 chemical mass databases [44] (i.e., a combination of two
databases, KNApSAcK [45] and the Human Metabolome Database [46,47]) with the search
program MFSearcher [48]. The LC–MS results were compiled in the Microsoft Excel file
“LCMS_Result Field Data KDRI” (Supplementary File S1).

2.4. Statistical Analysis of the Peak Area Data

The output peak area (intensity) data from LC–MS were compiled in the Microsoft
Excel file “LCMS Peak Data” (Supplementary File S2). These data were subjected to
statistical analyses using MetaboAnalyst 5.0 [49–51], as described elsewhere [29]. We per-
formed one-way ANOVA (analysis of variance) and used FDR (false discovery rate) < 0.05
as the criterion to consider statistical significance, and the peaks that met this criterion
were examined independently, after which a Student’s t-test was performed as neces-
sary, using Microsoft Excel. A principal component analysis (PCA) and heatmap analysis
were performed to obtain possible relationships among the samples. In the latter, the
Euclidean distance and the Ward linkage method were employed for clustering. Scatter
plots were made, and mathematical model fits for linear (y = ax + b) and logarithmic curves
(y = a × ln(x) + b) were performed using Microsoft Excel. Correlation coefficients for linear
and logarithmic curves were obtained using JSTAT (Yokohama, Japan).

3. Results

3.1. Clustering Analyses: PCA and Heatmaps

In the LC–MS analysis, 9554 peaks were detected, and 7967 peaks from 14 leaf samples
were treated as valid peaks by MetaboAnalyst; 1587 peaks were treated as invalid because
they showed a constant value across all samples or because they were detected only in
one sample. To understand how these 14 samples from different localities responded to
radiation, they were categorized into three groups depending on the ground radiation
dose (high, low, and background levels) (Table 1). The PCA was performed using the
7967 peak area (intensity) data allocated to the 14 leaf samples (Figure 2a). PC1 and PC2
explained 24.0% and 16.9% of the variance, respectively. These percentages were not very
high. The three dose-dependent groups were not well isolated from one another. Clustering
by K-means (Figure 2b) and SOM (self-organizing map) (not shown) without predefining
the dose-dependent groups showed that just a single group was statistically valid even
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when the number of groups was specified to be three. The single large group specified by
K-means included nine Fukushima samples and a Miyagi sample and did not include two
Fukushima (Iitate) samples (OC13 and OC14) and two Niigata samples (OC1 and OC2).
This large cluster contained samples from all three dose-dependent groups.

Figure 2. PCA using leaf samples from 14 localities in Fukushima, Miyagi, and Niigata prefectures:
(a) Score plot, 95% confidence ranges are colored. Red, green, and blue sample dots and areas indicate
high, low, and background dose-dependent groups, respectively; (b) K-means clustering analysis.

In the PCA plot, two spots in the negative area of PC1 (OC13 and OC14) were both
from Iitate Village (Fukushima Prefecture, Japan), which is located at a relatively high
altitude and, thus, geologically isolated from the rest of the Fukushima localities. Another
two spots in the positive area of PC2 (OC1 and OC2) were both from Niigata Prefecture,
which is located on the west side of Japan (Figure 1a,b). These four samples were likely
genetically or environmentally different from the rest. These results suggest that the
environmental radiation dose was not a primary factor influencing peak levels in LC–MS.
In other words, in terms of overall peak dynamics, the plant may not respond strongly to
environmental radiation.

A heatmap of all 7967 peaks also demonstrated that the three dose-dependent groups
were not well justified (Figure 3a). An exception was the low-level group (shown in green
bar at the top), which clustered together. However, the three groups were individually
clustered when only the top 25 peaks were used to create the heatmap (Figure 3b). It
appeared that a limited number of representative peaks responded to environmental
radiation in a dose-dependent manner.
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Figure 3. Heatmap analysis using samples from 14 localities in Fukushima, Miyagi, and Niigata
prefectures. Red, green, and blue bars at the top of the heatmap indicate high, low, and background
dose-dependent groups, respectively: (a) Heatmap using all peaks; (b) heatmap using the top
25 peaks.

3.2. Identification of Upregulated and Downregulated Peaks

Although no overall pattern justifying the three dose-dependent groups was observed
in the PCA plot and heatmap using all peaks, there may have been some metabolites
that were upregulated or downregulated in a dose-dependent manner. To examine this
possibility, we performed one-way ANOVA with an adjusted p-value (FDR) cutoff at 0.05
(i.e., FDR < 0.05). We detected 93 significantly different peaks among the three groups;
with FDR < 0.01, we detected 27 significantly different peaks and with FDR < 0.001, we
detected two significantly different peaks (Supplementary Table S1 and Figure 4). After
visual inspections of the peak values, the following numbers were obtained (Figure 5a):
Among the 93 peaks, 15 peaks seemed to be dose-dependently upregulated; four peaks
seemed to be upregulated (two peaks) or downregulated (two peaks) only at the low-level
radiation, showing V-shaped or reversed V-shaped curves (i.e., irregular peaks); the rest
(74 peaks) seemed to be downregulated.
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Figure 4. Plot of one-way ANOVA. A horizontal line at 1.301 on the y-axis indicates p = 0.05 (raw
p-value). Red dots indicate peaks with FDR < 0.05. The peak number in the x-axis is adjusted for the
valid number of peaks (i.e., 7967 peaks) by MetaboAnalyst.

Figure 5. Number of upregulated and downregulated peaks of LC–MS with FDR < 0.05 (one-way
ANOVA): (a) Pie chart; (b) number of upregulated and downregulated peaks with single or nonsingle
annotations; (c) number of upregulated and downregulated peaks categorized into 3 groups, i.e.,
plant-derived compounds, microbe-derived compounds, and others.

Among the 15 upregulated peaks, seven peaks had single annotations (Figure 5b).
Similarly, among the 74 downregulated peaks, 15 peaks had single annotations (Figure 5b).
These peaks with single annotations were classified into three categories based on their
origins: plant-derived compounds, microbe-derived compounds, and other compounds,
including those of unknown or synthetic origin (Figure 5c). Plant-derived compounds were
the most frequent, as expected, but unexpectedly, many microbe-derived compounds were
found to be upregulated or downregulated.

3.3. Candidate Compounds for Upregulated and Downregulated Peaks

Upregulated peaks with single annotations (FDR < 0.05) were found, as shown in
Table 2. Among them, only three upregulated peaks were considered to be plant derived.
Candidate compounds for the upregulated peaks included kudinoside D, a triterpenoid
saponin that has shown pharmacological activities in animal cells [52]; andrachcinidine,
an alkaloid [53]; and pyridoxal phosphate, an active form of vitamin B6 that is involved
in stress tolerance [54–63]. Other upregulated peaks were annotated as antibiotics, i.e.,
leptomycin B [64–66] and aldgamycin G [67], both from Streptomyces, a group of soil bacteria.
Leptomycin B (No. 9321) was also found in the top 25 peaks for the heatmap (Figure 3b).
Indeed, this peak showed the lowest FDR value (FDR = 0.0055) among the singularly
annotated upregulated peaks. Additional compounds included carbamidocyclophane C, a
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cytotoxic compound derived from the cyanobacterium Nostoc sp. [68], and YM 47525, an
antifungal compound of fungal origin [69].

Table 2. Summary of the upregulated peaks with single annotations.

No. Formula Exact Mass Annotation (Compound Name) Possible Function Origin

9321 C33H48O6 540.345
Antibiotic Cl 940, Antibiotic CL

1957A, Cl 940, Elactocin,
Leptomycin B, Mantuamycin

Antibiotics Streptomyces sp.
(Microbe-derived)

9368 C47H72O17 908.477 Kudinoside D
Triterpenoid saponin;

Adipogenesis
suppressor

Ilex kudingucha
(Plant-derived)

8451 C38H56O8N2Cl2 738.341 Carbamidocyclophane C,
(+)-Carbamidocyclophane C Cytotoxic compound Nostoc sp. (Cyanobacteria)

(Microbe-derived)

7968 C37H56O15 740.362 Aldgamycin G Antibiotics Streptomyces sp.
(Microbe-derived)

8935 C13H25O2N 227.189 Andrachcinidine,
(-)-Andrachcinidine Alkaloid Andrachne aspera

(Plant-derived)

7563 C33H46O11 618.304 YM 47525 Trichothecene;
Fungicide

Fungus
(Microbe-derived)

178 C8H10O6NP 247.025 Pyridoxal phosphate Activated vitamin B6 Plants and microbes
(Plant-derived) (*1)

Note: This table lists candidate compounds in order of smaller FDR values. Raw p-values and FDR values for
these peaks are listed in Supplementary Table S1. (*1) There is a possibility that No. 178 was derived from
endophytic microbes because they also synthesize this compound (but see Section 4. Discussion).

Downregulated peaks with single annotations (FDR < 0.05) were found, as shown
in Table 3. Among them, five peaks with the lowest FDR values (No. 4887, 7156, 6296,
3152, and 3073) were found in the top 25 peaks for the heatmap (Figure 3b). Candidate
compounds for downregulated peaks included various types of chemicals. Plant-derived
compounds were as follows: corchoionoside B (fatty acyl glucoside) [70], isoginkgetin-7-O-
β-D-glucopyranoside (bioflavone glucoside) [71,72], sanjoinine A dialdehyde (cyclopep-
tide alkaloid) [73], zinolol (antioxidant) [74], acacetin-7-glucuronosyl-(1→2)-glucuronide
(flavonoid) [75], tricalysioside N (ent-kaurane glucoside) [76], pregnadienolone-3-O-β-D-
chacotrioside (saponin) [77], and silidianin (flavonolignan) [78]. Additionally, terreusinol,
a metabolite of Streptomyces [79], and elloramycin E, an antibiotic from Streptomyces [80],
were found. Trapoxin A (fungal cyclic peptide) [81,82] was also found. Other candidates in-
cluded synthetic compounds [83–88]; thus, their annotations may not be accurate, although
similar natural compounds may exist in the plant.

Table 3. Summary of the downregulated peaks with single annotations.

No. Formula Exact Mass
Annotation (Compound

Name)
Possible Function Origin

4887 C19H28O9 400.173 Corchoionoside B Fatty acyl glucoside;
Membrane stabilizer

Corchorus olitorius
(Plant-derived)

7156 C38H32O15 728.174 Isoginkgetin-7-O-β-D-
glucopyranoside Bioflavone glucoside Ginkgo biloba

(Plant-derived)

6296 C18H22O5N2 346.153 Terreusinol, (+)-Terreusinol Antibiotics Streptomyces sp.
(Microbe-derived)

3152 C17H16ON3Cl 313.098 Amoxapine GPCR (G-protein-coupled
receptor) inhibitor (Others, synthetic)

3073 C32H34O15 658.190 Elloramycin E Antibiotics Streptomyces sp.
(Microbe-derived)

8925 C31H42O6N4 566.310 Sanjoinine A dialdehyde Alkaloid (Cyclopeptide) Zizyphus lotus
(Plant-derived) (*1)

609 C14H21O8N 331.127 Zinolol Antioxidant Anagallis onellin
(Plant-derived)
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Table 3. Cont.

No. Formula Exact Mass
Annotation (Compound

Name)
Possible Function Origin

2963 C28H28O17 636.133 Acacetin-7-glucuronosyl-
(1→2)-glucuronide Flavonoid

Clerodendron
trichotomum

(Plant-derived)
3171 C12H12O3N2S 264.057 Dapsone hydroxylamine Dermatologically used drug (Others, synthetic)

8804 C34H42O6N4 602.310 RF 1023A, Trapoxin A Cyclic peptide; histone
deacetylase inhibitor

Helicoma ambiens
RF-1023
(Fungus)

(Microbe-derived)

7781 C28H46O11 558.304 Tricalysioside N,
(-)-Tricalysioside N Ent-kaurane glucoside Tricalysia dubia

(Plant-derived)

9091 C39H60O15 768.393 Pregnadienolone-3-O-β-D-
chacotrioside Saponin Dioscorea panthaica

(Plant-derived)

4347 C21H26ON3SCl 403.149 Perphenazine Dopamine receptor D2
antagonist (Others, synthetic)

3836 C25H24O10 484.137 Silidianin Flavonolignan Silybum marianum
(Plant-derived)

8800 C22H22O2N3F 379.170 Droperidol Dopamine receptor
antagonist (Others, synthetic)

Note: This table lists candidate compounds in order of smaller FDR values. Raw p-values and FDR values for
these peaks are listed in Supplementary Table S1. (*1) Sanjoinine A is a natural compound but sanjoinine A
dialdehyde is a synthetically derived compound from sanjoinine A [73].

3.4. Correlation Analyses of Upregulated Peaks

We made scatter plots and performed a correlation analysis of the upregulated peaks
with single annotations to examine dose dependence (Figure 6 and Table 4). In all seven
cases, correlation coefficients were reasonably high (r ≥ 0.69) with significantly small
p-values. In three of seven cases, a logarithmic model fit better than a linear model, judging
from correlation coefficients. Thus, these seven peaks may be upregulated in a dose-
dependent manner in response to the ground radiation dose rate, confirming the ANOVA
results. Correlation coefficients using the radioactivity concentration of 137Cs showed lower
values in all cases (Table 4).

Figure 6. Scatter plots and linear and logarithmic fit curves of the upregulated peaks with single
annotations against the ground radiation dose rate (μSv/h).
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Table 4. Correlation coefficient r and its associated p-value of the upregulated peaks with single annotations.

No. Brief Annotation Ground Radiation Dose Rate [μSv/h]
Radioactivity Concentration

of 137Cs [Bq/kg]

9321 Leptomycin B r = 0.75, p = 0.0021 ** (linear) r = 0.66, p = 0.0100 * (linear)
9368 Kudinoside D r = 0.84, p = 0.0002 *** (linear) r = 0.59, p = 0.027 * (linear)

8451 Carbamidocyclophane C r = 0.72, p = 0.0037 ** (linear)
r = 0.78, p = 0.0009 *** (logarithmic) r = 0.51, p = 0.062 (linear)

7968 Aldgamycin G r = 0.58, p = 0.030 * (linear)
r = 0.72, p = 0.0037 ** (logarithmic) r = 0.53, p = 0.051 (linear)

8935 Andrachcinidine r = 0.83, p = 0.003 *** (linear)
r = 0.84, p = 0.0001 *** (logarithmic) r = 0.66, p = 0.0097 ** (linear)

7563 YM 47525 r = 0.87, p < 0.0001 *** (linear) r = 0.72, p = 0.0035 ** (linear)
178 Pyridoxal phosphate r = 0.69, p = 0.0088 ** (linear) r = 0.42, p = 0.14 (linear)

Note: When the coefficient was better in a logarithmic model in terms of r than in a linear model, both are shown.
If not, only the coefficient of a linear model is shown. Asterisks indicate levels of statistical significance. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

3.5. Correlation Analyses of Downregulated Peaks

We also made scatter plots and performed a correlation analysis of the downregulated
peaks with single annotations (Figure 7 and Table 5). Overall, the absolute values of coeffi-
cients were reasonably high (|r| ≥ 0.59), with reasonably small p-values. A logarithmic
model fit better than a linear model, judging from correlation coefficients, in all cases
examined except No. 8800, but in No. 7156 and No. 6296, peak levels were all or none.
As seen in these two all-or-none cases, the downregulated response appeared to be very
sensitive to the ground radiation dose rate, showing a steep logarithmic decline. It can
be concluded that these 15 peaks were downregulated in a dose-dependent manner in
response to the ground radiation dose rate, confirming the ANOVA results. Correlation
coefficients using the radioactivity concentration of 137Cs showed lower absolute values in
all cases (Table 5).

Table 5. Correlation coefficient r and its associated p-value of the downregulated peaks with single annotations.

No. Brief Annotation Ground Radiation Dose Rate [μSv/h]
Radioactivity Concentration

of 137Cs [Bq/kg]

4887 Corchoionoside B r = −0.55, p = 0.041 * (linear)
r = −0.76, p = 0.0017 ** (logarithmic) r = −0.51, p = 0.065 (linear)

7156
Isoginkgetin-7-O-β-D-

glucopyranoside
r = −0.41, p = 0.14 (linear)

r = −0.66, p = 0.0102 * (logarithmic) r = −0.45, p = 0.10 (linear)

6296 Terreusinol r = −0.41, p = 0.15 (linear)
r = −0.65, p = 0.012 * (logarithmic) r = −0.45, p = 0.10 (linear)

3152 Amoxapine r = −0.74, p = 0.0026 ** (linear)
r = −0.92, p < 0.0001 *** (logarithmic) r = −0.72, p = 0.0031 ** (linear)

3073 Elloramycin E r = −0.62, p = 0.018 * (linear)
r = −0.80, p = 0.0006 *** (logarithmic) r = −0.51, p = 0.060 (linear)

8925 Sanjoinine A dialdehyde r = −0.56, p = 0.039 * (linear)
r = −0.76, p = 0.0015 ** (logarithmic) r = −0.54, p = 0.046 (linear)

609 Zinolol r = −0.34, p = 0.24 (linear)
r = −0.59, p = 0.028 * (logarithmic) r = −0.38, p = 0.18 (linear)

2963
Acacetin-7-glucuronosyl-(1→2)-

glucuronide
r = −0.61, p = 0.020 * (linear)

r = −0.79, p = 0.0009 ***(logarithmic) r = −0.41, p = 0.14 (linear)
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Table 5. Cont.

No. Brief Annotation Ground Radiation Dose Rate [μSv/h]
Radioactivity Concentration

of 137Cs [Bq/kg]

3171 Dapsone hydroxylamine r = −0.39, p = 0.16 (linear)
r = −0.60, p = 0.023 * (logarithmic) r = −0.36, p = 0.21 (linear)

8804 Trapoxin A r = −0.50, p = 0.066 (linear)
r = −0.70, p = 0.0053 ** (logarithmic) r = −0.54, p = 0.047 * (linear)

7781 Tricalysioside N r = −0.65, p = 0.012 * (linear)
r = −0.74, p = 0.0023 ** (logarithmic) r = −0.59, p = 0.026 * (linear)

9091
Pregnadienolone-3-O-β-D-

chacotrioside
r = −0.66, p = 0.0098 ** (linear)

r = −0.84, p = 0.0102 * (logarithmic) r = −0.68, p = 0.0079 ** (linear)

4347 Perphenazine r = −0.52, p = 0.059 (linear)
r = −0.66, p = 0.0002 *** (logarithmic) r = −0.52, p = 0.056 (linear)

3836 Silidianin r = −0.59, p = 0.027 * (linear)
r = −0.72, p = 0.0034 ** (logarithmic) r = −0.53, p = 0.052 (linear)

8800 Droperidol r = −0.75, p = 0.0020 ** (linear) r = −0.61, p = 0.019 * (linear)

Note: When the coefficient was better in a logarithmic model in terms of r than in a linear model, both are shown.
If not, only the coefficient of a linear model is shown. Asterisks indicate levels of statistical significance; *: p < 0.05,
**: p < 0.01, ***: p < 0.001.

Figure 7. Scatter plots and linear and logarithmic fit curves of the downregulated peaks with single
annotations against the ground radiation dose rate (μSv/h).
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3.6. Peaks Upregulated or Downregulated at the “Low Level”

As mentioned before, among the peaks with FDR < 0.05 (ANOVA), there were four
peaks that seem to be upregulated (No. 4745 and 7256) or downregulated (No. 8508
and 750) only at the “low level”. Among them, No. 4745 lacked annotation due to
unknown chemical formula, and No. 7256 was singularly annotated as K1R1H1 (peptide),
although its relevance to natural compounds in plants was unclear. Additionally, No. 8508
showed no database hit, and No. 750 was singularly annotated as DHAP(10:0), decanoyl
dihydroxyacetone phosphate.

We made bar graphs and scatter plots for No. 7256 and No. 750 (Figure 8). In No.
7256 (Figure 8a), the low-level group was significantly larger than the background and
high-level groups in terms of peak area. As expected, correlation coefficients were low,
i.e., r = −0.11 (p = 0.70) for a linear model and r = 0.24 (p = 0.41) for a logarithmic model.
In contrast, in No. 750 (Figure 8b), the low-level group was significantly smaller than
the background and high-level groups in terms of peak area. Unexpectedly, correlation
coefficients were not very low, i.e., r = 0.54 (p = 0.048) for a linear model and r = 0.42
(p = 0.13) for a logarithmic model.

Figure 8. Bar graphs and scatter plots of singularly annotated peaks upregulated or downregulated
at the “low level” of the ground radiation dose rate (μSv/h). Mean ± standard deviation values
and results of t-test (raw p-values) are shown. Asterisks indicate levels of statistical significance;
**, p < 0.01; ***, p < 0.001: (a) No. 7256, K1R1H1; (b) No. 750, DHAP(10:0).

4. Discussion

In this study, we collected leaf samples of creeping wood sorrel, the host plant of the
pale grass blue butterfly, from contaminated localities in Fukushima. These leaves had
been chronically exposed to anthropogenic radiation in the field and were subjected to an
LC–MS-based metabolomic analysis. Somewhat surprisingly, an overall dose-dependent
trend for metabolomic changes in plants coping with radioactive environments was not
observed in the PCA. One might think that this may be because the environmental pollution
levels of the collection localities were not high enough for the plant to change its levels
of many metabolites. However, this is not necessarily the case. In a previous study, the
same plant species in Okinawa was subjected to acute external irradiation, and an overall
irradiation response was clearly observed in GC–MS-based analyses despite low-level
irradiation from the contaminated soil in Fukushima [29]. In contrast, such an overall
response was less clear in an LC–MS-based analysis, suggesting that genetic background
was a larger contributor to peak variations than external irradiation itself in a group of
compounds amenable to LC–MS [29].

Notably, no identical compounds were annotated between the previous study [29] and
the current study. It is also important to note that in the former study, the plant was exposed
only externally, whereas in the latter study, the plant was exposed both externally and
internally. Nevertheless, in both studies, compounds related to Streptomyces were found,
i.e., three peaks in the present study and four peaks in the previous study [29]. In this sense,
acute exposure under laboratory-based conditions (the previous study [29]) and chronic
exposure under field conditions (the present study) may result in different outcomes in the
plant but with some similarities. In the case of chronic exposure, the field plants may have
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already acclimated or adapted genetically to the radioactively contaminated environments
by changing the levels of a relatively small number of key metabolites.

Although an overall dose-dependent response in plant samples from Fukushima
was not observed, we identified some upregulated and downregulated peaks in response
to ground radiation dose. In most upregulated and downregulated peaks, logarithmic
fits were better than linear fits. Such a nonlinear response may be widely seen as a
plant response to low-dose radiation. An all-or-none response was also observed in
downregulated peaks.

There were three upregulated peaks annotated as plant-derived compounds: kudi-
noside D, andrachcinidine, and pyridoxal phosphate. Kudinoside D is a type of triterpenoid
saponin and is known to have biological activities [52]. Importantly, when the ground
radiation dose was close to zero, kudinoside D was rarely detected, showing nearly an
all-or-none response. Thus, this compound may confer high stress tolerance against envi-
ronmental radiation in plants. Andrachcinidine is an alkaloid [53]. These two compounds
may be stress protectants for the plant and may also function to ward off herbivorous
insects. They may cause abnormal and fatal phenotypes in pale grass blue butterfly larvae.

Interestingly, pyridoxal phosphate is an activated vitamin B6 known to function in
response to salt stress and other types of stress in plants [54–61]. In addition to its function
as a cofactor of stress protectant enzymes, vitamin B6 functions as an antioxidant [62,63].
Notably, this compound is also known to be upregulated in response to ultraviolet irradia-
tion in plant acclimation [61]. The present study suggests that anthropogenic environmental
irradiation in Fukushima may also cause upregulation of pyridoxal phosphate to cope with
radiation stress in O. corniculata. Furthermore, based on the existing literature [54–58] and
the present data, upon irradiation, sodium may be expelled from the plant more efficiently
to induce salt tolerance due to the upregulation of pyridoxal phosphate. This speculation is
consistent with the field-effect hypothesis that the sodium content in leaves of O. corniculata
may decrease in response to radioactive pollutants, resulting in adverse effects on larvae of
the pale grass blue butterfly due to sodium deficiency [28].

The above discussion can further be fortified by referring to KEGG (Kyoto Encyclo-
pedia for Genes and Genomes) for metabolic reactions [89–91]. Among the upregulated
metabolites, only pyridoxal phosphate was found in KEGG. Production of pyridoxal phos-
phate from pyridoxamine phosphate (R00277) or pyridoxine phosphate (R00278) also
produces hydrogen peroxide. Its reverse reaction, thus, scavenges hydrogen peroxide when
pyridoxal phosphate is provided from a different pathway, one of which is a reaction in
pyridoxal and ATP (R00174). Interestingly, in other reactions, production of pyridoxal phos-
phate also produces D-alanine (R01147), D-glutamate (R01580), or L-glutamate (R07456).
D-Alanine and pyridoxal phosphate are products from pyridoxamine phosphate and pyru-
vate, an important product of glycolysis, and D-glutamate and pyridoxal phosphate are
together produced from pyridoxamine phosphate and 2-oxoglutarate, a key product in
the TCA cycle [92], suggesting their involvement in a stress response associated with ATP
production via glycolysis and the TCA cycle. L-Glutamate and pyridoxal phosphate are
produced together by a reaction of D-glyceraldehyde-3-phosphate, D-ribulose-5-phosphate,
and L-glutamine, suggesting their involvement in a stress response associated with pho-
tosynthesis. These amino acids, especially those of the D-configuration, may function as
signaling molecules for a stress response [93–96].

In addition, the downregulated peaks contained various compounds, including plant-
derived compounds (such as antioxidants, flavonoids, and saponins) and microbe-derived
compounds (such as antibiotics). We do not know why some compounds were upreg-
ulated and functionally similar compounds were downregulated, but these compounds
may be produced in different metabolic pathways and may respond to radiation stress
independently.

We did not detect upregulation of antioxidants in this study other than pyridoxal
phosphate, but we did detect downregulation of an antioxidant, zinolol. This is somewhat
surprising because antioxidants function to nullify reactive oxygen species (ROS) that are
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generated by irradiation [97]. This result contrasts with a previous study of acute exposure,
in which a few antioxidants were upregulated [29].

Nonetheless, there was a commonality between these studies, i.e., several peaks
were annotated as compounds from soil microbes, especially antibiotics from Streptomyces,
a group of soil bacteria. In a previous study, we thought that these microbe-derived
compounds were contaminations of unrelated microbes from the soil [29]. However,
leaves were washed well after collection, and no trace of contamination was seen visually.
Even if a small amount of soil contamination occurred, its relative weight to the leaves
of O. corniculata would be too small to contribute to the LC–MS results. Facing the fact
that microbe-derived compounds were annotated frequently, we now think that these
compounds were not from contamination but from endophytic microbes inside leaves.
Indeed, many endophytic bacteria have widely been known in plants [98–101] and have
been isolated from O. corniculata [102,103]. These microbes are probably of soil origin.
These results suggest that O. corniculata may host various bacteria and fungi from the soil
in its leaves and that compounds from these bacteria and fungi may contribute to plant
functions when coping with radiation stress. Such cases of stress management appear to be
common among plants [104,105]. To solidify this issue, PCR-based detection and isolated
culture of endophytes from leaves may be necessary.

For the downregulated metabolites excluding synthetics, only “elloramycin” and
“acacetin” were found in KEGG. The former is a bacterial metabolite, whereas the latter
is a part of a plant metabolite, acacetin-7-glucuronosyl-(1→2)-glucuronide. Although
elloramycin E was not found in KEGG, elloramycin A was found in the “biosynthesis of
type II polyketide products” pathway (rn01057), and acacetin was found in the “flavone
and flavonol biosynthesis” pathway (rn00944). These two metabolites seem to be unrelated
at first glance. Interestingly, however, both reactions (R10959 and R03571) use S-adenosyl-
L-methionine as a reactant and produce S-adenosyl-L-homocysteine. The present finding
that elloramycin E and acacetin-7-glucuronosyl-(1→2)-glucuronide were downregulated
together might indicate that the plant and its endophytes share S-adenosyl-L-methionine,
which has important multiple roles in plant metabolism and signaling including ethylene
biosynthesis and stress management [106–108]. This discussion supports possible functions
of endophytic microbes in the Oxalis plant under radiation stress.

A possible function of these microbe-derived compounds may be to protect leaves
from fungal infection. This may be relevant for the survival of O. corniculata because this
plant is a small weed, and its leaves are very close to the ground. This means that leaves
were placed under high humidity conditions, which may easily allow fungal infection
to occur. Indeed, fungal infections on leaves have been observed in O. corniculata in our
laboratory when humidity conditions were not well controlled. An interesting case was
reported in which fungal damage to host plant leaves of a small weed, plantain, affected
the relationship between the checkerspot butterfly and its host plant [109].

Additionally, we discovered K1R1H1 and DHAP(10:0) as candidate compounds that
responded most to the low-level radiation. The biological significance of the former is
unknown, but the latter seems to be biologically significant. DHAP(10:0) is a derivative of
dihydroxyacetone phosphate (DHAP), which is also called glycerone phosphate. DHAP is
a metabolite in glycolysis and in the Calvin cycle. In the latter, DHAP is used to regenerate
ribulose-1,5-bisphosphate, a key metabolite in the Calvin cycle. Importantly, DHAP is used
for synthesis of vitamin B6 in plants but not in bacteria [110]. Thus, it is likely that the
upregulation of pyridoxal phosphate detected in the present study occurred in plant cells.
DHAP can be converted to glycerol-3-phosphate, which is known as a defense signaling
molecule for systemic immunity in plants [111,112]. DHAP also produces methylglyoxal, a
signaling molecule for abiotic stress in plants [113].

In the case of the pale grass blue butterfly in Fukushima, the high sensitivity of larvae
to pollutants from the accident in the field is likely mediated by the physiological response
of the host plant to the pollutants. The current study further suggested the involvement
of endophytic soil microbes associated with the host plant. In the case of the monarch
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butterfly, larval sensitivity to neonicotinoid insecticides seems to be influenced by which
host plant species larvae feed on [114]. These cases imply that the biological effects of
any pollutants should be evaluated in the context of ecological interactions among plants,
animals, and microbes.

5. Conclusions

In this study, we showed that the creeping wood sorrel likely responded to nuclear
pollution in Fukushima by changing its levels of a limited number of key metabolites
in a dose-dependent manner. The dose-dependent upregulated metabolites included
not only plant-derived compounds (i.e., kudinoside D, andrachcinidine, and pyridoxal
phosphate) but also microbe-derived compounds, some of which were antibiotics from
Streptomyces. Pyridoxal phosphate is a stress-responding vitamer of vitamin B6 that may
regulate leaf physiology, such as sodium contents. Other upregulated plant-derived com-
pounds may function to ward off herbivorous animals, such as larvae of the pale grass blue
butterfly. DHAP(10:0) is unique in that it was downregulated at the low-level radiation.
DHAP(10:0) is a derivative of DHAP, which can produce vitamin B6 and stress signaling
molecules. Microbe-derived compounds may also contribute to the stress response of the
plant. Together, the contributions of these compounds (and their related microbes such
as Streptomyces) to the radiation stress response should be investigated in the future and
may demonstrate the importance of ecological field effects in understanding the biolog-
ical impacts of the Fukushima nuclear accident. Other types of field effects [38,115–117]
should also be investigated to understand the whole picture of the biological effects of the
Fukushima nuclear accident.
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Abstract: We compare the specific activities of 137Cs and 40K in stipes and caps of three different
common mushroom species (Xerocomus badius, Russula ochroleuca and Armillariella mellea) measured
at the Czech Chernobyl hot spot in the Opava area (Silesia) and at a low-exposed site at the Beskydy
mountains in 2011. The highest values of 137Cs were found in caps of Xerocomus badius and Russula
ochroleuca in the Opava area (11.8 and 8.77 kBq/kg, respectively). The source of 137Cs was verified
by the measurement of the 134Cs/137Cs ratio. Based on our results, we estimate an effective dose
per year due to radiocaesium intake in the two investigated areas for Xerocomus badius, one of the
most popular edible mushrooms in the Czech Republic. In 2011, the effective dose reached the
maximum value of 0.102 mSv in the Opava area and 0.004 mSv at the low-exposed site at the Beskydy
mountains. Therefore, it does not represent a significant risk for public health.

Keywords: radiocaesium; mushrooms; Chernobyl accident

1. Introduction

Wild fungi and their fruiting bodies—so-called mushrooms—tend to accumulate
radiocaesium that represents a problematic environmental issue particularly due to a
relatively long half-life, emission of gamma radiation and high risk of incorporation into
living organisms [1–4]. This effect has already been examined closely over decades after
pollution events [2,5]. Due to the impact of nuclear weapon tests, the Chernobyl accident in
1986 [4,6,7] and the Fukushima accident in 2011 [8], soils around the globe are contaminated
by radiocaesium [9].

The soil-to-fungi transfer causes the accumulation of larger amounts of 137Cs in wild
mushrooms depending on type of soil and its surface activity of radiocaesium [10–14].
Wild edible mushrooms in Czech forest ecosystems are commonly picked and eaten by
dwellers, which represents a risk of receiving additional effective doses by ingesting higher
levels of 137Cs than recommended by IAEA [15].

The IAEA recommendation suggests the generic action level for 137Cs of 1 kBq/kg.
If the specific activity exceeds the level, an action of some sort should be taken. Simulta-
neously, the IAEA recommendation states that classes of food that are consumed in small
quantities, e.g., less than 10 kg per person per year, which represent a very small fraction
of the total diet and would make very small additions to individual exposures, may have
action levels ten-times higher than those for major foodstuffs.

Measurements of 137Cs specific activity in different parts of mushrooms (caps and
stipes—in some cases gills and pores) have been carried out at particular areas in the
Slovak Republic [16], in Poland [1,17,18], in Austria [19] and in southern Germany [20].
The studies [21,22] dealt with this issue in the Czech Republic. All these countries have been
affected by a radioactive cloud from Chernobyl. Mountain areas are susceptible to rainfalls
that are able to release particulates from radioactive clouds into a forest environment [23].

Life 2021, 11, 1370. https://doi.org/10.3390/life11121370 https://www.mdpi.com/journal/life73



Life 2021, 11, 1370

The measured specific activities greatly depend on the amount of precipitations that
were absorbed by soil. This effect created high- and low-level Chernobyl exposure sites
across the country.

Mushrooms are characterized by a high ability to accumulate radiocaesium and work
well as bioindicators of radioactivity in nature [24]. The reason lies within their structure,
which consists of gentle fibres. The genetic constitution of mushrooms differs from green
plants that absorb caesium less efficiently than its nutrient element, potassium. The so-
called Cs/K discriminator factor (DF) at mushrooms indicates the transportation efficiency
of these elements within the mushroom structure, e.g., from stipe to cap [16,17,25–30].

The aim of our paper is to compare specific activities of 137Cs in mushrooms from
two areas in the eastern part of the Czech Republic with different total precipitation
amounts from the radioactive Chernobyl cloud that passed the areas on 30 April/1 May
1986. In the Opava region (Silesia) the total precipitation amount exceeded 15 mm, while
in the Ostravice river valley in the Beskydy mountains, it was lower than 0.5 mm [6]. This
resulted in a different initial surface activity in both areas.

The Chernobyl hot spot in the Opava region has not yet been examined in terms of
the content of 137Cs in mushrooms in spite of the fact that the fallout from the radioactive
cloud from the Chernobyl accident was one of the largest in the Czech Republic. Activity
levels of 137Cs reached up to 52 kBq/m2 in soil samples [6]. We also tested a possibility to
determine both 137Cs and 40K activity in caps and stipes for small samples (masses around
1 g and less) using a low-background well HPGe spectrometer.

Different parts of the fruitbody (caps and stipes) of the collected specimens (Xeroco-
mus badius, Russula ochroleuca and Armillariella mellea) were analysed. The species Xeroco-
mus badius was chosen as a commonly used reference edible mushroom for its high ability
to accumulate radiocaesium [1], and a potential radiation risk due to high consumption of
this species was determined.

2. Materials and Methods

In October and November 2011, fruiting bodies of three commonly used reference
edible mushrooms (Xerocomus badius, Russula ochroleuca and Armillariella mellea) were
collected from a square area of approximately 2.6 km2 in the Opava area (GPS coordinates
of the centre of the area: 49◦52′26.432′′ N, 18◦0′30.972′′ E) and from a similar square area in
the Ostravice river valley in the Beskydy mountains (GPS coordinates of the centre of the
area: 49◦30′0.825′′ N, 18◦26′48.283′′ E).

The Chernobyl hot spot area in the Opava region where the collecting of mushrooms
took place is located on a geological bedrock consisting of paleozoic predominantly sedi-
mentary rocks (shale, greywacke, quartzite and limestone) whereas the geological bedrock
in the Ostravice river valley consists of mezozoic sedimentary rocks (sandstone and shale).
In the Opava region, sandy-loam brown soils prevail, while, in the Ostravice river valley,
acid loam brown soils dominate.

In Figure 1 the precipitation in mm at the area of the former Czechoslovakia is depicted
in the time span of 24 h on 30 April/1 May 1986, shortly after the Chernobyl accident.
During that time, the radioactive cloud from the Chernobyl accident crossed the former
Czechoslovakian border at the Opava region. It is clear that most of the precipitation fell
on this area. In Figure 2 surface activities of 137Cs in the soil measured after the Chernobyl
accident are presented.

As a consequence of high precipitation, the initial values of surface activities in the
Opava region measured on 17 June 1986 [31], exceeded 10 kBq/m2 and spanned the interval
from 23 kBq/m2 to 52 kBq/m2; whereas, in the Ostravice river valley, only 0.59 kBq/m2

were obtained, i.e., at least a 40-times lower value. It is interesting to point out that the
Ostravice river valley (Staré Hamry) belongs to the network of localities where mushrooms
are regularly checked for their 137Cs content by the National Radiation Protection Institute
of the Czech Republic, while the hot spot area at the Opava region is not checked [32].
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Figure 1. Precipitation in mm that fell on the area of the former Czechoslovakia in the time span
from 30.4.1986 7AM CET to 1.5.1986 7AM CET shortly after the Chernobyl accident [6]. The red dot
represents the hot spot in the Opava region, whereas the blue dot represents the second investigated
area in the Ostravice river valley.

Figure 2. Distribution of the 137Cs surface activity on the area of the former Czechoslovakia after the
Chernobyl accident in 1986 [6]. The red dot represents the hot spot in the Opava region whereas the
blue dot represents the second investigated area in the Ostravice river valley.

The collected mushrooms were cleaned, divided into caps and stipes and then sliced
and dried for 4 days in air. After 4 days, they were dried in a laboratory dryer for 22 h at
105 ◦C. The individual parts of the fruiting bodies were chopped in a blender and filled into
3 mL plastic vials that fit the well of a 30% relative efficiency low-background well-type
HPGe spectrometer (GWD-3023, Baltic Scientific Instruments, Riga, Latvia).

The well detector dimensions were 16 mm in diameter and 50 mm in depth. The ultra-
low background cryostat was made from ultra pure Al (5N5 AlSi 1%), OFE-OK electrolytic
copper and its uranium and thorium content is less than 1 ppb. The detector was placed in
a 10 cm lead shielding with an 8 mm radiopure copper liner. Activity of natural occurring
radionuclides in the 2 cm inner chamber of the lead shielding was less than 5 Bq/kg.

The detector operates in a shallow underground laboratory at VŠB-Technical Univer-
sity of Ostrava, Czech Republic, at about 4 meters below the ground level. The resulting
gamma background represents 0.0023 and 0.0029 cps in the regions of interest of 661.66 keV
137Cs and 1460.82 keV 40K gamma peaks, respectively.

As heights of the mushroom samples in the 3 mL vials differ and span the interval
from 8 mm to 16 mm, the efficiency calibration for the 137Cs 661.66 keV gamma line was
performed for four different heights of a standard 137Cs solution provided by Eurostandard,
Czech Republic (4.3, 8.5, 12.7 and 17.0 mm). The efficiency curve for the GWD-3023
spectrometer as a function of the sample height was approximated by a quadratic function
fitting the measured values obtained for the standard solutions thus enabled to determine
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the efficiency for an arbitrary sample height (see Figure 3). The resulting relative standard
uncertainty of the efficiency introduced by the fitting procedure is less than 0.07%.

A similar procedure was applied to the efficiency calibration for the 40K 1460.82 keV
gamma peak. Here, three samples of a powder 99.5% pure KCl provided by Penta, Czech
Republic, of different heights were prepared (8.8, 15.3 and 20.6 mm), and the efficiency
curve was approximated by a linear function (see Figure 3). The resulting relative standard
uncertainty of the efficiency introduced by the fitting procedure is less than 1.2%.
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Figure 3. Efficiency calibration curves for different sample heights in the 3 mL vials for 137Cs (left) and for 40K (right) for
the low-background well-type HPGe spectrometer GWD-3023.

In addition to 137Cs, there exists another radiocaesium isotope in nature, 134Cs. The ac-
tivity of 134Cs can be calculated from the 604.72 keV peak. The specific activity ratio of 134Cs
and 137Cs, a134/a137, can help to track the source of radiocaesium. Taking into account dif-
ferent half-lives of 137Cs and 134Cs, T137 = 30.08(9) year [33] and T134 = 2.0652(4) year [34],
respectively, we can calculate the initial ratio of the specific activities of 134Cs and 137Cs,
a1340 /a1370 , for April 1986 (the Chernobyl accident) under the assumption that all radiocae-
sium has the Chernobyl origin:

a1340 /a1370 = a134/a137 × exp [ln 2 × t(1/T134 − 1/T137)] , (1)

where t is the time between the initial deposition and measurement. If the assumption
is correct a1340 /a1370 should coincide (within the error bars) with the reported Chernobyl
experimental values 0.5–0.6 [35,36] and also with the value (a1340 /a1370)exp = 0.515(15)
calculated from the ratios of the surface activities of 134Cs and 137Cs in the Opava region
measured on 17 June 1986 [31].

If the ratio obtained from Equation (1) is higher than the reported Chernobyl initial
experimental value, this indicates an additional post-Chernobyl radiocaesium source; if it
is lower, a pre-Chernobyl radiocaesium source plays a non-negligible role. This is the case
of the second investigated area at the Ostravice river valley where the initial ratio of the
surface activities of 134Cs and 137Cs measured on 17 June 1986 equals 0.22 [31]. Therefore,
to analyse suspected additional non-Chernobyl sources of radiocaesium, it is useful to
define a radiocaesium enhancement factor Fenh:

Fenh =
a1340 /a1370

(a1340 /a1370)exp
(2)

To determine the ratio a134/a137, a large amount of material is necessary in order
to detect 134Cs after more than 20 years after the Chernobyl accident. The samples of
Xerocomus badius containing both caps and stipes from the Chernobyl hot spot in the Opava
area collected in October and November 2011 and in October 2012 underwent the same
procedure as the small samples and finally were placed into a Marinelli beaker (volume
450 mL) and measured on the top of a 30% relative efficiency coaxial HPGe spectrometer
(GC-3018, Canberra).
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The detector was shielded by a massive shielding (100 mm Pb + 1 mm Cd + 1 mm Cu).
The efficiency curve for the GC-3018 HPGe spectrometer in the Marinelli geometry was
obtained from the MBSS2 standard containing isotopes 241Am, 109Cd, 57Co, 139Ce, 203Hg,
113Sn, 85Sr, 137Cs, 88Y and 60Co provided by Eurostandard, Czech Republic (see Figure 4).
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Figure 4. Efficiency calibration curve for the 30% relative efficiency coaxial HPGe spectrometer
GC-3018 in the Marinelli geometry.

The effect of selfabsorption was estimated for the GC-3018 HPGe spectrometer and
the 3 mL vials and was found to represent less than 4% for 137Cs and less than 2% for 40K.
Spectra of the samples were collected with and without calibration point sources provided
by Eurostandard, Czech Republic, which were placed separately above each sample.

A 137Cs point source was used to determine the selfabsorption for the 661.66 keV
gamma line and the gamma line of 1408.01 keV from a 152Eu point source was used to
estimate the effect for the 1460.82 keV 40K gamma line. The selfabsorption effect for the
well-type HPGe spectrometer decreases rapidly due to geometry of the well.

To estimate a committed effective dose E caused by the consumption of mushrooms
containing a higher amount of 137Cs, the following formula can be applied [37]:

E = m × a137f × h137 , (3)

where m is the annual intake of fresh mushrooms (kg per person), a137f the 137Cs specific
activity of fresh mushrooms (Bq/kg), and h137 stands for the conversion factor for ingestion
intake of 137Cs (1.3 × 10−8 Sv/Bq) [38].

3. Results and Discussion

Spectra of the samples in the 3 mL vials were measured in October 2016 using the low-
background GWD-3023 HPGe spectrometer. Measurement times spanned the interval from
3.5 to 87 h. The obtained specific activities of 137Cs and 40K, recalculated for 1 November
2011 (middle of the collection period), are presented in Table 1. It is clearly seen that the
specific activities of 137Cs are higher in the Opava region, while the specific activities of 40K
are almost the same in both investigated areas.

A slightly higher level of both 137Cs and 40K is observed in the caps with an exception
of Armillariella mellea in the Ostravice river valley for 137Cs. The highest values of the
specific activity in Table 1 are close to the mean values for fruiting bodies of fungi in the
Opole Anomaly collected in 2019 [39]. The Opole Anomaly is well known for extreme
levels of 137Cs in Poland (surface activity exceeded 50 kBq/m2 in 1986) [40]. The Opole
Anomaly is quite close to the Opava region investigated in this study.
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Table 2 compares the ratios of the specific activities in caps and stipes in the two
investigated localities. One can see that both Russula ochroleuca and Xerocomus badius are
highly sensitive to the 137Cs soil content whereas caps of Armillariella mellea are about seven
to eight times less sensitive, and its stipes are even 10- to 17-times less sensitive. Similar
results were reported, e.g., in [16].

Table 1. Specific activities of 137Cs and 40K, a137 and a40, for caps and stipes of the investigated dried mushrooms at the
two localities and their ratio. Ratios of specific activities a137 and a40 in caps and stipes, R137 and R40, are also displayed.
Calculated standard uncertainties are shown in parentheses.

Locality Species Part a137(Bq/kg) a40(Bq/kg) a137/a40 R137 R40

Opava area Russula ochroleuca cap 8772(89) 1123(59) 7.81(42) 2.199(43) 1.15(11)
stipe 3990(67) 975(76) 4.09(33)

Xerocomus badius cap 11,810(160) 1250(160) 9.4(12) 1.132(22) 1.23(18)
stipe 10,430(150) 1017(75) 10.26(77)

Armillariella mellea cap 217.0(62) 1717(82) 0.1264(70) 2.129(98) 1.115(70)
stipe 101.9(37) 1541(63) 0.0662(36)

Ostravice area Russula ochroleuca cap 406.8(69) 1078(47) 0.377(18) 1.626(54) 1.119(95)
stipe 250.2(7.2) 963(70) 0.260(21)

Xerocomus badius cap 428.7(91) 1005(63) 0.427(28) 1.075(35) 1.27(14)
stipe 398.8(97) 789(67) 0.505(45)

Armillariella mellea cap 62.8(18) 1687(44) 0.0372(14) 0.962(40) 1.299(53)
stipe 65.2(20) 1299(40) 0.0502(21)

Table 2. Ratios of the specific activities a137 and a40 for caps and stipes in the investigated areas.
Standard uncertainties are shown in parentheses.

Part Species a137Opava
/a137Ostravice

a40Opava
/a40Ostravice

Cap Russula ochroleuca 21.56(43) 1.042(70)
Xerocomus badius 27.54(69) 1.25 (18)
Armillariella mellea 3.46(14) 1.018(56)

Stipe Russula ochroleuca 15.95(53) 1.01(11)
Xerocomus badius 26.15(74) 1.29(15)
Armillariella mellea 1.563(73) 1.186(61)

To estimate the strength of the linear relationship between the ratios of the specific
activities of 137Cs and 40K (in Table 1 in the column a137/a40) for stipes and caps in both
areas, a Pearson correlation test was applied. The Pearson correlation coefficient was
equal to 0.93 and the p-value was less than 0.01 (p = 0.0074) indicating a strong linear
relationship between the ratios of the specific activities in agreement with [1], which
supports the hypothesis that the transport of 137Cs from stipe to cap depends directly on
40K concentration for all three investigated species.

A mixed sample of the total dry weight of 29.591(15) g containing both caps and stipes
of Xerocomus badius collected in October and November 2011 from the Chernobyl hot spot
(Opava region) was measured in the Marinelli geometry in April 2012. The measurement
time comprised 654,037 s. We found that the 137Cs specific activity a137 = 9400(200) Bq/kg
is compatible with our results obtained from the measurement of the small samples of
Xerocomus badius caps and stipes in the Opava region. The obtained 134Cs specific activity
a134 equalled 2.27(57) Bq/kg.

In October 2012, we collected caps of Xerocomus badius from the same place in the
Opava region that underwent the same procedure as the previous sample and measured
them for a longer time of 1,800,000 s. The initial ratios of the specific activities of 134Cs
and 137Cs calculated from Equation (1) for both samples for April 1986 are summarized
in Table 3 and compared to the initial reported Chernobyl experimental values in the
Opava region.
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The slightly higher values of the radiocaesium enhancement factor Fenh may indicate
an additional contribution from the Fukushima accident in March 2011, but the final
conclusion cannot be drawn because Fenh does not exceed 1 by more than 2σ.

Table 3. Initial ratios of a1340 /a1370 calculated from Equation (1) for two samples of Xerocomus
badius from the Opava region and the radiocaesium enhancement factors Fenh calculated from
Equation (2) for the experimental initial ratio in the Opava region, (a1340 /a1370 )exp = 0.515(15).
Standard uncertainties are shown in parentheses.

Sample Collection a1340
/a1370

Fenh

October–November 2011 0.75(23) 1.46(45)
October 2012 0.74(17) 1.44(34)

The highest value of the 137Cs specific activity was observed for the species of Xeroco-
mus badius (see Table 1) collected in the Opava region. Supposing the moisture content of
mushrooms to be at 90% [17], the specific activity of the whole fresh mushroom is, in this
case, at the value of 1119 Bq/kg, which already exceeds the limit in foodstuff recommended
by IAEA (1000 Bq/kg fresh weight) [15].

The share of the 137Cs in the annual committed effective dose has been significantly
increasing since the Chernobyl accident [41], and thus it is important to focus on mushroom
consumers with special dietary habits.

The mean consumption of mushrooms calculated for the period 1986–2014 was 1.7 kg
per year for the general population in the Czech Republic [41]. The annual consumption of
wild mushrooms by dwellers has been estimated by Šišák [42] to be 7 kg per person. Based
on Equation (3) the annual committed effective dose E for Xerocomus badius for dwellers
equalled 0.102 mSv in the Opava region in 2011.

In the second examined location (the Ostravice river valley), the specific activity of
137Cs for the whole fresh mushroom a137 = 41.5 Bq/kg resulted in the annual committed
effective dose of E = 0.004 mSv for dwellers. Therefore, the radiation risk in the Opava
region is about 26 times higher. If we take into account a 50% decrease of the 137Cs activity
due to cooking reported in [41], the annual committed effective dose becomes even lower.

4. Conclusions

The highest levels of 137Cs were found in caps of the species Xerocomus badius and
Russula ochroleuca in the Opava region (11.8 kBq/kg and 8.77 kBq/kg, respectively). Armil-
lariella mellea shows very low accumulation of radiocaesium in both locations. Furthermore,
the dominant Chernobyl origin of radiocaesium at the hot spot in the Opava region was
confirmed by means of the 134Cs/137Cs activity ratio. The linear relationship between the
ratios of specific activities of 137Cs and 40K for stipes and caps was validated as well.

The potential risk from the consumption of Xerocomus badius in the Opava region
is about 26-times higher than in the Ostravice river valley and represented the annual
committed effective dose of 0.102 mSv at maximum in 2011. We also showed that the
low-background well HPGe detector GWD-3023 equipped with ultra-low background
shielding can be efficiently used for routine investigation of the 137Cs content in small
mushroom samples with a dry weight of less than 1 g and a volume lower than 2–3 mL,
which fit in the detector well.
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Abstract: Radon is a major cause of lung cancer (LC) deaths among non-smokers worldwide. How-
ever, no serum biomarker for screening of LC risk in high residential radon (HRR) areas is available.
Therefore, the aim of this study was to determine diagnostic values of serum carcinoembryonic
antigen (CEA), cytokeratin 19 fragment (Cyfra21-1), human epididymis protein 4 (HE4), interleukin 8
(IL-8), migration inhibitory factor (MIF), tumor nuclear factor-alpha (TNF-α) and vascular endothelial
growth factors (VEGF) occurring in high radon areas. Seventy-five LC non-smoker patients and
seventy-five healthy controls (HC) were enrolled in this study. Among the HC groups, twenty-five
HC were low residential radon (LRR) and fifty HC were HRR. Significantly higher (p < 0.0004) serum
levels of CEA, Cyfra21-1, IL-8 and VEGF were found in the LC compared with the LRR and HRR
groups. More importantly, significantly higher levels (p < 0.009) of serum CEA, Cyfra21-1 and IL-8
were observed in HRR compared with the LRR group. Likewise, a ROC curve demonstrated that
serum CEA and Cyfra21-1 could better distinguish LC risk from HRR groups than IL-8. These results
indicated that serum CEA and Cyfra21-1 were significantly increased in the HRR group and may be
considered as potential biomarkers for individuals at high-risk to develop LC.

Keywords: radon; serum biomarker; lung cancer; CEA; Cyfra21-1

1. Introduction

Lung cancers (LC) are the most aggressive malignant solid tumor causes of cancer-
related deaths for both men and women worldwide. Approximately 15–20% of LCs are
small cell lung cancers (SCLCs) and other 80–85% of LC are non-small cell lung cancer
(NSCLCs). NSCLC can be subdivided into three histological subtypes, namely squamous
cell carcinoma, adenocarcinoma and large-cell carcinoma. The treatment of LC includes
surgery, chemotherapy and radiation therapy [1,2]. LC progresses quietly and the majority
of LC patients are typically diagnosed at an advanced or late stage, with only 15% of
LC patients begin diagnosed at an early stage [3]. The median survival of LC patients
after treatment is only about 1 year (or less) and the 5-year survival rate is approximately
20% [1]. Over 70% of LC patients are diagnosed in advanced stages because there remains
no practical way to identify high-risk individuals. Thus, detection of LC at an early stage
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could help to improve the survival, prediction of prognosis and treatment outcome of
LC patients.

In Chiang Mai province, in upper northern Thailand, LC is the second most common
cancer in both men and women, according to the World Health Organization (WHO)
Report in 2020 [4]. The main factors identified as responsible for increased LC incidence
rate were demographic characteristics, tobacco smoke, secondhand smoke, environmental
exposure and indoor radon exposure [5–7]. It is considered that 3–20% of all LC deaths
worldwide are attributable to indoor radon [8]. Radon (222Rn) is a radioactive noble gas
from the decay product of uranium-238 (238U). It has a half-life of 3.82 days and possesses
the capacity of damaging respiratory epithelium cells through the emission of an alpha
particle (high linear energy transfer radiation). Radon is present in rock, soil, groundwater,
natural gas, and building materials found in dwellings [8,9]. Residential radon exposure
depends not only on factors related to housing, but also on the geological structures, the
ventilation of radon in air and environmental conditions [10]. According to the WHO,
exposure to high levels of radon for a long period of time is the second most common risk
factor for LC after tobacco smoke and the major risk factor for LC in non-smokers [8,9].
In addition, the latency of LC is between 5 and 25 years for indoor radon exposure [11].
Thus, long-term exposure to radon and its decay products within dwellings could play an
important role in LC risk during a lifetime of exposure in both non-smokers and smokers.

In our previous study, the concentration of indoor radon in Chiang Mai province
(57 Bq/m3) was considerably higher than the worldwide average value of 39 Bq/m3.
Within the district of San Pa Tong, the indoor radon activity concentration reached 219 Bq/m3,
exceeding the WHO reference level of 100 Bq/m3 [8]. The annual effective dose was found
to be 5.5 mSv, a value higher than the global average of 1 mSv [12]. Therefore, the identi-
fication of a useful biomarker for screening the early-stage LC in high residential radon
exposure is particularly important for improving LC prognosis and treatment outcomes in
Chiang Mai province.

To date, serum biomarkers represent the non-invasive blood test for the screening of
LC. Several serum tumor markers for LC have been studied extensively, such as carcinoem-
bryonic antigen (CEA), cytokeratin 19 fragment (Cyfra21-1), human epididymis protein 4
(HE4), interleukin 8 (IL-8), migration inhibitory factor (MIF), tumor nuclear factor-alpha
(TNF-α) and vascular endothelial growth factor (VEGF) [2,13–18]. However, there is cur-
rently no serum biomarker specifically for the detection of LC risk in environmentally
high radon areas. Therefore, it is crucial to explore potential serum biomarkers that can
detect the diagnosis of LC induced by high radon exposure. In this study, we investigated
the serum levels of CEA, Cyfra21-1, HE4, IL-8, MIF, TNF-α and VEGF in LC patients and
residential radon exposure, and we evaluated the diagnostic ability of those serum for LC
risk in high radon areas.

2. Materials and Method

2.1. Study Area

Thailand is a country located in the middle of mainland south-east Asia (Figure 1a).
It has a total area of 198,120 square miles with a population of 68 million people [19]. It
is bounded to the north by Myanmar and Laos, to the west with the Andaman Sea and
Myanmar, to the east by Cambodia and Laos, and to the south by the Gulf of Thailand and
Malaysia. Thailand has 77 provinces that are further divided into six geographical regions
—Northern, Northeast, Central, Eastern, Western and Southern Thailand—based on natural
features: Thailand has a tropical climate, characterized by monsoons [20]. Chiang Mai
is the largest city in the upper northern region of Thailand. It is located on the Ping
River and surrounded by the mountain ranges of the Thai highlands whose geological
and geochemical characteristics increase the levels of natural background radiation from
sources such as radon. The city is subdivided into 25 districts. The Hang Dong, Muang,
Saraphi and San Pha Tong districts of Chiang Mai were selected as the study area based
on the higher mortality rate of lung cancer in upper northern Thailand than in other
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areas [5,6]. Based on our previous study, the radon levels in the study area are divided
into three groups (Figure 1b): “low” (<44 Bq/m3), “moderate” (44–70 Bq/m3) and “high”
(>70 Bq/m3) based on indoor radon concentration in the dwellings [12].

Figure 1. Geological map of Thailand. (a) Map of Thailand; (b) The study area location in Chiang Mai. Geological map of
Thailand obtained from the Nations Online Project (Available online: https://www.nationsonline.org/oneworld/map/
thailand_map.htm (accessed on 15 September 2021).

2.2. Study Design

The transitional study was conducted on selected individuals in the following Chiang
Mai districts: Hang Dong, Muang, Saraphi and San Pha Tong (Figure 1b). A total of 150 non-
smokers was examined including 75 LC patients (38 males and 37 females), aged from 38
to 87 years, with the median age of 60.3 ± 10.8 years, and 75 healthy controls (HC, 38 males
and 37 females), aged from 37 to 86 years, with the median age of 59.6 ± 8.3 years (Table 1).
The recruitment period of LC patients took place at Maharaj Nakon Chiang Mai University
Hospital and Saraphi Hospital, in Chiang Mai between 2016 and 2020 All LC patients
were diagnosed as NSCLC and non-smokers or former smokers (never smoked or stopped
smoking for more than 15 years). Then, we randomly selected HC groups that comprised 25
low residential radon or LRR areas (15 males and 10 females) and 50 high residential radon
or HRR areas (23 males and 27 females), who had lived in during the past 10 years (or more)
in the measured dwellings. All HC groups were individuals without a past history of cancer,
minor surgery and non-smokers (never smoked or less than 100 cigarettes smoked in his or
her lifetime). Participants were interviewed by trained interviewers using a questionnaire
that collected information on possible confounding factors (such as smoking status, lifestyle,
environmental tobacco smoke, occupational/environmental/medical exposure to radiation
and alcohol consumption).
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Table 1. Characteristics of lung cancer (LC) patients and healthy controls (HC).

Characteristics. LC (n = 75)
HC

LRR (n = 25) HRR (n = 50) Total (n = 75)

Age in years, mean (SD) 60.3 (10.8) 61.2 (7.1) 58.8 (8.8) 59.6.(8.3)
Gender

Male 38 15 23 38
Female 37 10 27 37

2.3. Sample Collection

A 10 mL of blood samples were collected from both LC and HC groups in a serum-
separating sterile tubes. The samples were then centrifuged at 3000× g for 10 min at 4 ◦C
and stored at −80 ◦C for further analysis.

2.4. Biochemical Analyses

The serum levels of Cyfra21-1, CEA, HE4, IL-8, MIF, TNF-α and VEGF were performed
using a Milliplex map kit assay (Millipore, Billerica, MA, USA) according to the manu-
facturer’s instructions [21]. All samples were analyzed in duplicate with the xPONENT
software (Luminex) and expressed in picograms (pg) per milliliter (mL). The intra-assay
and inter-assay variabilities were ≤5%.

2.5. Statistical Analysis

The statistical analyses were performed with the software Sigma Plot 10 (Systat
Software Inc, San Jose, CA USA). The values of serum (CEA, Cyfra21-1, HE4, IL-8, MIF,
TNF-α and VEGF) were summarized as mean ± SD. The significance between the two
groups were evaluated by Mann-Whitney U test. To determine the diagnostic value of
these analyses, the receiver operating characteristic (ROC) curve was plotted and relevant
results including the area under the curve (AUC) combined with sensitivity and specificity
were estimated. A p values < 0.05 were considered as statistically significant.

3. Results

3.1. Characteristics of LC and HC Groups

Overall, 75 LC patients and 75 from the HC groups were enrolled in this study. Among
the HC groups, 25 individuals (33.3%) were from LRR areas and 50 (66.7%) were from HRR
areas. All subjects were non-smokers and all LC patients were diagnosed as NSCLC. There
were no statistically significant differences between the two groups in the age (p = 0.65) or
gender. The median age of LC groups at diagnosis was 60.3 ± 10.8 years. In the HC groups,
the median age was 59.6 ± 8.3 years. Thirty-eight (50.7%) were males and thirty-seven
(49.3%) were females in both LC and HC groups. The detailed information is shown
in Table 1.

3.2. Levels of Serum Analytes in LC and HC Groups

The serum levels of CEA, Cyfra21-1, HE4, IL-8, MIF, TNF-α and VEGF in LC and
HC groups were presented in Figure 2. The levels of serum CEA, Cyfra21-1, IL-8 and
VEGF were significantly significant differences (p < 0.0001) between LC and HC groups
(Figure 2a,b,d,g). However, no significant differences (p > 0.05) were observed in serum
HE4, MIF and TNF-α levels between LC and HC groups (Figure 2c,e,f). These results
illustrate that serum CEA, Cyfra21-1, IL-8 and VEGF are potential biomarkers for detection
of LC risk in HC groups as well as residential radon exposure.
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Figure 2. Levels of serum in lung cancer (LC) patients and healthy controls (HC). (a) CEA; (b) Cyfra21-1; (c) HE4; (d) IL-8;
(e) MIF; (f) TNF-α; (g) VEGF.

3.3. Levels of Serum Analytes in LC, LRR and HRR Groups

To further verify the potential serum biomarker for screening LC risk in high radon
areas, the HC groups were divided into LRR and HRR groups according to the radon
concentration in their dwellings. As shown in Figure 3, significantly higher (p < 0.05) serum
levels of CEA, Cyfra21-1, IL-8 and VEGF were observed for the LC group in a comparison
between LRR and HRR groups. However, there were no statistically significant differences
(p > 0.05) in serum HE4, MIF and TNF-α. Furthermore, the levels of serum CEA, Cyfra21-1
and IL-8 were significantly higher (p < 0.05) in HRR than LRR groups, but there were no
statistically significant differences (p > 0.05) between LRR and HRR groups for serum HE4,
MIF, TNF-α and VEGF. These results indicated that serum CEA, Cyfra21-1 and IL-8 possess
potential ability to distinguish high risk of LC from HC groups.
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Figure 3. Levels of serum in lung cancer (LC) patients, low residential radon (LRR) and high residential radon (HRR).
(a) CEA; (b) Cyfra21-1; (c) HE4; (d) IL-8; (e) MIF; (f) TNF-α; (g) VEGF.

3.4. Diagnostic Ability of Serum Biomarker for LC Risk in High Level Environmental Radon Areas

After having confirmed that serum CEA, Cyfra21-1 and IL-8 could be better biomark-
ers to distinguish between LRR and HRR groups, the predictive power as a screening tool
to distinguish LC risk from HRR groups was then evaluated. For this purpose, the ROC
curves were calculated the diagnostic efficacy of serum CEA, Cyfra21-1 and IL-8 as poten-
tial biomarkers of LC risk in high level environmental radon areas. The area under the ROC
(AUC-ROC) curve, sensitivity, specificity and all cut-off values of serum were determined
using ROC analysis and summarized in Table 2. The AUC-ROC curve for discriminating
LC from HRR groups were 0.782, 0.797 and 0.606 for serum CEA, Cyfra21-1 and IL-8,
respectively, relative to the HRR groups (Figure 4). The comparison of ROC demonstrated
that serum CEA and Cyfra21-1 performed better in identifying LC risk in HRR groups
compared with IL-8. Then, we evaluated the sensitivity and specificity of serum CEA,
Cyfra21-1 and IL-8 levels in LC patients compared to HRR groups. The sensitivity of serum
CEA, Cyfra21-1 and IL-8 were 57.3%, 58.6% and 48% and the specificity were 98%, 94% and
76%. The cut off values of serum CEA Cyfra21-1 and IL-8 were 890.4 pg/mL, 682.5 pg/mL
and 5 pg/mL (Table 2). Based on this result, it seems that serum CEA and Cyfra21-1 were
better diagnostic markers for early detection of LC risk in high radon areas.
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Table 2. The diagnostic sensitivity and specificity of serum CEA, Cyrfra21-1 and IL-8 in LC patients
compared to HRR groups.

Biomarker Sensitivity (%) Specificity (%) AUC

CEA 57.3 98 0.7821
Cyfra21-1 58.6 94 0.7968

IL-8 48 76 0.6063

Figure 4. ROC curves for the diagnosis of LC risk in LC patients compared to HRR groups.

4. Discussion

According to the global cancer statistical analysis, LC is one of the main health
problems worldwide, showing the highest rates of incidence and death and being the
most common cancer among the population in Chiang Mai (Thailand) [1,2,4]. Radon
is the seconding leading cause of LC after tobacco smoking and the major risk to non-
smokers [5–9,11]. In a previous study we demonstrated that the values of indoor radon
concentration in Chiang Mai were considerably higher than the corresponding global
average values (39 Bq/m3), ranging between 35 to 219 Bq/m3, with an average value
of 57 Bq/m3 [12]. It has been considered that the risk of LC development is increased
by 16% per 100 Bq/m3 [8,11]. Since the high risk of developing LC is due to long-term
toxic effects of radon and its decay products in HRR group, early diagnosis is vital for
the prevention, diagnosis and treatment of LC. Our previous study showed that short
telomere length and high level of expression of PARP1, WT1, TRERF1 and NOLOC4
serve as biomarkers to screen populations with high risks of LC in high radon exposure
areas [12,22]. However, neither method is practical for early screening of LC risk for a
large-scale general population. Therefore, finding serum biomarkers as a noninvasive
diagnostic method and more rapid technique would improve the diagnosis and treatment
of LC for a larger population. There appear to have been no previous studies of serum
biomarkers that can be used as LC biomarkers in areas subject to high radon levels.

We evaluated the serum CEA, Cyfra21-1, HE4, IL-8, MIF, TNF-α and VEGF in all
non-smoking LC patients with NSCLC and HC groups. In addition, HC groups were
divided into LRR and HRR groups according to the radon activity concentration recorded
in their dwellings. The results show that serum levels of CEA, Cyfra21-1, IL-8 and VEGF
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in LC patients were significantly higher (p < 0.0001) than in HC groups. This finding is in
agreement with previous studies [13,15,16,23–26]. Further markers such as HE4, MIF and
TNF-α are likely not useful as serum biomarkers for detection of LC within this study. The
reason for this fact may be due to the different clinical stage, histologic type and smoking
status [14,16–18,24]. Furthermore, the results showed that serum CEA, Cyfra21-1, IL-8
and VEGF in LC were higher (p < 0.05) than in the LRR and HRR groups. Interestingly,
significantly higher levels (p < 0.05) of serum CEA, Cyfra21-1 and IL-8 were observed in
HRR compared with LRR groups. This indicates that a high level of serum CEA, Cyfra21-1
and IL-8 in HRR groups may be a better biomarker of LC risk for differentiating between
LRR and HRR groups.

In this study, we also evaluated the diagnostic criteria for predicting LC risk in LC
patients compared to HRR groups based on sensitivity, specificity and ROC for serum
CEA, Cyfra21-1 and IL-8. We found that the respective sensitivity and specificity were as
follows: 57.3% and 98% for CEA; 58.6% and 94% for Cyfra21-1 and 48% and 76% for IL-8.
It appears that serum CEA and Cyfra21-1 levels are more accurate, sensitive and specific
than that of IL-8. These results further indicated that serum CEA and Cyfra21-1 had a
relatively high ability to distinguish LC risk in HRR groups. In addition, the AUC value of
serum CEA and Cyfra21-1 were 0.7821 and 0.7968, respectively, and further confirm the
ability of these serum to have diagnostic value for LC risk in HRR groups. Based on the
findings reported here, this study is the first to establish that serum CEA and Cyfra21-1
were able to select high-risk individuals with LC in high level radon areas, thus having the
potential biomarkers to aid in the early screening and diagnosis of those at high-risk of LC.
However, these serum markers are relatively limited due to their inadequate sensitivity
(~57.3–58.6%). Thus, combined detection of serum CEA, Cyfra21-1 and other markers may
improve the early diagnostic sensitivity and decreased specificity, which can lead to faster
detection of high-risk groups. These will be the purpose of our future study to provide and
improve the evidence for this study.

Nevertheless, a few limitations should be considered when interpreting of research
results of this study. Firstly, only gender, age, histologic type and smoking status were
included in this study, while other factors such as stage of cancer, alcohol consumption,
genetic factors, lung disease, estrogens and occupational/environmental/medical exposure
to radiation were not further studied. Secondly, since the sample size was limited, our
findings may not be generalizable to other populations. Thirdly, due to the limited number
of non-smoking LC patients in the study area, we were not able to divide the group into
LC-LRR and LC-HRR groups. However, the results of previous studies have shown that
the telomere length, protein expression [12,22] were different in LC patients compared
to LRR and HRR groups and similarly our current study also found difference in serum
biomarkers among those groups. Finally, this is a preliminary observational study to
determine serum CEA and Cyfra21-1 as biomarkers for the diagnosis of LC risk in HRR
groups; more longitudinal studies are needed to evaluate and validate the prognostic
values in HRR groups with LC and to confirm these findings.

5. Conclusions

In summary, the results of the current study show that serum levels of CEA, Cyfra21-1,
IL-8 and VEGF were significantly higher in LC patients than residential radon exposure
(LRR and HRR groups). Among those biomarkers, serum CEA and Cyfra21-1 performed
better in identifying LC risk in HRR groups with satisfactory specificity and sensitivity
according to the AUC-ROC. These may be considered as potential serum biomarkers for
indicating individuals at high-risk to develop LC. However, further studies in a larger
population sample using multiple serum markers are necessary to confirm our current data
before serum CEA and Cyfra21-1 can be used clinically as a tumor biomarker for the risk
of high radon exposure-induced LC.
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Abstract: The biological consequences of the Fukushima nuclear accident have been intensively
studied using the pale grass blue butterfly Zizeeria maha and its host plant, the creeping wood sorrel
Oxalis corniculata. Here, we performed metabolomic analyses of Oxalis leaves from Okinawa to
examine the plant metabolites that were upregulated or downregulated in response to low-dose
radiation exposure from Fukushima’s contaminated soil. The cumulative dose of radiation to the
plants was 5.7 mGy (34 μGy/h for 7 days). The GC-MS analysis revealed a systematic tendency of
downregulation among the metabolites, some of which were annotated as caproic acid, nonanoic acid,
azelaic acid, and oleic acid. Others were annotated as fructose, glucose, and citric acid, involved in
the carbohydrate metabolic pathways. Notably, the peak annotated as lauric acid was upregulated. In
contrast, the LC-MS analysis detected many upregulated metabolites, some of which were annotated
as either antioxidants or stress-related chemicals involved in defense pathways. Among them, only
three metabolite peaks had a single annotation, one of which was alfuzosin, an antagonist of the
α1-adrenergic receptor. We conclude that this Oxalis plant responded metabolically to low-dose
radiation exposure from Fukushima’s contaminated soil, which may mediate the ecological “field
effects” of the developmental deterioration of butterflies in Fukushima.

Keywords: metabolome; GC-MS; LC-MS; Fukushima nuclear accident; low-dose radiation exposure;
plant physiology; Oxalis corniculata; radioactive pollution; field effect; alfuzosin

1. Introduction

Radioactive pollution caused by anthropogenic radionuclides has been widespread
worldwide since the middle of the twentieth century. At present, anthropogenic 137Cs can
be detected globally [1–4]. One of the most severe pollution events was the Fukushima
nuclear accident in 2011, which was the second-largest nuclear accident after the Chernobyl
nuclear accident in 1986. The biological impacts of the Fukushima nuclear accident have
been studied in contaminated fields, which have focused on many organisms, including
birds such as the barn swallow and goshawk [5–7], Japanese monkeys [8–10], intertidal
invertebrates [11], gall-forming aphids [12,13], and plants [14–18]. However, to the best of
our knowledge, the most intensively studied species in both field and laboratory experi-
ments is the pale grass blue butterfly Zizeeria maha [19–38]. This small butterfly is popular
in Japan (except for in Hokkaido) and has been established as an excellent field indicator
species for environmental assessments and evolutionary studies [39–41] and as an excellent
model organism in the laboratory for developmental and physiological studies [42–45].
Collectively, these studies have concluded that the butterflies in Fukushima have been
affected both genetically by high-level initial exposure and physiologically by low-level
chronic exposure through “field effects”, even though this butterfly is resistant to low-level
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radiation exposure from ingested 137Cs under experimental conditions; that is, this butterfly
is dosimetrically resistant in the laboratory but vulnerable in the field, possibly due to
ecological interactions.

What kind of ecological interactions in the field does this butterfly species have?
The pale grass blue butterfly likely has relatively simple ecological interactions, because
its life history is simple. Its larvae monophagously eat the leaves of the creeping wood
sorrel Oxalis corniculata [20,21,42]. Adult butterflies fly around this plant and do not
travel over long distances from their original location unless they are blown by a strong
wind [41]. We therefore hypothesized that this host plant may change its biochemical
contents after irradiation stress, even at a low level of exposure, which could then affect
the butterfly larvae [27,31,32,37]. This field effect hypothesis is reasonable, considering
that some plants have shown morphological and gene expression changes in response to
radiation exposure due to the Fukushima nuclear accident [14–18]. Along this line, we
discovered that the sodium content in the leaves of the host plant was inversely correlated
with both the 137Cs radioactivity concentration in the leaves and the ground radiation
dose [38]. Since the sodium deficiency in herbivore animals generally results in serious
pathological consequences, this could be a possible mechanism of the ecological field effect
on these butterflies. However, there may be multiple plant-mediated pathways that affect
the larval physiology.

In this study, we performed metabolomic analyses of irradiated and nonirradiated
Oxalis plants using both GC-MS (gas chromatography-mass spectrometry) and LC-MS
(liquid chromatography-mass spectrometry) analyses to identify candidate metabolites
with changed levels in the leaves upon irradiation. GC-MS can analyze gaseous or volatile
compounds with relatively small molecular weights and relatively high heat resistance,
including carbohydrates, amino acids, organic acids, and fatty acids, whereas LC–MS can
analyze a wide range of compounds that can dissolve in solvents, including aromatic glyco-
sides, terpenoid derivatives, and amino acid derivatives. Many plant primary metabolites
belong to the former group of compounds, whereas many plant secondary metabolites
belong to the latter. In this study, targeted and nontargeted GC-MS analyses were treated
separately, because they detected two different sets of metabolite peaks.

Radiation metabolomics has often been employed to diagnostically or therapeutically
search for relevant biochemicals after exposure to ionizing radiation [46–50]. Metabolomics
was used to investigate metabolite changes in rice seeds [15,18] and calf blood plasma [51]
after the Fukushima nuclear accident. To demonstrate that the creeping wood sorrel
responds to the low dose of radiation that is relevant in the field, we used contaminated
soil collected from Fukushima as the radiation source. For this irradiation experiment, we
used whole plants collected in the field from Okinawa, the least contaminated prefecture
in Japan. In this way, we reproduced in our laboratory (in Okinawa) the possible acute
radioactive environment of this plant in Fukushima immediately after the nuclear accident,
although the present system focused only on external exposure.

2. Materials and Methods

2.1. Plant and Culture Soil

Whole plants of the creeping wood sorrel O. corniculata, including the roots, were
obtained from 3 localities on Okinawa-jima Island, Okinawa Prefecture, Japan: Nishihara
Town (Uehara-Takadai Park), Yomitan Village (near Zakimi Castle Ruin), and Yaese Town
(Kochinda Undo Park) (Figure 1). This plant has color variants, but a typical green variant
was used (Figure 2a). To generate a pair of genetically identical samples, each individual
plant was separated into two batches with the same identification number (1: Yaese, 2:
Nishihara, 3: Yomitan). That is, a pair of two batches were a clone. The clones were potted
individually in cylindrical pots (100 mm in diameter × 150 mm in height) using a package
of commercially available culture soil for flowers and vegetables, Hanasaki Monogatari
(Akimoto Tensanbutsu, Iga, Mie, Japan). This soil was analyzed for its radioactivity
concentration in a way similar to that used for the contaminated soil from Fukushima
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(see below). We detected 2.14 Bq/kg 137Cs (n = 1; measured on 8 August, 2018), but
we considered this amount to be negligible in comparison to the contaminated soil from
Fukushima (see below). The potted plants were grown outside under natural conditions
for approximately 2 weeks until many leaves were produced. The plants were watered
every day before and during irradiation treatment.

Figure 1. Sampling localities. (a) Maps of Japan and Okinawa. Shown are Fukushima Prefecture in orange (left); Fukushima
Dai-ichi Nuclear Power Plant (FDNPP) in the red circle (left); Okinawa Prefecture in blue (left and right); and the 3 sampling
localities (Yomitan Village, Nishihara Town, and Yaese Town) in Okinawa in black circles (right). (b) A landscape of the
sampling site in Nishihara Town. (c) The creeping wood sorrel O. corniculata with its creeping stem just obtained at a
sampling site in Yaese Town.

Figure 2. Irradiation treatment. (a) Typical green variant of Oxalis leaves used in this experiment. Larvae of the pale
grass blue butterflies are also pictured (but the larvae were not irradiated in this experiment). (b) Top-down view of the
irradiation setup. A plant pot was placed at the center, surrounded by 4 packages of contaminated soil as the radiation
sources (circled). (c) Overview of the irradiation room. The irradiation system was set up under horticulture lights on the
right and surrounded by aquarium tanks filled with water. (d) Four dosemeters in a pot (arrowheads). (e) Irradiated and
nonirradiated Oxalis plants before and after treatment.
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2.2. Irradiation Treatment

Plants of the experimental group (irradiated; IR) were treated with external radiation
for 7 days (168.0 h) at room temperature (27 ◦C ± 1 ◦C) (Figure 2b), and plants of the
control group (nonirradiated control; NC) were placed under the same conditions but without
irradiation. To do so, plants were kept under 18 L:6 D-long day conditions using Derlights
horticulture LED light bulbs (40-W equivalence) (Figure 2c). The plants in the irradiation
group were surrounded by 4 transparent plastic square containers (135 mm × 135 mm ×
57 mm) containing contaminated soil, which were then surrounded by a concrete wall, two
walls of several lead blocks (a single block: 100 mm × 200 mm × 50 mm), and aquarium
tanks filled with water (Figure 2b). The water tanks and lead blocks were further aligned
to minimize the radiation exposure of the researchers (Figure 2c). The plants in the
nonirradiated control group were surrounded similarly but without the soil containers.
The irradiation periods for the Nishihara, Yomitan, and Yaese plant samples were 25
September–2 October, 8–15 October, and 18–25 November 2018, respectively.

Contaminated soil as the plant radiation source described above was collected in
Minamisoma City, Fukushima Prefecture on 28 November 2014 after an evacuation order
for that area was partially lifted. Surface soil at a depth of 0–50 mm was collected. The
soil was packed in plastic bags, which were then contained in transparent plastic square
containers, as described before. For evaluation of the cumulative absorbed dose under
these conditions, 4 dosemeters were put in a pot (see below) (Figure 2d).

We confirmed that the plants looked equally healthy before and after treatment; no signs
of leaf necrosis, chlorosis, or other abnormalities were found by visual inspection (Figure 2e).
After the 7-day exposure period, the plant leaves (5–10 g per plant sample) were handpicked
with disposable gloves. Relatively young leaves were preferably collected, and relatively
old ones were excluded, because young leaves are likely preferred by butterfly larvae and
because secondary metabolites may be more abundant in young leaves. The leaf samples
were then washed with Evian bottled natural mineral water (Evian les Bains, France). After
that, the water was completely drained from the leaves. The leaves were then pat-dried and
quickly frozen in liquid nitrogen. The frozen samples were packed with dry ice and sent to
the Kazusa DNA Research Institute, Kisarazu, Chiba, Japan (www.kazusa.or.jp, accessed on
15 September 2021) for GC-MS and LC-MS analyses (see below).

2.3. Cumulative Dose and Dose Rate

To measure the cumulative dose of radiation to the plants, we used a wide-range
glass badge dosemeter for the environment (type code: ES) (60 mm × 28 mm × 16 mm)
from Chiyoda Technol (Tokyo, Japan). This dosemeter is the latest-generation dosemeter,
which takes advantage of radiophotoluminescence (RPL). According to the manufac-
turer’s specifications, this dosemeter can detect X-rays (10 keV–10 MeV), γ-rays (10 keV–
10 MeV), and β-rays (130 keV–3 MeV) and can measure 0.1 mSv–10 Sv of radiation. In
the present study, there was no X-ray source, and the β-rays were probably shielded by
the plastic containers but only to some extent. Thus, we considered that the dosemeters
mainly detected γ-rays, as well as β-rays. We put each dosemeter in a plastic bag for
waterproofing, and four of them were placed in a pot for 7 days (168.0 h) (Figure 2d). Two
new pots were prepared from a plant collected from Nanjo City (Fusozaki Park), Okinawa:
one for irradiation and the other for the nonirradiated control, as explained above. After
7 days (168.0 h) of exposure (16–23 October 2018) under the experimental conditions
above, the dosemeters were sent back to Chiyoda Technol, where image development and
quantification were performed. The outputs were given as dose equivalents at a depth of
70 μm from the human body surface in sieverts (Sv). We assumed that the process of dose
absorption on the surface is similar between humans and Oxalis plants and that Sv values
in humans and Gy values in plants may be interchangeable.
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2.4. Radioactivity Concentration of the Contaminated Soil from Fukushima

The contaminated soil from Fukushima was placed in a cylindrical columnar plastic
vial (15 mm in diameter and 50 mm in height) to make an 8-mm sample height, and its
radioactivity concentration was measured using a Canberra GCW-4023 germanium semicon-
ductor radiation detector (Meriden, CT, USA) until an error rate of less than 2% was reached.
The counting efficiency values for 40K and 137Cs were 7.92% and 16.62%, respectively. The
branching ratios for 40K and 137Cs used here were 10.67% and 85.21%, respectively. The
half-lives of 40K and 137Cs used here were 1.251 × 109 years and 30.17 years, respectively.
Three soil samples were measured, and their outputs were averaged. The measurements were
performed from 9 May to 1 July, 2016. All calculations of the radioactivity concentrations were
set at the first exposure date, 25 September, 2018, for simplicity.

2.5. GC-MS Sample Preparation

The leaf samples were first mixed with methanol to make a 75–80% methanol solution,
which was homogenized using zirconia beads. After centrifugation at 15,000 rpm for
5 min, the supernatants were collected and subjected to a MonoSpin C18 column (GL
Sciences, Tokyo, Japan). The column was pretreated with 100% methanol and centrifuged
at 5000× g for 2 min, and 70% methanol was further added. The column was again
centrifuged at 5000× g for 2 min. The sample was then applied to this pretreated column,
which was then centrifuged at 3000× g for 2 min. The eluted samples were collected and
subsequently treated with nitrogen gas and methoxamine hydrochloride with pyridine
for methoxime derivatization of the compounds and then with MSTFA (N-methyl-N-
(trimethylsilyl)trifluoroacetamide) for trimethylsilyl (TMS) derivatization.

2.6. GC-MS Analysis

The samples were analyzed using a SHIMADZU gas chromatograph quadrupole
mass spectrometer GCMS-QP2010 Ultra (Kyoto, Japan) with a SHIMADZU autosampler
AOC-5000 Plus and an Agilent Technologies DB-5 column (30 m in length, 0.250 mm
in internal diameter, and 1.00 μm in membrane thickness) (Santa Clara, CA, USA). The
electron ionization (EI) method was used to ionize the samples. The following setting
values were employed: chamber temperature, 280 ◦C; oven temperature, 100 ◦C for 4 min
at a rate of 4 ◦C/min, followed by holding at 320 ◦C for 8 min; connection temperature,
280 ◦C; ionization source temperature, 200 ◦C; flow rate, 390 mm/s (1.1 mL/min); scanning
speed, 2000 u/s; mass detection range, 45–600 (m/z); and sample injection volume, 0.5 μL.
An autotuning function was used for machine tuning and validation, in which a standard
calibration sample of PFTBA (perfluorotributylamine) was used for tuning the resolution,
sensitivity, mass calibration, and vacuum. For time adjustment, mixed alkanes C7–C33
were analyzed. An internal standard was not used.

2.7. GC-MS Peak Detection, Alignment, and Annotation

The targeted and nontargeted (untargeted) methods were performed independently.
For the targeted methods, SHIMADZU analysis software GCMSsolution and its associated
GC-MS Metabolite Database ver. 2 were employed for compound annotation and compar-
isons between samples. Peaks were detected in reference to those in the database based
on specific fragment ions and retention times and were annotated based on the following
three points between the peaks detected in the sample and those in the compound library:
similarity in the mass spectral patterns, similarity in the intensity ratios of the specific mass
fragments, and similarity in the retention times. When two or more peaks were annotated
as the same chemical compound, the area values and retention time values of those peaks
were extracted and aligned.

For the nontargeted methods (analysis of all peaks), SpectraWorks MS spectrum data
mining software AnalyzerPro (Runcorn, Cheshire, UK) and SHIMADZU GC-MS peak
alignment software FragmentAlign (www.kazusa.or.jp/komics/software/FragmentAlign,
accessed on 15 September 2021) [52] were employed. Peaks were detected automatically
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by AnalyzerPro based on the peak area, peak width, signal-to-noise ratio, and specific
thresholds. Whether the ions originated from the same chemical compound was examined
by a deconvolution treatment based on the peak retention time and peak shape. When it
was concluded that the ions had an identical origin, they were bundled together. Align-
ments were performed based on the scores (using Pearson product-moment correlation and
cosine similarity) and retention times. Chemical compound annotations were determined
based on the similarity between the mean mass spectrum patterns of the samples and
those of the chemical compound library. The results of both the targeted and nontargeted
methods were compiled in a Microsoft Excel file, “GC-MS_Result Kazusa DNA Institute”
(Supplementary Table S1).

2.8. LC-MS Sample Preparation

The leaf samples were put in methanol (final concentration of 75%), homogenized with
zirconia beads, and centrifuged at 15,000 rpm for 10 min. The supernatant was collected.
Additionally, a MonoSpin C18 column (GL Sciences) was treated with 100% methanol and
centrifuged at 5000× g for 2 min. The column was again treated with 75% methanol and
centrifuged at 5000× g for 2 min. The prepared sample was then applied to the column,
which was centrifuged at 5000× g for 2 min. The eluted solution was collected and filtered
through a 0.2-μm filter. Each sample was analyzed 3 times for reproducibility, and the
results were averaged before the statistical analyses.

2.9. LC-MS Analysis

The samples were analyzed using a SHIMADZU Nexera X2 high-performance liquid
chromatography (HPLC) instrument connected to a Thermo Fisher Scientific Q Exactive
Plus high-resolution mass analyzer (Waltham, MA, USA). An InertSustain AQ-C18 column
(2.1 mm × 150 mm, 3-μm particle size) (GL Sciences) was used as the reversed-phase
HPLC column. A Nexera X2 system was run under the following conditions: column
temperature, 40 ◦C; mobile phase A, 0.1% formic acid in water; mobile phase B, acetonitrile;
flow of mobile phase, 0.2 mL/min; and sample injection volume, 2 μL. The Q Exactive
Plus instrument was run under the following conditions using electrospray ionization
(ESI): measurement time, 3–30 min; measurement range, 80–1200 (m/z); full-scan resolution,
70,000; and MS/MS scan resolution, 17,500. For MS/MS precursor selection, a Data-
Dependent Scan (Top 10) was performed, in which the top 10 precursor ions detected by
the full scan were subjected to MS/MS analysis. The dynamic exclusion was 20 s, in which
the precursor ions that were previously measured were excluded from the MS/MS analysis
to measure as many precursor ions as possible.

An LCMS QC Reference Material (Waters, Milford, MA, USA) containing 9 known
standard chemical compounds with known concentrations was analyzed before and after
the sample analysis to confirm that the retention times and detection sensitivity were set
within acceptable ranges. The maximum ion intensity from each sample was confirmed
to be sufficient for the peak signal detection (108–109 cps). The LCMS QC Reference
Material contained the following compounds: acetaminophen (C8H9NO2) at 152.0712
(10 μg/mL), caffeine (C8H10N4O2) at 195.0882 (1.5 μg/mL), sulphaguanidine (C7H10N4O2S)
at 215.0603 (5 μg/mL), sulfadimethoxine (C12H14N4O4S) at 311.0814 (1 μg/mL), Val-
Tyr-Val (C19H29N3O5) at 380.2185 (2.5 μg/mL), verapamil (C27H38N2O4) at 455.2910
(0.2 μg/mL), terfenadine (C32H41NO2) at 472.3216 (0.2 μg/mL), Leu-enkephalin (C28H37N5
O7) at 556.2771 (2.5 μg/mL), and reserpine (C33H40N2O9) at 609.2812 (0.6 μg/mL).

2.10. LC-MS Peak Detection, Alignment, and Annotation

The LC-MS data obtained above were converted to mzXML format using Prote-
oWizard (http://proteowizard.sourceforge.net, accessed on 15 September 2021). Peak
detection, determination of the ionizing states, and peak alignments were performed au-
tomatically using the data analysis software PowerGetBatch (http://www.kazusa.or.jp/
komics/software/PowerGetBatch/ja, accessed on 15 September 2021) developed by the
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Kazusa DNA Research Institute [53]. Each detected peak was associated with a retention
time, a peak area (intensity), an exact mass, and a MS/MS spectrogram. At this point, a
collection of detected peaks included not only those from compounds within the samples
but, also, those from noise and false positives. This is partly because a single compound is
detected as multiple peaks, depending on the ionization state after ESI. Thus, the ionization
states (adducts) were determined based on differences in the exact masses of the peaks
detected with similar retention times. Each pair of peaks that was consistent with the
known adduct pairs was identified based on the assumption that the basic cation adduct
was [M+H]+ and the basic anion adduct was [M-H]−. When pairing was not possible,
either [M+H]+ or [M-H]− was assigned, because these ions were produced most frequently.
All the detected peaks were aligned using all samples based on their m/z and retention time
values, resulting in a peak intensity matrix. The noise peaks and false-positive peaks were
then eliminated based on the negative controls. The detected peaks were considered valid
when they were reproducibly detected in each of three trials of an identical sample.

Exact mass values of the nonionized compounds calculated from the adducts were
searched against the following chemical mass databases developed by the Kazusa DNA Re-
search Institute: (1) UC2 (http://webs2.kazusa.or.jp/mfsearcher/uc2/, accessed on
15 September 2021) [54], which contains metabolites recorded in the following two databases:
KNApSAcK (http://knapsackfamily.com/KNApSAcK_Family/, accessed on 15 September
2021) [55] and Human Metabolome Database (https://hmdb.ca, accessed on 15 September
2021), (2) a theoretical chemical composition formula database (containing chemically
reasonable compounds and peptides less than molecular weight 1000), and (3) an in-house
database. The database searches were performed using the search program MFSearcher [56]
developed by the Kazusa DNA Research Institute. When the alignments had a compound
that matched its own mass (±1 ppm) from these databases, a chemical composition formula
was assigned. When a matching compound was not found within ±5 ppm of its own mass,
its mass was adjusted by adding ±1 ppm, and a new search was performed.

Valid alignments (peaks) were further examined against the reference material stan-
dards that were analyzed previously under the same conditions at the Kazusa DNA
Research Institute. The reference standards included plant metabolite data that were pro-
vided by the collaborative study between the Kazusa DNA Research Institute and Tokiwa
Phytochemical (Sakura, Chiba, Japan). The mean m/z values and MS/MS spectrograms
of a set of alignments were compared with those of reference material standards. Within
a mean retention time ±1.5 min, the cosine similarity of the MS/MS spectrograms must
be >0.9, and the m/z error must be within ±5 ppm to be considered likely identical. The
LC-MS/MS results were compiled in the Microsoft Excel file “LC-MS_Result Kazusa DNA
Research Institute” (Supplementary Table S2).

2.11. Statistical Analysis of the Peak Area Data

The output peak data of GC-MS were compiled in Microsoft Excel files (Supplementary
Table S3 and S4). The output peak data of LC-MS were also treated similarly (Supplemen-
tary Table S5). The peak area (intensity) data were subjected to statistical analyses using
MetaboAnalyst 5.0 [57–59]. In the process of uploading the data into MetaboAnalyst, the
peak data with a constant or single value across the samples were deleted automatically.
The data were subjected to autoscaling, a mean-centered normalization process divided by
the standard deviation of each sample. However, box plots and graphs related to the t-test
and fold change analysis were made using the original peak area values without normal-
ization to understand the original levels, although the original levels did not necessarily
reflect the levels in the leaf samples in these analyses. During upload, data filtering was
not performed. Sample normalization to adjust for differences among the samples was
not performed.

We performed Student’s t-tests (unpaired and bi-sided) and used p < 0.05 (without
adjustment) as the criterion to consider statistical significance, and the peaks that met this
criterion were examined independently. The statistical contribution of pairs was ignored,
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because MetaboAnalyst cannot perform such calculations when the number of peaks
exceeds 1000, and because we confirmed that the p-values did not change much with or
without pairing. We also performed a fold change analysis and referred to fold change (FC)
values, and peaks with FC > 2.0 for upregulation and FC < −2.0 for downregulation were
considered important. When calculating the FC values, MetaboAnalyst uses the equations
FC = a/c when a > c and FC = −c/a when a < c, where a is an experimental group and
c is a control group. However, we also manually calculated a/c when a < c to examine
the candidate peaks independently. In this case, FC < 0.5 was considered important. A
principal component analysis (PCA) and heat map analysis were performed to obtain
possible relationships among the samples. In the latter, Euclidean distance and the Ward
linkage method were employed for clustering.

2.12. Comparison of the LC-MS/MS Spectrograms for Alfuzosin

To clarify the identity of peak No. 4746, we referred to public LC-MS/MS spectrogram
records of alfuzosin in the Human Metabolome Database (HMDB) ver. 4.0 (https://hmdb.
ca) (accessed on 21 July 2021) [60,61]. Alfuzosin (HMDB0014490) had 10 experimental
[M+H]+ spectrograms available as of July 2021, which were referred to in this study.

3. Results

3.1. Cumulative Dose, Dose Rate, and Radioactivity Concentration

The cumulative absorbed doses after 7 days (168.0 h) from the four dosemeters were
7.1, 4.6, 5.5, and 5.5 mGy, resulting in a value of 5.7 ± 1.0 mGy (mean ± standard deviation).
That is, the dose was on the order of milligrays in this system. The dose rates from
four dosemeters were calculated to be 42, 27, 33, and 33 μGy/h, resulting in a value of
34 ± 6 μGy/h. In contrast, all four dosemeters in the nonirradiated control showed
no detection.

The contaminated soil contained 363.54 ± 11.25 Bq/kg 40K and 1.529 ± 0.013 MBq/kg
137Cs. Since these are the major radionuclides in the soil, and because 137Cs outnumbered
40K, it is likely that the plant mostly received γ-rays and β-rays from anthropogenic 137Cs
from the Fukushima Dai-ichi Nuclear Power Plant.

3.2. GC-MS: Targeted Method

In the targeted GC-MS method, 428 compounds were targeted; the shortest retention
time was 7.444 min (boric acid), and the largest retention time was 62.738 min (cholesterol).
Using six plant samples (three irradiated and three nonirradiated), 61 peaks were detected
in total. To understand the relationships among the six plant samples, we first performed a
principal component analysis (PCA) using the output peak area (intensity) data (Figure 3a).
In the score plot, the nonirradiated samples were scattered, but the irradiated samples were
relatively clustered together, suggesting that these plants might have responded to irradiation
in a stereotypical manner despite genetic differences. However, PC1 and PC2 explained only
33.0% and 28.1% of the variation, respectively. In the loading plot, the 61 peaks were mostly
scattered (Figure 3b).
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Figure 3. PCA results from the targeted GC-MS analysis. (a) Score plot; 95% confidence ranges are colored. IR, irradiated;
NC, nonirradiated. (b) Loading plot; 61 peaks are located in a 2D plane.

A heat map using all 61 peaks revealed some overall trends. All three nonirradiated
samples (NC1, NC2, and NC3) had high levels of peaks at certain locations on the map,
whereas two irradiated samples (IR1 and IR2) had only relatively low levels of peaks
(Figure 4a). All three nonirradiated samples had different patterns, and their corresponding
irradiated samples showed different patterns from those of the nonirradiated samples.
Using the top 25 peaks, the heat map clearly indicated that the irradiated and nonirradiated
groups were differently clustered (Figure 4b). The three irradiated samples were similar to
one another, and the three nonirradiated samples were less similar to one another. Overall,
the nonirradiated samples were more diverse and robust in metabolite levels than the
irradiated samples, at least as determined by the targeted GC-MS method. These results
suggest that the plant responded to irradiation at the metabolome level despite the genetic
differences, probably by slowing down some metabolic pathways, although the response
patterns were not very consistent among the three irradiated plant samples.

Figure 4. Heat maps from the targeted GC-MS analysis. At the top, the irradiated group was indicated by red horizontal
bars, and the nonirradiated control group was indicated by green horizontal bars. (a) Heat map using all 61 peaks. (b) Heat
map using the top 25 peaks.
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To examine the differences in the peak area values between the irradiated and nonir-
radiated groups, we performed t-tests and fold change analyses. We detected four peaks
with significant differences (p < 0.05) (Figure 5a). Similarly, we detected five peaks with
FC > 2.0 or FC < −2.0 (Figure 5b). Notably, most peaks had negative FC values, indicating
that they were mostly downregulated, which was consistent with the heat map results.
It was notable that, in all five cases, the distribution ranges of the peak area values were
much wider in the nonirradiated samples than in the irradiated samples, suggesting a
stereotypical response among the three plants irrespective of the genetic differences. There
were no peaks that satisfied both the t-test and fold change analysis conditions (p < 0.05
and FC > 2.0 or FC < −2.0) (Figure 5c).

Figure 5. Results of the t-test and fold change analysis from the targeted GC-MS analysis between the irradiated and
nonirradiated groups. (a) Distribution of the p-values (Student’s t-test). The threshold was set at p = 0.05. The 4 pink dots
indicate significant peaks. The peak numbers (No. 1–No. 61) here on the horizontal axis do not correspond to the original
peak numbers shown in Figure 6, because the original peak numbers were assigned before elimination of the nonsense
peaks by MetaboAnalyst (also in (b)). (b) Distribution of the FC values. The thresholds were set at FC = 2.0 and FC = −2.0.
The 5 pink dots indicate peaks that were downregulated more than twofold. (c) Volcano plot. No peak satisfied both the
p-value and FC value criteria.

The four peaks with p < 0.05 were annotated as caproic acid (No. 8, p = 0.0022), lauric
acid (No. 175, p = 0.019), nonanoic acid (No. 81, p = 0.021), and 3-aminopropanoic acid (β-
alanine) (No. 30, p = 0.042) (Figure 6a). Among them, only lauric acid was upregulated after
irradiation, and the others were downregulated. Only caproic acid satisfied p < 0.01. The
five peaks with FC < 0.5 (i.e., FC < −2.0) were annotated as azelaic acid, fructose, oleic acid,
glucose, and fructose (two peaks with slightly different retention times were both annotated
as fructose) (Figure 6b). These compounds were all downregulated after irradiation.
The box plots indicated, in a cautionary manner, that their irradiated and nonirradiated
distributions overlapped, except for in the case of azelaic acid. An outstanding single value
for oleic acid in the nonirradiated group likely contributed greatly to FC < 0.5.
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Figure 6. Box plots of the peak area (intensity) values from the targeted GC-MS analysis. The irradiated group (IR) is
indicated by red boxes, and the nonirradiated control group (NC) is indicated by green boxes. The peak numbers are shown
in red when upregulated, and they are shown in green when downregulated. (a) Peaks with significant differences between
the irradiated and nonirradiated groups in the order of low-to-high p-values. There were 4 annotated peaks with p < 0.05
(Student’s t-test). (b) Peaks identified by a fold change analysis between the irradiated and nonirradiated groups in the
order of low-to-high FC values. There were 5 annotated peaks with FC > 2.0 or FC < 0.5. * p < 0.05, ** p < 0.01.

The Oxalis plant is known to contain a large amount of oxalic acid, as implied by the
name. Oxalic acid in the leaves has been proposed to function as a feeding stimulant for
larvae of the pale grass blue butterfly [62]. The abundant presence of oxalic acid in the
leaves was verified as peak No. 15 in this analysis. Its peak levels were not significantly
different between the irradiated and nonirradiated groups (p = 0.87; Student’s t-test).

3.3. GC-MS: Nontargeted Method

In the nontargeted GC-MS method, 456 peaks were originally detected, including those
detected only in a single sample. The shortest retention was 7.052 min, and the longest
retention time was 63.095 min. Among them, 306 peaks were considered valid by Metabo-
Analyst. We then performed PCA. PC1 and PC2 explained only 31.5% and 26.1% of the
variance, respectively (Figure 7a). Notably, the irradiated and nonirradiated groups clustered
individually, keeping the relative positions of the three samples intact. A likely interpretation
of these data is that the nonirradiated samples in the negative PC2 area shifted up on the PC2
axis upon irradiation to be placed in the positive PC2 area as the irradiated samples. In other
words, irradiation may be a major contributor to PC2, suggesting that a systematic change
to the plant metabolites might have been caused by irradiation exposure. The loading plot
showed that the peaks were scattered throughout, and some were clustered at the high PC1
region but not at the high PC2 region (Figure 7b), making a biological interpretation of the
loading plot from the viewpoint of irradiation difficult.

103



Life 2021, 11, 990

Figure 7. PCA of the nontargeted GC-MS analysis. (a) Score plot; 95% confidence ranges are colored. IR, irradiated; NC,
nonirradiated. (b) Loading plot; 306 peaks are located in a 2D plane.

The heat map with all 306 peaks was too complex to decipher any legitimate pattern
(Figure 8a), but a heat map with the top 25 peaks indicated differences in the metabolite
levels between the irradiated and nonirradiated groups (Figure 8b). The three irradi-
ated samples had a similar pattern to one another, and the three nonirradiated control
samples also had a similar pattern to one another, which was different from that of the
irradiated group. In other words, a systematic response to the irradiation treatment was
observed in all the samples, which was consistent with the PCA results. As in the targeted
analysis above, the nonirradiated group appeared to have more metabolites present at
higher levels than the irradiated group, suggesting that irradiation might have caused
an overall metabolic slowdown in this plant, at least as determined by the nontargeted
GC-MS method.

Figure 8. Heat maps from the nontargeted GC-MS analysis. At the top, the irradiated group was indicated by red horizontal
bars, and the nonirradiated control group was indicated by green horizontal bars. (a) Heat map using all 306 peaks. (b)
Heat map using the top 25 peaks.
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We detected 28 significantly different peaks between the irradiated and nonirradiated
groups using a t-test (p < 0.05) (Figure 9a); seven peaks had p < 0.01, and one had p < 0.001.
Similarly, we performed a fold change analysis, in which 16 peaks were detected as FC > 2.0
and 27 peaks as FC < −2.0 (Figure 9b). It appears that more samples were downregulated
(negative FC values) than upregulated (positive FC values), which was consistent with the
results of the heat map above. Among them, seven peaks satisfied both conditions (p < 0.05
and FC > 2.0 or FC < −2.0) (Figure 9c).

Figure 9. Results of the t-test and fold change analysis of the nontargeted GC-MS analysis between the irradiated and
nonirradiated groups. (a) Distribution of the p-values (Student’s t-test). The threshold was set at p = 0.05. The 28 pink
dots indicate significant peaks. The peak numbers (No. 1–No. 306) here on the horizontal axis do not correspond to
the original peak numbers shown in Figure 10, because the original peak numbers were assigned before elimination
of the nonsense peaks by MetaboAnalyst (also in (b)). (b) Distribution of the FC values. The thresholds were set at
FC = 2.0 and FC = −2.0. The 16 and 27 pink dots indicate peak upregulation and downregulation by more than twofold,
respectively. (c) Volcano plot. The 7 pink dots indicate peaks that satisfy both the p-value and FC value criteria.

Among the peaks with p < 0.05, 10 peaks were upregulated upon irradiation, whereas
18 peaks were downregulated (Figure 10a). Only three peaks were annotated as follows:
citric acid (No. 318, p = 0.020), nonanoic acid (No. 184, p = 0.038), and 3-aminopropanoic
acid (No. 207, p = 0.038). The latter two were also found in the targeted method above.
Citric acid and nonanoic acid were downregulated, whereas 3-aminopropanoic acid was
upregulated in contrast to its downregulation in the targeted method, questioning the
validity of this result.

Among the peaks with FC > 2.0 or FC < −2.0, 16 peaks were detected as upregulated
and 27 as downregulated. However, among them, only one peak was annotated as oleic
acid (No. 395) (Figure 10b). Oleic acid was also detected in the targeted method with
FC < −2.0 (i.e., FC < 0.5), but its box plot in both methods suggested that this difference
was dependent on a single outstanding value (Figures 6b and 10b), questioning the validity
of this result.
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Figure 10. Box plots of the peaks in the nontargeted GC-MS. The irradiated group (IR) is indicated by red boxes, and the
nonirradiated control group (NC) is indicated by green boxes. The peak numbers are shown in red when upregulated,
and they are shown in green when downregulated. (a) Peaks with significant differences between the irradiated and
nonirradiated groups in the order of low-to-high p-values. There were 28 peaks with p < 0.05 (Student’s t-test), and among
them, only 3 peaks were annotated. The FC values are shown when FC > 2.0 or FC < 0.5. (b) Peak No. 395 identified by the
fold change analysis. This peak was annotated as oleic acid. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Oxalic acid was detected in a large amount as peak No. 76 from the nontargeted
method, and its peak levels were not significantly different between the irradiated and
nonirradiated groups (p = 0.67; Student’s t-test).

3.4. LC-MS

From the LC-MS analysis, 9554 peaks were originally detected, including those de-
tected in only a single sample; the shortest retention time was 3.001 min (C9H16O5N2), and
the longest retention time was 24.996 min (C43H66O14). Among them, 5418 peaks were
considered valid by MetaboAnalyst. Based on the peak area (intensity) data, the PCA
was performed (Figure 11a). PC1 and PC2 explained 47.8% and 22.3% of the variance,
respectively. Irradiated and nonirradiated samples from the same plant individual were
located close to each other, suggesting that the coordinates of the samples were determined
mainly by genetic background and marginally by radiation response. The loading plot
showed that there were many peaks in the negative area of the horizontal axis (Figure 11b),
but the biological interpretation was difficult.

Figure 11. PCA results from the LC-MS analysis. (a) Score plot; 95% confidence ranges are colored. IR, irradiated; NC,
nonirradiated. (b) Loading plot; 5418 peaks are located in a 2D plane.

A heatmap of all 5418 peaks also demonstrated that a clonal pair of irradiated and
nonirradiated samples of the same plant exhibited similar patterns (Figure 12a), suggesting
that genetic differences contributed more substantially to their metabolite differences.
However, when the top 25 peaks were examined, the irradiated and nonirradiated groups
showed different patterns, and the irradiated group appeared to have more samples with
higher metabolite levels than the nonirradiated group (Figure 12b). This result was different
from that of GC-MS.

We detected 36 significantly different peaks between the irradiated and nonirradiated
samples using t-tests (p < 0.05) (Figure 13a). Similarly, we also performed a fold change
analysis (Figure 13b). We found 902 upregulated and 547 downregulated peaks. Since
there were too many peaks to investigate, they were not pursued further. Notably, 25 peaks
satisfied both criteria (p < 0.05 and FC > 2.0 or FC < −2.0) (Figure 13c).
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Figure 12. Heat maps from the LC-MS analysis. At the top, the irradiated group was indicated by red horizontal bars, and
the nonirradiated control group was indicated by green horizontal bars. (a) Heat map using all 5418 peaks. (b) Heatmap
using the top 25 peaks.

Figure 13. Results of the t-test and fold change analysis after the LC-MS analysis between the irradiated and nonirradiated
groups. (a) Distribution of the p-values (Student’s t-test). The threshold was set at p = 0.05. The 36 pink dots indicate
significant peaks. The peak numbers (No. 1–No. 5418) here on the horizontal axis do not correspond to the original peak
numbers shown in Figure 14, because the original peak numbers were assigned before elimination of the nonsense peaks by
MetaboAnalyst (also in (b)). (b) Distribution of the FC values. The thresholds were set at FC = 2.0 and FC = −2.0. The 902
and 547 pink dots indicate peaks that were upregulated and downregulated more than twofold, respectively. (c) Volcano
plot. The 25 pink dots indicate peaks that satisfy both the p-value and FC value criteria.
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Figure 14. Box plots of the 36 peaks detected by the LC-MS analysis. The irradiated group (IR) is indicated by red
boxes, and the nonirradiated control group (NC) is indicated by green boxes. The peak numbers are shown in red when
upregulated, and they are shown in green when downregulated. Peaks with significant differences between the irradiated
and nonirradiated groups (p < 0.05, Student’s t-test) are shown in the order of low-to-high p-values. Among them, only 3
peaks are singularly annotated. The FC values are shown when FC > 2.0 or FC < 0.5. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Among the peaks with p < 0.05, 24 peaks were upregulated after irradiation, whereas
12 peaks were downregulated (Figure 14). Most peaks had no compound name annotations,
whereas some were annotated as multiple compounds. Only three peaks were annotated
as a single compound as follows: alfuzosin (No. 4746, p = 0.0033), oxamicetin (oxamycetin)
(No. 8438, p = 0.0080), and ikarugamycin (No. 6966, p = 0.018).

3.5. Functional Categorization of the LC-MS Annotated Peaks

There were 12 peaks with multiple annotations and three peaks with a single anno-
tation (Table 1). We checked their MS/MS fragment spectrograms, but similar ones were
not found in the searched databases (Supplementary Table S2; MS/MS spectrograms can
be seen by double-clicking the peak number in the MS2 tab in this Microsoft Excel file).
These 15 peaks were classified into four functional categories (Table 2). The first functional
category was “antioxidation”, in which plant-derived antioxidants were included. These
compounds were all upregulated upon irradiation. No. 660 (p = 0.012) was identified
as either L-L-homoglutathione or S-methylglutathione. No. 2125 (p = 0.019), and No.
4406 (p = 0.044) had multiple candidates, but they were flavonoids, which is a group of
phytochemical antioxidants [63].

The second functional category was the “stress response”, in which plant-derived
compounds for the stress resistance were included. All of these compounds, except one,
were upregulated upon irradiation. No. 4746 (p = 0.0030) was alfuzosin, which is known
to have pharmacological activity in animals [64–67]. No. 4763 (p = 0.019) and No. 2552
(p = 0.028) had multiple candidates, partly due to their small masses, but the candidates
for No. 4763 and No. 2552 included dihydrobenzofuran (coumaran) and 2-acetylfuran,
respectively. The former is well-known as a natural biopesticide [68]. No. 7969 (p = 0.039)
had multiple candidates, but they were all alkaloids. No. 4753 (p = 0.038) was identified
as either 7-chlorodeutziol or myobontioside A. These compounds belonged to a group of
iridoids, which are plant chemicals that probably ward off insects and other animals [69,70].
No. 7830 (p = 0.014) had five (virtually three due to redundancy) candidate compounds
that were all plant-derived secondary metabolites. One of them was a limonoid, a possible
antifeedant [71], and another was a taxoid [72]. However, No. 7830 was downregulated.

The third functional category was “non-plant derivatives”. All of these compounds,
except one, were downregulated upon irradiation, probably because of the sterilization
effect of irradiation. This plant sample might have been contaminated by microorganisms
despite the washing process of the collected leaves. No. 8438 (p = 0.0080) and No. 6966
(p = 0.018) were identified as oxamicetin (oxamycetin) and ikarugamycin, respectively,
and are known to be antifungal antibiotics produced by a group of soil bacteria, Strep-
tomyces [73–75]. No. 412 (p = 0.0093) was identified as either leinamycin or uracil, and
if the former is correct, this peak is another antibiotic produced by the same soil bacte-
rial genus Streptomyces [76]. No. 5833 (p = 0.011) had three candidate compounds, all of
which were mycotoxins from fungi [77,78]. The upregulation of No. 6966, annotated as
ikarugamycin, was enigmatic, but a group of soil bacteria might have responded to the
irradiation treatment.

The fourth functional category was simply “unknown”. No. 4703 (p = 0.034) and No.
8933 (p = 0.038), included in this category, had various candidate compounds.
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Table 1. Summary of the annotated LC-MS peaks.

No. Formula Exact Mass Up/Down Annotation (Compound Name)

4746 C19H27O4N5 389.206 UP Alfuzosin

8438 C29H42O10N6 634.296 DOWN Oxamicetin; Oxamycetin (produced by
Streptomyces inusitatus)

412 C4H4O2N2 112.027 DOWN

Acetylenedicarboxamide; Acetylene diamide;
Aquamycin; Cellocidin; Lenamycin; NSC 38643;

NSC 65381 (produced by Streptomyces sp.);
Uracil

5833 C17H22O7 338.137 DOWN

Acetyldeoxynivalenol (a mycotoxin from
Fusarium graminearum); O-Acetylcyclocalopin A

(produced by the mushroom Boletus calopus);
15-Acetyl-4-deoxynivalenol (a mycotoxin from

Fusarium graminearum)

660 C11H19O6N3S 321.099 UP L-L-Homoglutathione (an antioxidant);
S-Methylglutathione (an antioxidant)

7830 C37H46O12 682.299 DOWN Plant-derived pharmacological compounds (*1)

6966 C29H38O4N2 478.283 UP Ikarugamycin (produced by Streptomyces
phaeochromogenes)

2125 C15H18O11 374.085 UP Flavonoids (*2)

4763 C8H8O 120.058 UP
Various compounds (*3) including

Dihydrobenzofuran in plants such as
Lantana camara as a natural biopesticide

2552 C6H6O2 110.037 UP Various compounds (*4) including 2-Acetylfuran
in plants

4703 C10H14O3 182.094 UP Various compounds (*5)

8933 C13H20O 192.151 DOWN Various compounds (*6)

4753 C15H23O9Cl 382.103 UP 7-Chlorodeutziol; Myobontioside A (plant
derivatives)

7969 C21H23O6N 385.153 UP Colchicine-related alkaloids (*7)

4406 C32H36O18 708.190 UP Flavonoids (*8)

*1: 2,7-Dideacetyltaxuspine X; (+)-2,7-Dideacetyltaxuspine X; Swietephragmin C (a limonoid from an African medicinal plant); Taxezopi-
dine K; (+)-Taxezopidine K (isolated and purified from the seeds of the Japanese yew Taxus cuspidata and an inhibitor of Ca2+-induced
depolymerization of microtubules). *2: 6-[5-(2-Carboxy-2-hydroxyethyl)-2-hydroxyphenoxy]-3,4,5-trihydroxyoxane-2-carboxylic acid; 6-{[3-
(3,4-Dihydroxyphenyl)-2-hydroxypropanoyl]oxy}-3,4,5-trihydroxyoxane-2-carboxylic acid; 6-[5-(2-Carboxyethyl)-2,3-dihydroxyphenoxy]-
3,4,5-trihydroxyoxane-2-carboxylic acid; 3,4,5-Trihydroxy-6-{[3-(3,4,5-trihydroxyphenyl)propanoyl]oxy}oxane-2-carboxylic acid; 6-[4-(2-
Carboxyethyl)-2,6-dihydroxyphenoxy]-3,4,5-trihydroxyoxane-2-carboxylic acid; 6-[4-(2-Carboxy-2-hydroxyethyl)-2-hydroxyphenoxy]-
3,4,5-trihydroxyoxane-2-carboxylic acid. *3: Phenylacetaldehyde; Styrene oxide; 3-Ethenylphenol; p-Methylbenzaldehyde; Dihydrobenzo-
furan (or Coumaran, an acetylcholinesterase (AChE) inhibitor produced by the leaves of Lantana camara as a biopesticide); Lentialexin
(produced by a mixed culture of Lentinus edodes (Shiitake mushrooms) and Trichoderma polysporum); 2-Methylbenzaldehyde; Acetophe-
none; 3-Methylbenzaldehyde; 4-Vinylphenol. *4: Resorcinol; Pyrocatechol; 2-Acetylfuran (found in coffee, passion fruit, and others);
5-Methyl-2-furancarboxaldehyde; (E,E)-2,4-Hexadienedial; Hydroquinone. *5: 4-Ethyl-2,6-dimethoxyphenol; Eupatriol; Bombardolide
B; Furfuryl pentanoate; Peperinic acid; threo-Anethole glycol; Amyl 2-furoate; Verimol J; Stagonolide E; (-)-Stagonolide E; Isoamyl
2-furoate; Fistupyrone; Annularin D; (+)-Annularin D; Furfuryl isovalerate; 2-Ethoxy-4-(methoxymethyl)phenol; Modiolide B; Bom-
bardolide D; (-)-Bombardolide D; Multiflotriol; Crocusatin I; Sapinofuranone B; 4-Hydroxy-6-isopropyl-3,5-dimethyl-2H-pyran-2-one;
GSIR-1; 2-(2-Hydroxy-4-methylphenyl)-1,3-propanediol; 9,10-Dihydroxythymol; 4-(Ethoxymethyl)-2-methoxyphenol; Dihydroconiferyl
alcohol. *6: 2,5-Diisopropyl-3-methylphenol; Edulan I; 2,3-Diisopropyl-5-methylphenol; alpha-Damascone; Cycloionone; 2,4-Diisopropyl-3-
methylphenol; Vitispirane; Isospirene; γ-Ionone; 4-(2,6,6-Trimethyl-1,3-cyclohexadien-1-yl)-2-butanone; 2,5-Diisopropyl-3-methylphenol;
Pseudoionone; 2,6-Diisopropyl-3-methylphenol; (E)-5,8-Megastigmadien-4-one; δ-Damascone; 4-(2,6,6-Trimethylcyclohex-1-enyl)but-2-en-
4-one; Phenethyl isoamyl ether; (2E,4Z,7Z)-2,4,7-Tridecatrienal; 2,4-Diidopropyl-5-methylphenol; 4-(4-Methyl-3-pentenyl)-3-cyclohexene-
1-carboxaldehyde. *7: N-Formyl-N-deacetylcolchicine (an alkaloid from Gloriosa superba); Romucosine H (an alkaloid from Annona
cherimola); N-Methylporphyroxine (a rhoeadine alkaloid); Papaverrubine F (an alkaloid); 3-Demethylcolchicine; 2-Demethylcolchicine; (-)-2-
Demethylcolchicine; Glaucamine (an alkaloid); Polycarpine (a marine alkaloid). *8: Patuletin 3-rhamnoside-7-(3”’,4”’-diacetylrhamnoside);
Patuletin 3-(4”-acetylrhamnoside)-7-(3”’-acetylrhamnoside); Patuletin 3,7-bis(3-acetylrhamnoside); Kaempferide 3-rhamnoside-7-(6”-
succinylglucoside); Patuletin 3-(4”-acetylrhamnoside)-7-(2”’-acetylrhamnoside).
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Table 2. Functional categories of the annotated LC-MS peaks.

Category No.
Possible
Function

Peak No. (Up/Down)
UP/DOWN
(Collective)

1 Antioxidation 660 (UP), 2125 (UP), 4406 (UP) UP

2 Stress response
4746 (UP), 4763 (UP), 2552 (UP),

7969 (UP), 4753 (UP), 7830
(DOWN)

UP (or DOWN)

3 Non-plant
derivatives

8438 (DOWN), 6966 (UP), 412
(DOWN), 5833 (DOWN) DOWN (or UP)

4 Unknown 4703 (UP), 8933 (DOWN) UP orDOWN

3.6. LC-MS/MS Spectrograms of Peak No. 4746 and Alfuzosin

As mentioned above, peak No. 4746 was singularly annotated as alfuzosin. Alfuzosin
is a synthetic quinazoline derivative with an exact mass of 389.206. Since alfuzosin is not
a plant-derived drug, peak No. 4746 should not be identical to alfuzosin. Peak No. 4746
was estimated to have a very similar mass; its m/z value for [M+H]+ was 390.214. However,
automated annotation does not guarantee chemical identification. The difference between
the theoretical and experimental exact mass values (dPPM value) was calculated to be
−3.37 ppm, which was acceptable for annotation but relatively large in absolute values
among the annotated peaks. Here, we examined the LC-MS/MS spectrograms of peak
No. 4746 and compared them to those of alfuzosin recorded in the Human Metabolome
Database (HMDB) [60,61] (Figure 15).

Ten experimental [M+H]+ spectrograms of alfuzosin revealed that the major fragments
of alfuzosin were located at 235, 156, and 71 (m/z), and further fragmentation produced
peaks with 231, 219, 147, 105, 78, and 63 (m/z) (Figure 15a–j). In contrast, the major
fragments of No. 4746 in the present analysis were located at 279, 227, 167, 149, 121, 71, 65,
and 57 (m/z); among which, the fragment at 149 (m/z) had the highest intensity (Figure 15k).
Between the experimental records and the present analysis, only the fragment at 71 (m/z)
was identical. The fragment at 149 (m/z) in the present analysis was close to the fragment
at 147 (m/z) in the database, but their relative intensity values were different. Furthermore,
one of the fragments from peak No. 4746 was predicted to be C6H10O5. This means that
No. 4746 had a hexose moiety, which was not found in alfuzosin. Taken together, it is likely
that peak No. 4746, annotated as alfuzosin, was not actually alfuzosin itself but, instead,
an unknown structural isomer of alfuzosin or an unknown compound similar to alfuzosin.
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Figure 15. LC-MS/MS spectrograms of alfuzosin and peak No. 4746 (from the present study) after positive ionization
([M+H]+). (a–j) Ten experimental HMDB records of alfuzosin. The highest intensity was set as 100, and the relative intensity
values of the fragments are shown. The top 3 fragments are labeled according to their m/z values in each panel. The
inset in (a) is the structure of alfuzosin, in which oxygen and nitrogen atoms and bonds are shown in red and purple,
respectively. The splash keys for the identification of these spectrograms from (a) to (j) (after “splash10-“) are as follows:
0006-0009000000-58fd75abdf178ea1b331, 0006-0119000000-90a7799e494035d224e7, 0abi-5791000000-648d5529faeac9e35dc0,
00di-9260000000-591f2bacf7d82aeba7e3, 00di-9250000000-d107a0e9675604325 bb1, 00di-9340000000-f708562f3998488d7fce,
00di-7910000000-3fe44ce2a42f727569e2, 05fr-8900000000-dca38c682ad0 b6c90b46, 0bvl-9300000000- bad5c36d48e0e93a82aa,
and 0006-0249000000-93552ff8c72ff220f172. (k) Present study. The major fragments are labeled by m/z values. The full
records of the ionized fragments [M+H]+ (m/z) and their relative intensity values (in parenthesis; the highest intensity was
set as 1000) are as follows: 390.212 (1,000) (shown in brown), 149.02 (999), 167.03 (179), 390.21 (152), 71.09 (120), 121.03 (100),
57.07 (87), 65.04 (66), 227.13 (62), 279.16 (62), 391.19 (38), 93.07 (36), 67.62 (32), 113.13 (17), 391.08 (17), 121.04 (17), 183.10
(16), 93.03 (16), 107.09 (16), 390.16 (14), 79.05 (13), 163.11 (13), 228.13 (13), 209.12 (13), 169.09 (12), 137.06 (12), 95.05 (11),
111.04 (11), 81.07 (11), 119.09 (10), 390.14 (10), 365.63 (10), 413.48 (10), 351.38 (10), 255.77 (9), 184.48 (9), 364.65 (9), 304.16 (9),
354.17 (8), 105.07 (8), 81.03 (8), 55.06 (8), 220.88 (8), 153.82 (7), 109.22 (7), 53.76 (7), and 91.48 (7). The fragment at 228.13 (m/z)
indicates a loss of 162.08, suggesting the loss of a hexose moiety (C6H10O5).

4. Discussion

4.1. Experimental System

In this study, we examined the metabolomic response of the creeping wood sorrel, the
host plant of the pale grass blue butterfly, to low-dose radiation exposure. To reproduce
the possible radiation environment of Fukushima, contaminated soil was collected from
Fukushima, and plants collected from Okinawa, the least affected prefecture in Japan, were
irradiated to exclude a history of previous exposure. We believe that this experimental
system uniquely provided us with information on the acute perturbation of the plant in
Fukushima immediately after the nuclear accident. Additionally, we may be able to obtain
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a hint at the ongoing chronic impacts of the Fukushima nuclear accident on the ecosystem.
For accurate understanding of the chronic impacts, metabolomic analyses of field-collected
plants from Fukushima should be performed. Having mentioned this point, we clarified
that the major radionuclide in the soil used in the present study was anthropogenic 137Cs,
as expected.

The plant looked completely healthy after irradiation. In fact, the cumulative absorbed
dose and dose rate in the creeping wood sorrel in this system were understood as “very
low” compared with other low-dose (rate) experiments. For example, one experiment
employed 185.4 mGy/h and 1.1 Gy for the low-dose exposure to mice [48], which is 5453-
fold and 193-fold higher than in the present study, respectively. The external exposure
experiment using the pale grass blue butterfly and its host plant in the original paper [19]
was estimated to be 55 mSv and 125 mSv. These values are 9.6-fold and 22-fold higher than
in the present study (5.7 mGy), assuming that Sv and Gy are interchangeable. Notable
exceptions were in situ exposure experiments at Iitate Village, where the exposure level
was 4 μSv/h for 3 days [15,17].

Considering the very low exposure level in the present study, it is not surprising
that only a small number of significantly different peaks were detected by the GC-MS
and LC-MS analyses. Rather, it may be surprising that the plant nonetheless responded
metabolically to 5.7 mGy of irradiation treatment. We primarily used p < 0.05 as the criterion
for differentially expressed peaks. This relatively generous criterion was unavoidable for
this study to gain a substantial amount of information on the differentially expressed
metabolites under very low exposure levels. Accordingly, at least some candidate peaks
may be false positives. This problem may partially be resolved by increasing the number
of samples. Another difficulty of this study was that the information in the databases on
the secondary metabolites of this non-model organism appeared to be limited. Below, with
these limitations in mind, we discuss the present results.

4.2. Interpretations of the GC-MS Results

In both the targeted and nontargeted GC-MS methods, the irradiated and nonirra-
diated groups showed different peak distribution patterns. It appears that, by GC-MS,
the irradiated group showed the overall lower peak intensity values, which were clearly
seen in the fold change distributions (Figures 5b and 9b). The PCA of the targeted method
(Figure 3) showed that the irradiated group clustered in a much narrower range than the
nonirradiated control group. The wider distribution of the nonirradiated group could be
interpreted as the genetic difference, and the wider distribution was made narrower after
irradiation, suggesting a stereotypical response. Similarly, the PCA of the nontargeted
method (Figure 7) showed a systematic upward shift upon irradiation along PC2. In both
cases, it is likely that the plant indeed responded to this level of irradiation systematically.
In the nontargeted method, PC2 (26.1%) may represent the irradiation effects, and in con-
trast, PC1 (31.5%) may represent the possible genetic effects. The contribution of PC1 was
larger than that of PC2, but they may be considered comparable. The peaks identified by
the fold change analysis revealed that they were all downregulated, and their distribution
ranges became much narrower in response to irradiation, being consistent with the PCA
results. A rough interpretation could be that metabolomic changes of a group of plant
chemicals in response to irradiation at the milligray level were as large as the genetic
differences among the plant species in Okinawa.

We were able to examine box plots of each candidate peak from the GC-MS. From the
targeted method, the peaks annotated as caproic acid, nonanoic acid, and 3-aminopropanoic
acid were downregulated, whereas the peak annotated as lauric acid was upregulated
(t-test). Caproic acid, also known as hexanoic acid, has been shown to be an inducer of plant
defense mechanisms [79]. This function of caproic acid is different from, but similar to, that
of azelaic acid [79], another candidate (fold change analysis). Moreover, azelaic acid is a
derivative of oleic acid [79], which is yet another candidate (fold change analysis). Together,
it can be speculated that their metabolic pathways and defense functions may be perturbed
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by irradiation. Nonanoic acid is known as a phytotoxic chemical that may function to
eradicate other neighboring plants [80]. Lauric acid can function as an antifungal and
possible antiviral agent [81]. It has been speculated that lauric acid is upregulated as a part
of the plant defense mechanism under irradiation stress.

A carbohydrate pathway may be slowed down, since glucose and fructose may be
downregulated (fold change analysis), as observed from the results of the targeted method.
This is consistent with the finding that citric acid (p = 0.020; t-test) was also found to be
downregulated by the nontargeted method, suggesting that the TCA cycle may be slowed
down. Alternatively, a photosynthetic pathway that produces glucose and fructose may
be slowed down. Nonanoic acid was found in not only the targeted method but, also, the
nontargeted method (t-test). Oleic acid was also found in the nontargeted method (fold
change analysis), although this result is not credible based on its box plot (Figure 10b)
because of a single outstanding value. 3-Aminopropanoic acid, also known as β-alanine, is
a compound related to the general stress response in plants [82] and was found by both
the targeted and nontargeted methods (t-test) with different results; it was upregulated in
the former and downregulated in the latter. This was the only case in which the targeted
and nontargeted results contradicted each other. Since the targeted method is more reliable
than the nontargeted method in terms of the alignment and annotation, the latter could
simply be an annotation mistake. If so, the upregulation of 3-aminopropanoic acid could
indicate the activation of a defense mechanism.

Notably, many peaks were not annotated in the nontargeted method, but some
were highly significant. The most significant peak from the GC-MS analysis was No. 71
(p = 2.8 × 10−8), which showed a marked upregulation (FC = 5.0) (Figure 10a). We con-
firmed that oxalic acid was detected at a high level in both the irradiated and nonirradiated
groups with no statistically significant differences in either the targeted or nontargeted
methods. Even if the oxalic acid in the leaves is a feeding stimulant for larvae of the pale
grass blue butterfly [62], irradiated leaves would not cause a feeding problem in terms of
the level of oxalic acid.

4.3. Interpretations of the LC-MS Results

The LC–MS PCA results indicated that irradiated and nonirradiated samples of the
same clone were located more closely together in the score plot than the irradiated or
nonirradiated groups (i.e., the same treatment group). (Figure 11). This result was in
contrast to the GC-MS results, in which a systematic change in the irradiated group along
PC2 was observed. Furthermore, by LC-MS, the number of upregulated significant peaks
was greater than the number of downregulated peaks (Figure 13b), which was also in
contrast to the GC-MS results. An interpretation of these data is that the downregulation
of a group of GC-MS-detected metabolites (including many primary metabolites) upon
irradiation is a relatively stereotypical response in this plant, but the upregulation of
a group of LC-MS-detected metabolites (including many secondary metabolites) upon
irradiation is more dependent on the genetic background of the individual plant. In other
words, the response profiles may be stereotyped but simultaneously allow individual
variations. To examine by PCA if there are any systematic irradiation responses to the
low-dose levels, GC-MS seems to be superior to LC-MS. On the other hand, to examine by
t-test if there are any upregulated peaks, LC-MS seems to be more suitable than GC-MS.

A limited number of peaks were annotated, but the plants appeared to upregulate the
production of antioxidants and certain chemicals important for stress resistance and defense,
including potential natural insecticides (Table 2). We consider that these two functional
categories represent reasonable mechanistic response profiles of this plant. How plants
receive irradiation signals is not known, but reactive oxygen species (ROS) may be produced
inside cells, which may activate a series of general stress responses. The antioxidants detected
here may play a role in scavenging these ROS. Interestingly, it seems that not all of the potential
defense metabolites were upregulated. As discussed before, most compounds for the defense
mechanisms, such as caproic acid, were downregulated, whereas lauric acid was upregulated
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in GC-MS. Similarly, in LC-MS, most of the annotated peaks in the second functional category
were upregulated, but one was downregulated, which was likely a limonoid. It appears that
there are many defense pathways, and some pathways may be activated more often than
others in response to low-level radiation stress. Similarly, only a limited number of potential
antioxidants were upregulated in the present study.

Perhaps because of this stress response or because of the direct radiation sterilization,
non-plant derivatives such as oxamicetin (p = 0.0080), which may be contaminants from
soil microorganisms, tended to be downregulated in the irradiated group (Figure 14).
Additionally, ikarugamycin (p = 0.018), which may also be a contaminant, was upregulated.
These annotations may be due to coincidences in the exact mass values, but the positive
involvement of soil microbes, including endophytic bacteria and fungi, during the radiation
response of the plant cannot be ruled out.

Peak No. 4746 was singularly annotated as alfuzosin with a reasonably small p-value
(p = 0.0030) and high FC value (FC = 4.0) (Figure 14). In reference to the HMDB LC-MS/MS
spectrogram records, peak No. 4746 was not alfuzosin itself but, instead, an unknown isomer
that may contain a hexose moiety (Figure 15). Thus, the alfuzosin annotation for peak No.
4746 may be considered just a coincidence. Nonetheless, a functional coincidence may follow
if their masses and affinities detected by LC-MS were identical. It is noteworthy that alfuzosin
is a pharmaceutical drug that blocks α1-adrenergic receptors in humans [64–67]. Considering
that biogenic amines such as tyramine and octopamine play important physiological roles
in insects similar to adrenergic transmitters in vertebrates [83–86], it may be possible that
this unknown alfuzosin isomer in the plant functions as an antagonist of biogenic amine
receptors after ingestion by insects to cause pharmacological effects on insect feeding
behaviors and the metabolism.

We also found other unannotated plant derivatives that were significantly different
between the irradiated and nonirradiated groups. The lowest p-value was assigned to peak
No. 5845 (p = 3.3 × 10−4) with downregulation (FC = 0.17) (Figure 14). The peak with the
second-lowest p-value was No. 9032 (p = 5.2 × 10−4) with upregulation (FC = 7.4) (Figure 14).
Unfortunately, their structural identities are unknown.

4.4. Ecological Field Effects

Here, we found metabolomic changes in the investigated plant in response to very
low levels of radiation exposure. We think that the detected upregulated or downreg-
ulated metabolites with or without annotation together might have contributed to the
high mortality and morphological abnormality rates of the pale grass blue butterfly re-
ported previously. In other words, changing the levels of the leaf metabolites may be an
important part of the mechanism of the ecological field effects that were caused by the
Fukushima nuclear accident. It should also be tested whether the pale grass blue butterfly
responds to this radiation source (i.e., contaminated soil from Fukushima) physiologically
or morphologically when reared together with the host plant.

Additionally, other ecological field effect modes of action may also be valid and
important [27,32]. For example, a sodium deficiency is probably an important mechanism
of the ecological field effects [38]. Another possibility in the plant is a decrease in their
levels of vitamins available for the larvae when irradiated. Although some vitamins were
found in the list of annotated compounds in the present study, no statistically significant
difference was observed between the irradiated and nonirradiated groups. Furthermore,
the biological impacts of the Fukushima nuclear accident include transgenerational effects
caused by the initial high-dose exposure [19,34,36].

5. Conclusions

This study revealed that the creeping wood sorrel Oxalis corniculata responded at the
metabolome level to low-level radiation exposure from soil contaminated by the Fukushima
nuclear accident. Upon irradiation, the plant may reduce the levels of some compounds
in carbohydrate metabolic pathways and some stress-related or defense mechanisms
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while simultaneously increasing the levels of some secondary metabolites that function
as antioxidants and stress-related or defense chemicals. Some plant chemicals, including
the discovered alfuzosin isomer, might have contributed to the high rates of mortality and
abnormality observed among the butterflies in the field. Taken together, the results of this
study demonstrated the metabolomic response of this Oxalis plant to low-dose radiation
exposure and implicated the potential ecological field effects of low-level radioactive
contamination from the Fukushima nuclear accident.
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Abstract: Iodine-131 is increasingly used for diagnostic and therapeutic applications. The excretion
of radioactive iodine is primarily through the urine. The safe disposal of radioactive waste is an
important component of overall hospital waste management. This study investigated the feasibility
of using graphene oxide/chitosan (GO/CS) sponges as an adsorbent for the removal of iodine-131
from aqueous solutions. The adsorption efficiency was investigated using iodine-131 radioisotopes
to confirm the results in conjunction with stable isotopes. The results revealed that the synthetic
structure consists of randomly connected GO sheets without overlapping layers. The equilibrium
adsorption data fitted well with the Langmuir model. The separation factor (RL) value was in the
range of 0–1, confirming the favorable uptake of the iodide on the GO/CS sponge. The maximum
adsorption capacity of iodine-131 by GO/CS sponges was 0.263 MBq/mg. The highest removal
efficiency was 92.6% at pH 7.2 ± 0.2. Due to its attractive characteristics, including its low cost, the
ease of obtaining it, and its eco-friendly properties, the developed GO/CS sponge could be used as
an alternative adsorbent for removing radioiodine from wastewater.

Keywords: graphene oxide/chitosan sponge; adsorbent; adsorption isotherm; iodine-131; radioactive
waste management

1. Introduction

Iodine is one of the best-known elements because it is an essential mineral for the
body. Iodine, which enters the body with food, binds to the amino acid tyrosine and
forms a hormone called thyroxin in the follicular cells of the thyroid gland. On the
other hand, if the body is exposed to radioactive iodine, such as iodine-131, it can be
dangerous. A considerable body of evidence from research has shown the serious effects
of iodine-131 exposure on the risk of thyroid cancer [1,2]. Recent research by Zupunski
et al. [3] found a correlation between subjects exposed to iodine-131 from Chernobyl’s
fallout during childhood at age ≤18 years and thyroid cancer risk. This is of great concern,
as iodine-131 is routinely administered as a radiopharmaceutical in nuclear medicine
in the form of sodium iodide (NaI) for diagnosis and treatment of thyroid disease [4].
Approximately 80% of the administered iodine-131 is excreted in the urine [5]; therefore, it
has potential to be discharged to sewage wastewater if not carefully controlled. Elevated
concentrations of iodine-131 have been observed in municipal wastewater treatment plants
following the application of therapeutic doses [6]. Rose and Swanson [7] found iodine-131
in sewage sludge from three water pollution control plants, ranging from 0.027 ± 0.002 to
148 ± 4 Bq/g dry weight.

The harmful effects of iodine-131 are gaining more attention around the world as
an increase in iodine-131 contamination has been detected in the environment. Recently,
iodine-131 has been detected in river water and aquatic organisms in South Korea. This
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indicates that radioactive iodine-131 can enter the environment through wastewater treat-
ment plants through increased medical use [8]. Additionally, in 2020, Mosos et al. [9]
reported the results of iodine-131 measurements at a wastewater treatment plant in Bogota,
Colombia, and found the highest activity in raw water in the morning each day. The
concentration of iodine-131 exceeds the reference value for drinking water and is close to
the discharge limit in water bodies in Columbia. This indicates the risk of iodine-131 con-
tamination of the environment from medical activities. The United States Environmental
Protection Agency (USEPA) has established drinking water standards that specify no more
than 4 millirems of beta radiation per year, which is equivalent to iodine-131 activity of not
more than 3.0 pCi/L or 0.111 Bq/L [10].

The World Health Organization (WHO) has issued guidance on the level of iodine-131
that can be released into water bodies through sewage effluent: not more than 10 Bq/L [11]. In
general, a waste collection system must be designed to store radioactive waste over a period of
time. However, as the number of patients increases, many older facilities have limited space
for waste storage. Therefore, they are unable to develop new systems, or these systems require
large investments. With respect to this, if iodine-131-adsorbing materials can be developed,
they will reduce the radioactivity of the radioactive waste released into the sewage waste
drainage system. The use of absorbents can significantly reduce the volume of radioactive
waste destined for temporary decay storage. This development is very beneficial for the safety
of nearby personnel and the environment. In this research, we synthesized GO/CS sponges, a
material with the potential to absorb or separate iodine-131 from water, which could be used
in the future for radioactive waste management in hospitals.

2. Materials and Methods

2.1. Materials

Chitosan was obtained from Hunan Insen Biotech Co., Ltd in China (molecular weight:
10,000–20,000 Daltons). Graphite flakes were procured from Jiangsu XfNano materials Tech
Co., Ltd, China, with a mean size of 100 mesh and a purity of 99.5% (model number XF051).
Sulfuric acid (H2SO4, 95.0–98.0%) was obtained from Ajax Finechem (Australia); potas-
sium permanganate (KMnO4, ≥99.0%), phosphoric acid (H3PO4, ≥99.0%), sodium nitrate
(NaNO3, ≥99.0%), sodium hydroxide (NaOH, ≥99.0%), sodium iodide (NaI, ≥99.0%), and
ethanol (C2H5OH, ≥99.9%) were obtained from Merck (Kenilworth, NJ, USA). Hydrochlo-
ric acid (HCl, ≥99.0%) and hydrogen peroxide (H2O2, 30%) were obtained from Sigma
Aldrich (St. Louis, MO, USA).

2.2. Synthesis of Graphene Oxide Suspension

GO was prepared using a modified Hummer’s method [12]. Briefly, graphite flakes
(3.0 g) were mixed with KMnO4 (9.0 g); then, the mixture of H2SO4 (360 mL) and H3PO4
(40 mL) was slowly added under continuous stirring in a water bath and stirred for 15 min.
Next, 3.0 g of NaNO3 was added to the solution, followed by 400 mL of deionized water.
This mixture was magnetically stirred for 4 h. After that, 30 mL of H2O2 was added to
the solution. The filtrate obtained was washed with 200 mL of HCl (10%), then 200 mL of
ethanol was added and the suspension was stirred at room temperature for 60 h. The GO
was washed with 5% HCl and DI water until a neutral pH was achieved. Subsequently,
the suspension was kept without disturbance around 3–4 h until the GO settled on the
bottom of the beaker and the volume of the suspension had decreased to 250 mL. The final
concentration of the GO suspension was 12.0 mg/mL.

2.3. Preparation of GO/CS Sponges

CS was prepared by dissolving 6.0 g of chitosan in 294 mL of acetic acid (2.0%). The
GO suspension and the CS solution were mixed at a ratio of 2:1. The obtained solution
of GO/CS was sonicated for an additional 1 h and aged for 12 h to form a homogeneous
GO/CS suspension [13]. The final concentration of the stock GO/CS suspension was
0.01467 mg/μL. Preparation of the GO/CS sponges was started by pouring the GO/CS
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suspension into a Teflon cup before freezing it at −20 ◦C, followed by freeze-drying
(vacuum of 0.1 mbar for 24 h), then baking it at 60 ◦C for 48 h to eliminate moisture.

2.4. Characterization of GO/CS Sponges

The GO/CS sponge samples were characterized by different techniques. Scanning
electron microscopy (SEM; Quanta model 450) was used to observe the surface morphology
of the GO and the GO/CS suspension. Raman spectra were obtained with a DXR Raman
microscope (aperture: 50 micrometer slit; laser spot size: approximately 3.1 micrometers;
power: 10 mW) with a 532 nm laser. The functional groups on the adsorbent samples
were investigated with a Fourier-transform infrared spectrometer (FT-IR; Perkin Elmer,
Spectrum model).

2.5. Adsorption Experiments

The adsorption experiments were carried out by using the stable isotope of iodine-127
and the radioactive isotope of iodine-131. As the stable and radioactive iodine isotopes
have similar chemical properties, the stable isotope was mainly used to perform all the
adsorption experiments except for the adsorption ability test in order to avoid radiation
exposure and radioactive contamination of the devices and instruments. In addition, the
adsorption efficiency of GO/CS for removing iodine-131 was easily determined by radioac-
tivity analysis using gamma spectrometry, rather than indirect analysis by measuring the
iodine concentration with other instruments.

The adsorption capacity of the GO/CS sponge was determined using absorption tech-
niques with a UV–vis spectrophotometer (SHIMADZU UV-2600). The iodide adsorption
spectra were observed at 226 nm [14]. The calibration curve for the relationship between the
concentration of the NaI solution (0.1 to 4.0 mg/L) and its absorbance was established. The
adsorption capacity at various iodine concentration was determined with 2.0 mg of GO/CS
sponges mixed in a 50 mL NaI solution at concentrations of 0.1–4 mg/L. Next, the mixture
was agitated in a shaker at room temperature for 24 h. The GO/CS sponges were separated
from the solution using glass microfiber filters with a 0.2 μm pore size. The concentration
of iodide in the remaining solution was measured with a UV–vis spectrophotometer, and
the equilibrium adsorption amounts, qe (mg/g), were calculated via Equation (1) [15].

qe =
(Ci − Ct)V

m
(1)

where Ci (mg/L) and Ct (mg/L) are the initial sodium iodide concentration and the
concentration at any time t (min), respectively; V (mL) is the volume of the sodium iodide
solution; and m (g) is the mass of the CS/GO sponges.

The effects of the parameters, including adsorbent dosage, contact temperature, con-
tact time, and pH, on the removal of iodide were studied. To explore the effects of adsorbent
dosage, the GO/CS sponges (1.5–6.0 mg) were mixed in a 50 mL NaI solution (1.5 mg/L)
for 2 h. The mixture was adjusted to pH 7.2 ± 0.2. Afterwards, the GO/CS sponges were
filtered, and the residual concentration of the iodide in the supernatant was estimated
spectrophotometrically using the established calibration curve. The adsorption capacity at
equilibrium (qe) was calculated from Equation (1). The adsorption capacity test at different
temperatures was conducted by mixing 2.0 mg of GO/CS sponges with a 50 mL NaI
solution (1.5 mg/L) at pH 7.2 ± 0.2 for 2 h. The mixing temperature was varied from 5 to
45 ◦C. The qe at each temperature was determined as previously described. The effect of
contact time on the adsorption capacity was studied by setting up the experiment as above
and then varying the contact time from 5 min to 24 h at room temperature. The influence of
the solution’s pH on the adsorption capacity was evaluated by adjusting the pH of solution
with HCl/NaOH solution to pH values of 4 to 9.

The adsorption isotherm experiment was conducted by adding 2.0 mg of CS/GO sponges
into a 50 mL NaI solution at different concentrations (0.5, 1.0, 1.5, 2.0, and 4.0 mg/L). The
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adsorption data were fitted with the Langmuir and Freundlich models [16,17] as presented in
Equations (2) and (3), respectively.

Langmuir model :
Ce

qe
=

1
KL qmax

+
Ce

qmax
(2)

where Ce (mg/L) is the concentration of NaI at equilibrium, qe (mg/g) is the amount of
adsorbed sodium iodide on the surface of the GO/CS sponges at equilibrium, KL (L/mg) is
the Langmuir constant related to the adsorption capacity, and qmax (mg/g) is the maximum
adsorption capacity of the GO/CS sponges.

Freundlich model : log qe = log KF +

(
1
n

)
logCe (3)

where KF (mg/g) and 1/n are Freundlich constants representing the coefficient and intensity
of adsorption, respectively.

The removal efficiency of iodine-131 by GO/CS was determined. A stock solution
of iodine-131 in NaI with a radioactive concentration of 11.84 MBq/mL was obtained
from the Thailand Institute of Nuclear Technology (Public Organization). It was diluted
with deionized water until a final concentration of 140.78 kBq/mL was reached. The
adsorption experiments were carried out in 50 mL plastic tubes to prevent the adsorption
of radionuclides onto the glass wall. The experiment was conducted to explore the optimum
equilibrium time by varying the incubation period from 0.5 to 48 h. The 30 mL iodine-131
solutions with 4.223 MBq of activity were added into each tube, which contained GO/CS
sponges at the same concentration in each tube. The mixtures were then stirred for 10 min
and allowed to equilibrate for 0.5 to 48 h at room temperature. The GO/CS suspension
was filtered out by glass microfiber filters with a pore size of 0.2 μm. Subsequently, the
radioactivity of the iodine-131 in the solution was measured with a gamma spectrometer
(Canberra, model DSA 1000) equipped with a coaxial HPGe detector (model GR2519)
51.7 mm in diameter and 58.5 mm in length. This system delivered a resolution of 1.82 keV
for 1332.5 keV gamma rays from cobalt-60, with an efficiency of 0.7011% for 364 keV gamma
rays of iodine-131 calculated using the standard source (Eckert & Ziegler source No. 1868-
30) with energies in the range of 88–1836 keV. Gamma spectrum analysis was performed
using Genie 2000 software. The radioactivity of iodine-131 [18], given in Becquerel (Bq),
was calculated using Equation (4):

A =
NCe

tεpV
(4)

where A is the activity concentration of iodine-131 (Bq/L), N is the number of counts in the
photo-peak at an energy level of 364 keV, Ce is the true coincidence summing correction
factor, t is the measurement time (s), ε is the detector’s efficiency, p is the probability of
disintegration of the radionuclide, and V is the volume of the solution (L).

The removal efficiency of iodine-131 by GO/CS was determined by Equation (5):

Removal efficiency (%) =

[
A0 − A1

A0

]
× 100 (5)

where A0 is the initial radioactivity of iodine-131 before GO/CS adsorption and A1 is the
radioactivity of the resulting supernatant.

3. Results and Discussion

3.1. Characterization of GO/CS Sponges

GO/CS sponges with a proportion of 2:1 (v/v) were generated by a freeze-drying
process at −20 ◦C. The shape was similar to the Teflon cup. Their physical characteristics
were solid and light with a three-dimensional structure, as shown in Figure 1.
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Figure 1. A GO/CS sponge after the freeze-drying process.

SEM images were used to determine the morphology of GO and GO/CS sponges.
Figure 2a shows the GO, revealing that the surface of GO is generally smooth, whereas the
edges of the GO/CS sponge are raised and bent, as seen in Figure 2b. This may be due to
the different structure and hardness between CS and GO. It was proposed that the adequate
dispersion of GO in CS was achieved through the interactions between the amino groups
(-NH2) in CS and the carboxylic groups (-COOH) in GO [19,20]. Moreover, Figure 2c shows
that the GO sheets lined up randomly and the GO sheets connected together without any
overlay, resulting in gaps. In Figure 2d, the gaps inside the GO/CS sponge’s structure
beneath the surface were caused by air that replaced the liquid during the freeze-drying
process. This demonstrates that the internal structure of the GO/CS sponge was full of a
GO sheet network.

  
(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. SEM images of (a) GO and (b–d) GO/CS sponge at different magnifications.

To observe the ordered and disordered crystal structures of GO and GO/CS, Raman
spectroscopy was used. Figure 3 shows the Raman spectra of GO and GO/CS sponges. We
can see that the results of these two samples are similar. The Raman spectrum of GO shows
two characteristic peaks at 1340 cm−1 (D-band, C-C) and 1588 cm−1 (G-band, C=C). The
D-band is caused by the breathing modes of carbon atoms (six-atom rings) and the G-band
corresponds to the high-frequency E2g mode of sp2-hybridized carbon atoms [21]. The
D-band to G-band intensity ratio (ID/IG) for GO was 0.8032. For the GO/CS suspension,
shifts at the D-bands (20 cm−1) and G-bands (2 cm−1) were observed compared with GO.
The size of the ID/IG ratio of GO/CS (0.933) was slightly greater than the ID/IG ratio of
GO (0.8032). This result suggests that the structure of the GO/CS suspensions was similar
to that of ordered carbon nano-sheets [22].

Figure 3. Raman spectra of GO and GO/CS sponges.

The functional groups of GO, CS, and GO/CS were investigated by FT-IR, as shown in
Figure 4. The GO spectrum showed adsorption peaks that were assigned to the functional
group of O-H bonds at 3416 cm−1, the C=O stretches of the carboxylic group (1729 cm−1),
the stretching vibrations of aromatics (C=C) at 1624 cm−1, epoxy C−O−C stretches at
1217 cm−1, and alkoxy C−O bonds at 1054 cm−1. Our results were similar to the results
reported by Liu et al. [23]. The CS spectrum showed the main adsorption peak of the
NH2 group of CS at 1574 cm−1. In the case of the GO/CS suspension, the FT-IR spectrum
showed a new adsorption peak at 1638 cm−1 related to amide (N-H), whereas the C=O at
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1729 cm−1 disappeared. This might have been caused by the NH2 of CS reacting with the
C=O of GO to form the functional group of N-H in the GO/CS suspension. Moreover, the
C−O in the spectrum of GO/CS at 1073 cm−1 was less intense than that in the spectrum
of GO at 1054 cm−1. This is because the CS interacted with the OH groups of GO [24]. A
diagram of the mechanism of the GO/CS suspension from the reaction between GO and
CS is displayed in Figure 5. This reaction scheme explains that, when GO is mixed with the
CS solution, electrostatic interactions are formed between the C=O group of GO and the
N-H groups of CS, resulting in the stable GO/CS composite with improved elasticity [24].

Figure 4. FT-IR spectra of GO, CS, and GO/CS.

Figure 5. Proposed mechanism of the reaction between GO and CS to form the GO/CS suspension.

3.2. Adsorption Capacity

A series of experiments were conducted to determine the effect of adsorbent concen-
tration, temperature, contact time, and pH on the adsorption rate. UV–vis spectroscopy
was used to observe the concentration of NaI remaining in the supernatant after adsorption
by the GO/CS sponges. The UV–vis absorption spectra of different NaI concentrations are
shown in Figure 6a. The maximum absorption was found at a wavelength of 226 nm [25].
A calibration curve was established to determine the concentration of NaI derived from the
absorbance by using the regression equation y = 0.7834x + 0.1373, as shown in Figure 6b.
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(a) (b) 

Figure 6. (a) UV–visible absorption spectra of NaI at concentrations of 0.1–4.0 mg/L at 25 ◦C and pH 7.2 ± 0.2; (b) calibration
curve used for determination of the NaI concentration.

Figure 7 shows the adsorption capacity results for 2.0 mg of the GO/CS sponges
mixed with the NaI solution at concentrations of 0.1–4 mg/L. The adsorption capacity at
equilibrium (qe) did not change in the 30 mg/g range, and the highest qe was found at
30.52 mg/g with a concentration of 1.5 mg/L. This was probably due to the surface of the
GO/CS sponge being limited and thus insufficient to adsorb NaI from the solution.

Figure 7. The NaI adsorption capacity (qe) of 2.0 mg of GO/CS sponges with a contact time of 24 h
at a pH of 7.2 ± 0.2 and room temperature.

The effect of adsorbent dosage on adsorption capacity was investigated in the range
of 1.5–6.0 mg of GO/CS sponges. The qe and removal percentage of NaI were plotted
against dosage, as illustrated in Figure 8a,b, respectively. The qe increased as the adsorbent
dose increased from 1.5 to 2.0 mg, then decreased from 2.0 mg onward. The highest qe
was found at 30.17 mg/g, whereas the lowest qe was found at 11.9 mg/g. The removal
percentage increased rapidly from 45 to 95% at 1.5–2.5 mg, and it tended to be stable at
approximately 95%.
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(a) (b) 

Figure 8. Effect of adsorbent dosage on NaI adsorption onto GO/CS sponges: (a) qe and (b) removal percentage at a
concentration of 1.5 mg/L at 25 ◦C, pH 7.2 ± 0.2.

The effect of temperature on adsorption capacity was investigated from 5 to 50 ◦C.
The adsorption capacity increased with the increase in temperature from 5 to 35 ◦C then
decreased until the temperature was 50 ◦C, as shown in Figure 9a. The highest removal was
found at 95% (Figure 9b), which was equivalent to 35.3 mg/g at 35 ◦C. This observation
might be explained by the iodide ions (I−) moving and reacting with hydrogen when the
temperature increased from 5 ◦C to 35 ◦C; after that, the adsorption decreased because
the physical adsorption mechanism between the -NH3

+ and I− functional groups on
the GO/CS sponge was an exothermic process. The higher the temperature, the lower
the adsorption capacity (30.1 mg/g). These results, according to studies by Besemer
et al. [26], suggest that iodide ions react with hydrogen on the surface of an adsorbent,
resulting in two types of hydrogen bonds, namely O···H–O–H···I and I−···H–O–H···I−.
For implementation, it might be more practical to use room temperature (25 ◦C) rather
than 35 ◦C. This is because of the small difference in adsorption capacity found between
these two temperatures.

 
(a) (b) 

Figure 9. Effect of temperature on NaI adsorption onto GO/CS sponges: (a) qe and (b) percentage removal at a concentration
of 1.5 mg/L at pH 7.2 ± 0.2.

The effects of contact time from 5 to 180 min and from 5 min to 24 h on the adsorption
capacity are shown in Figure 10a,b, respectively. The qe rapidly increased during the first
30 min as the adsorbent still had a large surface, then it slowly increased until it became
stable when the adsorption reached the saturation point. From 30 min to 24 h, the qe was
relatively stable in the range of 30.8–31.8 mg/g.
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(a)  (b) 

Figure 10. Effect of contact time on NaI adsorption onto GO/CS sponges: (a) 5 min to 180 min and (b) 5 min to 24 h.

To explore the effects of pH on the adsorption capacity, the pH of the mixing solution
was varied from 3 to 12. Figure 11 shows the adsorption capacity of the GO/CS sponges for
iodide ions at pH 3 to pH 12. The results show that the lowest adsorption was found at pH
3 and adsorption increased until pH 8. After that, the adsorption continuously decreased
from pH 9 to pH 12. This may be because the capabilities of H+ and I− can be combined
in the form of hydrogen iodide (HI). Normally, at a low pH [27], the -NH2 group of CS
will change to −NH3

+, resulting in its binding to I–. However, when GO was mixed with
CS, the -NH2 groups in CS bound with GO instead of I−, and only GO could adsorb I−,
resulting in less adsorption at low pH. The maximum adsorption of I− onto the GO/CS
sponges was found at pH 7.2 (qe = 32.1 mg/g), where I− could create a bond between the
positively charged surface of GO without the effect of H+ and OH−. When the pH value
increased, the surface charge of GO was fundamentally negative; this may have led to the
decrease in the adsorption capacity of GO/CS sponges [28].

Figure 11. Iodide ion adsorption capacity of GO/CS sponges at pH 3 to pH 12.

Adsorption isotherms are very useful for demonstrating the amount of material
adsorbed per unit of mass of the adsorbent as a function of the equilibrium concentration
of the adsorbate. The Langmuir and Freundlich adsorption isotherms for iodide removal
from aqueous solutions by the GO/CS sponges are shown in Figure 12a,b, respectively. In
the case of the Langmuir isotherm model, the linear plot between 1/qe and 1/Ce resulted
in a slope of 1/(qmax·KL) and an intercept of 1/qmax. For the Freundlich model, a graph
between log Ce and log qe resulted in a slope of 1/n and an intercept of log KF [29]. The
Langmuir and Freundlich isotherm parameters calculated from the slopes and intercepts of
the linear plots are presented in Table 1. The maximum adsorption capacity was found to
be 30.5 mg/g, and the Langmuir constant (KL) was 0.0182 L/mg. In order to describe the
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affinity between the adsorbent and adsorbate, the Langmuir isotherm can be expressed by
a dimensionless constant called the separation factor (RL) [30], as shown in Equation (6):

RL =
1

1 + KLCo
(6)

where Co is the initial concentration of iodide ions and KL is the Langmuir constant. The
RL value indicates the shape of the isotherm if it is consistent with the adsorption. A value
of RL > 1 indicates unfavorable uptake, RL = 1 indicates linear uptake, 0 < RL < 1 indicates
favorable uptake, and RL = 0 indicates irreversible uptake [31]. The RL value (0.6295)
observed in our study is in the range of 0–1, confirming the favorable uptake of the iodide
by the GO/CS sponges. Furthermore, the correlation coefficients (R2) of the Langmuir
and Freundlich isotherms were found to be 0.9986 and 0.7645, respectively, demonstrating
that the Langmuir isotherm completely conformed to the experimental data. This finding
confirmed that the GO/CS sponges’ structure was uniform monolayer GO sheets.

 

 

(a)  (b) 

Figure 12. (a) Langmuir and (b) Freundlich adsorption isotherms for iodide removal at various concentrations.

Table 1. Langmuir and Freundlich isotherm parameters for adsorption of iodide ions from a solution
by GO/CS sponges.

Langmuir Isotherm Model Freundlich Isotherm Model

qmax (mg/g) KL (L/mg) R2 RL KF (mg/g) 1/n R2

30.4878 0.0182 0.9986 0.6295 50.8745 0.4760 0.7645

In light of the Langmuir isotherm parameters derived from our experiments, they
can be used to determine the adsorption capacity of GO/CS sponges to remove radioac-
tive iodine-131 from wastewater. As iodine-131 is classified as a carrier-free radioisotope,
its specific activity can be determined by the equation A = λN, where A is radioactivity
(Bq), λ is the decay constant (where λ = 0.693/T1/2), and N is the number of radioac-
tive atoms [32]. The maximum adsorption for iodine-131 calculated from the Langmuir
isotherm parameters is 1.1927 × 108 MBq/g.

In order to determine the efficiency of the synthesized GO/CS sponges for the removal of
radioactive iodine from wastewater, adsorption experiments were conducted by varying the
incubation time and the weight of the GO/CS sponges. The effects of the incubation period
on adsorption capacity are shown in Figure 13. It is apparent that adsorption was rapid in
the first 1 h but then slowed until reaching equilibrium. In the initial stage, the high removal
rate was probably due to the rapid contact of sodium iodide molecules with the active sites on
the external surfaces of the GO/CS sponge adsorbent. The subsequently constant rate might
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be attributed to the diminishing availability of the remaining active sites. However, a 24 h
incubation period was chosen in our study to guarantee sufficient adsorption.

 
(a) (b) 

Figure 13. The removal efficiency of I-131 by GO/CS at different incubation times: (a) 0.5 h to 48 h and (b) 0.5 h to 2 h.

Figure 14 shows the removal efficiency of iodine-131 by GO/CS sponges calculated by
Equations (4) and (5). The removal efficiency increased with an increase in the weight of the
GO/CS sponges from 1.0 to 2.0 mg. After that, the removal efficiency was relatively constant.
At a weight of 1.5 mg, the removal efficiency was 68.9%. The highest removal efficiency was
found at 92.6% for the weight of 4.0 mg, which is equivalent to 0.263 MBq iodine-131 per
milligram of adsorbent at pH 7.2 ± 0.2 for 24 h of adsorption. Based on the release of iodine-131
demonstrated by Larsen et al. [33], a treatment dose of ~3.8 GBq (102.6 mCi) of iodine-131 in a
patient at a local hospital resulted in iodine-131 releases of approximately 3.2 GBq (87 mCi)
entering the sewer system over a 40 h period. In comparison with those observations, the
synthesized GO/CS demonstrated reasonable adsorbing capacity, i.e., 12.167 g of GO/CS was
needed to remove 3.2 GBq. Since the cost of GO/CS is relatively cheap compared with various
commercially available adsorbents, it would be possible to replace the costly adsorbents with
the GO/CS sponges developed here.

Figure 14. The removal efficiency of iodine-131 by GO/CS sponges at 24 h.

When the GO/CS sponges were compared with conventional adsorbents such as
activated carbon, although GO/CS sponges are more difficult to synthesize than activated
carbon, our study showed that the synthesized GO/CS sponges were quite effective. Iodine
can be absorbed to the maximum adsorption capacity in as short as 1 h, whereas activated
carbon has a very slow adsorption time of 48 h [34]. The distinguishing feature of the
GO/CS sponges is that they are easily shaped; therefore, they are convenient for filtering
or trapping iodine at specific points such as in hospital sewer systems. Another interesting
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point of the GO/CS sponges is their handling after iodine adsorption in the solution. They
can be easily separated from the solution by means of a clamping device. Because of the
physical nature of the GO/CS sponges, in which the graphene oxide sheets are connected to
chitosan, they are not easily broken. Unlike activated carbon, which is a fine powder mixed
with a solution, filtration is required to separate them. In addition, our study showed that
the developed GO/CS sponges adsorbed iodine-131 at a high efficiency of 90% within
1 h without external energy use. This finding is interesting because radiation containers
can be placed under radiation-shielding materials. This supports the best practices of
working with radiation: ALARA (“As Low as Reasonably Achievable”), which means that
all reasonable effort is needed to keep radiation exposure below the radiation dose limit as
much as possible.

Among the many advantages of the GO/CS sponges, they can be shaped in a wide
variety of containers used in the freeze-drying process and the sponges do not dissolve
into the water; thus, the synthesized sorbent can be used in practical applications. For
example, they may be added to a column to adsorb iodine-131 from pouring wastes, which
can significantly reduce the amount of liquid radioactive waste that must be stored until
being drained. These advantages not only reduce the cost of the waste storage system but
also reduce storage space, as the secondary wastes arising from sorbents are several times
smaller than liquid wastes. Due to the adsorption efficiency of the sorbent (12.167 g sorbent
required to remove 3.12 GBq), the amount of solid secondary waste generated would be
extremely low and can be stored in a small lead-shielded container until decay. We expect
to explore the renewable performance of adsorbents further. This would greatly minimize
the secondary waste generated. In addition, the sorbent will be particularly useful for
increasing the number of patients receiving radioiodine therapy, as it can speed up the
treatment time of contaminated liquid waste. Most importantly, the waste management
system to be built for a new hospital does not have to be at a large scale that would normally
be required for basic radioactive waste treatment principles: (1) concentrate and contain
(2) delay and decay, and (3) dilute and disperse.

4. Conclusions

We successfully synthesized graphene oxide/chitosan (GO/CS) sponges as an ad-
sorbent for the removal of iodine-131 from aqueous solutions. The adsorption isotherm
experiment was consistent with Langmuir’s isotherm model, which indicates that the
synthetic structure consisted of randomly connected GO sheets without overlapping layers.
Our study demonstrated that the synthesized GO/CS sponges could effectively adsorb
radioactive iodine-131 in aqueous solution at pH 7.2 ± 0.2. The maximum adsorption
capacity of iodine-131 by GO/CS was 0.263 MBq/mg. Based on the information of iodine-
131 released from patients undergoing therapeutic application and entering a municipal
sewer, the amount of GO/CS needed for radioactive iodide treatment is feasible. Due to
its attractive characteristics, including the low cost, the ease of obtaining it, and its eco-
friendly properties, the GO/CS developed here could be used as an alternative adsorbent
for removing radioiodine from wastewater. It may be applied to adsorb liquid iodine-131
wastes from wards before releasing them into the sewage waste drainage system.
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Abstract: Natural and 137Cs radioactivity in coastal marine sediment samples was measured using
gamma spectrometry. Samples were collected at 16 locations from four beaches along the coastal area
of Muscat City, Gulf of Oman. Radioactivity in beach sand was used to estimate the radiological
risk parameters to humans, whereas the radioactivity in marine sediments was used to assess the
radiological risk parameters to non-human biota, using the ERICA Tool. The average radioactivity
concentrations (Bqkg−1) of 226Ra, 232Th, 40K, 210Pb and 137Cs in sediments (sand) were as follows:
16.2 (16.3), 34.5(27.8), 54.7 (45.6), 46.8 (44.9) and 0.08 (0.10), respectively. In sand samples, the estimated
average indoor (Din) and outdoor (Dout) air absorbed dose rates due to natural radioactivity were
49.26 and 27.4 and the total effective dose (AEDTotal; μSvy−1) ranged from 150.2 to 498.9 (average:
275.2). The measured radioactivity resulted in an excess lifetime cancer risk (ELCR) in the range of
58–203 (average: 111) in and an average gonadal dose (AGD; μGy.y−1) ranged from 97.3 to 329.5
(average: 181.1). Total dose rate per marine organism ranged from 0.035 μGy h−1 (in zooplankton) to
0.564 μGy h−1 (in phytoplankton). The results showed marine sediments as an important source of
radiation exposure to biota in the aquatic environment. Regular monitoring of radioactivity levels
is vital for radiation risk confinement. The results provide an important radiological risk profile
parameter to which future radioactivity levels in marine environments can be compared.

Keywords: radioactivity; gamma spectrometry; absorbed dose rates; radiation risk; aquatic environ-
ment; non-human biota

1. Introduction

Radioactivity naturally exists in the environment in different conditions such as
soil, underground water, marine sediment, and biota. Radioactivity enters the marine
environment through different pathways, including via river and rainwater transport into
the sea; however, this is often due to nuclear waste disposal, which is discharged from
nuclear power plants as well as from medical, industrial, research, and educational uses of
radionuclides [1–3]. Sources of marine radioactivity are numerous: uranium isotopes are
present in large amounts in seas and oceans; thorium in water is hydrolysed and attached
to particle surfaces, and is thus not as soluble in water; and 226Ra and 40K are highly
soluble in water. On the other hand, 210Pb enters the atmosphere via 222Rn diffusion and in
rainfall. 137Cs in the environment poses radiation protection concerns given its high yield,
long half-life, and significant uptake and retention in biological organisms. The principal
sources of 137Cs released in the environment have included atmospheric nuclear weapons
testing and releases during nuclear reactor accidents [4].

Regarding the radiation risk to non-human biota, the concerning biological effects
include those that could lead to changes in population size or structure. Among these
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endpoints are early mortality, some forms of morbidity, impairment of reproductive capac-
ity, and the induction of chromosomal damage. Therefore, it is necessary to estimate the
doses received and then compare such data with the nearest relevant data for reference
organisms to evaluate the likely radiation effects for such organisms in an environmental
context [5].

Assessing radiation exposure among humans requires a better understanding of the
radionuclide’s behaviour in pertinent environments [6–8]. Thus, the primary aims of nearly
all marine radioactivity studies have been to form a scientific foundation upon which
to determine the radiological risk of radioisotopes in marine environments. This is an
enormously important issue that is in alignment with the present radiation protection
standards [6,7]. Considering the importance of the subject, several radioactivity studies
were performed in the marine environments of Gulf countries [9–13]. The results revealed
a high degree of variability in radioactivity levels and emphasised the importance of such
studies from a radiation protection standpoint. In Oman, not much work has been done
to explore environmental and marine radioactivity. In fact, the only study we found was
carried out by Salih, who studies radioactivity levels in marine environments [14]. In these
studies, the radiological risk to non-human biota was not covered.

Thus, we sought to assess radiation exposure, radiological hazards, and attributed
cancer risk from naturally occurring radioactivity found in marine sediments along the
coastal area of the Gulf of Oman. This is important, as oceans and seas are directly impacted
and ultimately serve as a sink of radioactivity and other contaminants, as they link diverse
geographical areas with one another, representing a major source of marine pollution.

2. Materials and Methods

2.1. Study Location

The study was performed in the Muscat principality in Oman (23.5859◦ N, 58.4059◦ E)
which had a population of approximately 1.28 million in 2015. Figure 1 shows the map of
Oman, which highlights Muscat city and the four sample locations. These are Manuma
Beach (A), Seeb Beach (B), Aziba Beach (C), and Qurum Beach (D), which are the four major
beaches. These beaches are important sightseeing destinations and are among the most
abundantly frequented in the city, especially in summer. Thus, it is essential that radioac-
tivity levels are studied to determine the extent of the associated radiological hazards.

Figure 1. Map of Oman showing Muscat city, Gulf of Oman and the four sample locations: Manuma
Beach (A); Seeb Beach (B); Aziba Beach (C); and Qurum Beach (D).
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For the coastal sands, each sample was taken at a depth of 5 cm at an average interval
of 200 m between two locations. Samples of marine sediment were taken from the area
covered by sea water at about 20 m from the beach to provide a fair representation of the
area’s geological and sediment characteristics, which are the greatest determinants of the
types of radionuclides present. The samples were taken to the laboratory at the Medical
Physics Department, Sultan Qaboos University, where they were dried for 24 h in an oven
set at 80 ◦C. To better estimate the specific activity of radium, samples were tightly sealed
in Marinelli beakers and left for 4 weeks to achieve equilibrium.

2.2. Radioactivity Measurements

Spectrometric measurements were performed using a p-type high purity germanium
(HPGe) detector, with a relative efficiency of 40% to that of NaI spectrometry (ORTEC, Oak
Ridge, TN, USA). Gamma Vision-32 software was used for spectrum analysis (ORTEC,
Oak Ridge, TN, USA). Energy and efficiency calibrations were performed before the
measurements were taken using a standard mixture of sources from the International
Atomic Energy Agency (IAEA). Background measurements were performed without a
sample in place, and these measurements were subsequently subtracted from the measured
activity concentrations.

The 226Ra activity was estimated from the 214Pb and 214Bi radionuclide activities mea-
sured directly determined from their gamma-ray energy lines 351.92 keV and 609.31 keV,
respectively. The activity of 232Th was estimated from the 212Bi, 212Pb, and 228Ac radionu-
clide activities measured directly from their gamma-ray energy lines 727.17, 238.63, and
911.60 keV, respectively. The activity concentrations of 40K, 210Pb, and 137Cs were measured
directly using their gamma ray lines 1460.81, 46.5, and 662 keV, respectively [4]. Using these
parameters, the specific activity (A) of a given radionuclide in the sample was determined
as follows:

A =
N

PE·ε·Tc·M·k (1)

where M is the mass of the sample in kg, N is the sample net area in the peak range,
PE is the gamma emission probability, Tc is the counting time, and ε is the photo peak
efficiency [7]. k is the product of all correction factors (k = k1·k2·k3·k4·k5); where k1, k2,
k3, k4, and k5 are correction factors to account for the radionuclide decay, the nuclide
decay during counting, self-attenuation, pulses loss due to random summing, and the
coincidence, respectively [15,16].
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The standard uncertainties in activity measurements for 40K, 210Pb and 137Cs radionu-
clides were used for the determination of the expanded uncertainty. For 226Ra and 232Th
which are determined from other radionuclides, the combined uncertainty was determined
as the square root of the quadratic sum of the relative standard uncertainties of respective
radionuclides as shown in Equations (3) and (4) [15,16].
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Standard uncertainty in activity concentrations, as shown in Equation (2), was deter-
mined using software. The overall uncertainties in the measurement results were quoted
as expanded uncertainty at 95% confidence level with coverage factor (k = 2) [15].

3. Results and Discussion

3.1. Radioactivity Contents in Marine Sediment

This study presents an effort to assess the magnitude of environmental and artificial
radionuclides in marine environments. The specific activity (Bqkg−1) of natural radionu-
clides 226Ra, 232Th, 40K, and 210Pb in coastal marine sands and sediments in the Gulf of
Oman are presented in Table 1.

Table 1. Radioactivity concentrations (Bqkg−1) of 226Ra, 232Th, 40K, 210Pb, and 137Cs in coastal
marine sands and sediments.

Sample
Code

Weight
(kg)

Activity Concentrations (Bqkg−1)

226Ra 232Th 40K 210Pb 137Cs

Beach Sand
S01 1421 21.5 ± 1.4 28.0 ± 2.8 78.7 ± 4.8 ** 0.11
S02 1371 24.8 ± 1.2 54.9 ± 3.1 74.4 ± 3.2 42.7 ± 19.4 0.05
S05 1592 14.3 ± 1.0 29.3 ± 2.2 29.5 ± 2.0 (125.5 ± 12.2) 0.04
S06 1568 14.3 ± 1.0 10.4 ± 1.1 30.6 ± 2.1 24.7 ± 11.4 0.07
S09 1501 13.6 ± 0.9 43.3 ± 3.3 56.9 ± 3.7 67.4 ± 13.5 0.19
S10 1414 9.3 ± 0.7 30.0 ± 2.6 29.0 ± 2.1 ** 0.13
S13 1038 15.6 ± 1.0 13.2 ± 1.3 32.0 ± 2.1 ** 0.07
S14 1376 17.0 ± 1.1 13.6 ± 1.3 34.0 ± 2.3 ** 0.15

Average 16.30 27.84 45.64 44.9 0.10
Marine sediments

S03 1363 21.0 ±1.0 50.4 ± 3.0 93.9 ± 3.8 44.9 ± 1.9 0.05
S04 1425 19.4 ± 1.4 47.3 ± 3.8 93.4 ± 5.7 ** 0.07
S07 1532 12.8 ± 0.8 31.6 ± 1.2 39.6 ± 2.3 (158.9 ± 12.9) 0.07
S08 1750 11.5 ± 0.8 31.0 ± 2.4 33.5 ± 2.6 42.9 ± 12.5 0.09
S11 1496 13.8 ± 0.8 22.4 ± 2.2 30.8 ± 2.8 53.0 ± 11.4 0.13
S12 1421 13.2 ± 1.0 28.0 ± 1.8 42.9 ± 2.0 ** 0.08
S15 1332 17.7 ± 1.4 32.6 ± 2.6 42.2 ± 3.9 65.1 ± 14.2 0.09
S16 1423 20.4 ± 1.2 32.5 ± 1.6 61.3 ± 2.7 28.1 ± 13.3 0.08

Average 16.2 34.5 54.7 46.8 0.08
The results in the brackets ( ) are outliers and are excluded from the average; ** indicate that the activity is less
than the minimum detectable activity (MDA).

As shown, the radioactivity (Bqkg−1) of 226Ra, 232Th, 40K and 210Pb ranges were 9.324.8
(average: 16.3), 10.4–54.9 (average: 27.8), 29.0–78.7 (average: 45.6), and 24.7–67.4 (average:
44.9) Bqkg−1, respectively, in coastal sands, and from 11.0–21.0 (average: 16.2), 22.0–50.4
(average: 34.5), 30.8–93.4 (average: 54.7), and 28.1–65.1Bqkg−1 (average: 46.8), respectively,
in marine sediments. Figures 2 and 3 show the boxplot distribution of the radioactivity
distribution of 226Ra, 232Th, 40K, and 210Pb radionuclides in sand and sediment, respectively.
A large variability in activity concentrations is shown among radionuclides, reflecting the
geological and morphological characteristics of the collected sediments, as well as their
respective radionuclide contents. A high degree of variability in the measured radioactivity
was shown in the studied samples, as these samples reflect the geological characteristics
of their sites of origin. Usually, the radioactivity of 238U and 232Th is linked with heavy
minerals, while that of 40K is associated with clay minerals.
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Figure 2. Boxplot of distributions of the radioactivity concentrations for 226Ra, 232Th, 40K, and 210Pb
(natural radionuclides) in marine coastal sands.

Figure 3. Boxplot illustrating the distributions of radioactivity concentrations for 226Ra, 232Th, 40K,
and 210Pb natural radionuclides in marine sediments.

The radioisotope of 210Pb revealed relatively high activity concentration (especially in
the S05 and S07 sampling locations), considering a potential different origin than that of
the local mineralogy, which could be due to submarine groundwater discharge sources in
these areas.

In Table 2, a comparison is given of the average (range) radioactivity concentrations
(Bqkg−1) obtained in this work versus in the literature. According to the IAEA, when the
activity of the 238U or 232Th decay series is ≤1000 Bqkg−1and that of 40K is ≤10,000 Bqkg−1,
the radioactive material may not be regarded as naturally occurring and is thus exempt from
regulations [14]. The measured 210Pb in marine sediment originated from their parents
222Rn and 226Ra, which depend on several natural and environmental processes [17].
The radioactivity of 210Pb in the present work is comparable to values reported in the
literature [9–13,17–19].
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Table 2. Comparison of average (range) radioactivity concentrations (Bqkg−1) obtained in this work
versus those in the literature.

Location 226Ra 232Th 40K 210Pb 137Cs References

World 35 30 400 ** ** [2]
Qatar 4.2–19.5 1.0–6.0 11–188 ** 0.18–0.66 [9]

Kuwait 17.3–20.5 15–16.4 353–445 23.6–44.3 1.0–3.1 [10]
Iran 11.8–22.7 10.7–25 223–535 ** 0.14–2.8 [11]

Saudi Arabia 4.4–19.3 5.3–58.9 324.6–1133 ** 0.6–8.7 [12]
Kuwait 18.6–21.4 14.0–17.1 351.2–404.0 ** 1.5–2.9 [13]
Greece 18–86 20–31 368–610 47–105 0.7–3.8 [17]
China 13.7–52. 26.1–71.9 392–898 ** ** [19]
Egypt 38.51 ** 33.35 659.18 ** [20]
Oman 16.2 (16.3) 34.5 (27.8) 54.7 (45.6) 46.8 (44.9) 0.1 (0.1) This stud

** indicate that the activity is less than the minimum detectable activity (MDA).

Figure 4 shows a bar chart illustrating the distribution of activity concentrations of
137Cs among different samples. As shown, the radioactivity concentration of the artificial
radionuclide 137Cs varied from 0.04–0.19 Bqkg−1 (average: 0.09). The 137Cs radioactivity
levels in the current study were very low in most samples, suggestive of a low level of
contamination. 137Cs in marine and other environments may have radiological impacts
given its long half live, high yield, and high uptake and retention in biological systems. The
results of our study were compared with the results of similar studies reported in different
countries around the world (Table 2). As shown, the radioactivity levels in our study are
comparable to those reported in Kuwait, Qatar, Saudi Arabia, and Greece, and can be
explained by the fact that these studies were carried out in adjacent marine environments
in which these radionuclides could be easily transported.

Figure 4. Bar charts of the radioactivity concentration of the artificial radionuclide, 137Cs.

Correlations between the activity concentrations of the radionuclides are presented in
Table 3. The results are graphically depicted in Figure 5, showing the correlations between
the activity concentrations of 226Ra and 232Th. Figure 6 shows the correlations between
the activity concentrations of the naturally occurring radionuclides 226Ra and 40K are
illustrated using corresponding colour codes.
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Table 3. Correlation between activity concentrations of natural radionuclides.

Radionuclide Statistics 226Ra 232Th 40K

226Ra
Correlation coefficient 1 0.47 0.77

p-value - 0.07 <0.001

232Th
Correlation coefficient 0.47 1 0.75

p-value 0.07 - <0.001

40K
Correlation coefficient 0.77 0.75 -

p-value <0.001 <0.001 <0.001

Figure 5. Correlation between the activity concentrations of 226Ra and 232Th (natural radionuclides);
the colour codes correspond with 232Th activity.

Figure 6. Correlation between the activity concentrations of 226Ra and 40K (natural radionuclides);
the colour codes correspond with 40K activity.

The correlation between 226Ra and 232Th was not significant (r = 0.47, p > 0.05), whereas
a highly significant correlation was observed between 226Ra and 40K (r = 0.77, p < 0.001) and
between 232Th and 40K (r = 0.75, p < 0.001). The observed correlations could be attributed
to the origin of these radionuclides.
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3.2. Assessing Radiological Hazards
3.2.1. Radium-Equivalent Activity

Radium-equivalent activity (Raeq) is a single parameter that represents the collective
risk of 226Ra, 232Th, and 40K radioactivity [21,22]. This parameter can be used to assess
whether external doses to the public exceed the recommended annual dose limit of 1 mSv.
The Raeq is determined using Equation (5):

Raeq = ARa + 1.43Ath + 0.077AK (5)

where ARa, ATh, and Ak are the specific activities (Bq kg−1) of 226Ra, 232Th, and 40K, re-
spectively, in the studied samples. Table 4 shows the radium equivalent activity (Raeq),
absorbed dose rates, effective rates, and external hazard index associated with the radioac-
tivity in sand. As presented, the Raeq ranged from 31.5 to 109.0 Bqkg−1 (average: 59.6), with
values < 370 Bqkg−1 representing the recommended limit for radiological risk control [2].

Table 4. Radium-equivalent activity, absorbed dose rates, effective rates, excessive cancer risk, annual
gonadal dose and external hazard index (Hex) associated with the radioactivity in coastal sand.

Sample
Code

Raq

(Bqkg−1)

Dose Rate (nGy.h−1) AEDTotal
(μSvy−1)

ELCR
per 10−6

AGD
μGy.y−1 Hex

Din Dout

S01 67.6 ± 5.7 56.9 31.1 317.2 126 208.2 0.18
S02 109.0 ± 4.6 89.2 50.2 498.9 203 329.5 0.30
S05 58.5 ± 3.1 47.7 26.8 267.1 108 175.9 0.16
S06 31.5 ± 2.6 27.0 14.3 150.2 58 97.3 0.09
S09 79.5 ± 5.0 64.7 36.9 362.6 149 240.9 0.22
S10 54.4 ± 3.4 43.9 25.1 246.0 101 163.2 0.15
S13 36.9 ± 2.7 31.4 16.8 174.8 68 113.4 0.10
S14 39.1 ± 2.9 33.3 17.7 185.2 72 120.1 0.11

Average 59.56 49.26 27.4 275.2 111 181.1 0.16
Raq is the radium equivalent activity, Din and Dout are the indoor and outdoor air absorbed, respectively.
AEDTotal is the total effective doses due to internal and external radiation exposure. ECR, excessive cancer risk.
AGD (μGy.y−1), annual gonadal dose and Hex is the external hazard index.

3.2.2. External Hazard Index (Hex)

The external radiation exposure due to natural radioactivity is defined in terms of the
external hazard index (Hex), calculated as follows [2,23]:

Hex =

(
ARa

370
+

ATh
259

+
AK

4810

)
≤ 1 (6)

where ARa, ATh, and Ak are the specific activities (Bq kg−1) of 226Ra, 232Th, and 40K,
respectively in the studied samples. To comply with the requirements of the 1 mSv annual
dose limit for the public, Hex should be <1, as shown above [2]. As seen in Table 4, the
Hex values ranged from 0.09 to 0.30. These results ensure that the public’s exposure to the
environmental radioactivity of 226Ra, 232Th, and 40K radionuclides in coastal sand remain
within acceptable limits.

3.3. External Absorbed Dose Rates

The naturally occurring radioactivity in the environment is a major source of external
exposure to the world’s population. The indoor (Din) and outdoor (Dout) external gamma
doses due to the presence of 226Ra, 232Th, and 40K in coastal sand 1 m above the ground
surface can be calculated as follows [2,23]:

Dout

(
nGyh−1

)
= 0.427ARa + 0.662ATh + 0.043AK (7)

Din

(
nGyh−1

)
= 0.92ARa + 1.1ATh + 0.081AK (8)
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where ARa, ATh, and Ak are the specific activities (Bq kg−1) of 226Ra, 232Th, and 40K,
respectively, in the studied samples. As shown in Table 4, the Din values (nGy.h−1) ranged
from 27.0 to 89.2 (average: 49.26), whereas Dout values (nGy.h−1) ranged from 14.3 to
50.2 (average: 27.4). The current average dose figures fell below the global average value
(55 nGy.h−1) for areas that were deemed to have normal levels of natural background
radiation. Our results are lower than the doses reported by in Pakistan (87.47 nGy.h−1) [24].
According to UNSCEAR reports, a conversion coefficient, absorbed dose to effective dose
received by adults of 0.7 Sv/Gy, and an outdoor occupancy factor of 0.2 were used [2].
Thus, the annual effective radioactivity dose in coastal sand can be estimated according to
the following equations:

AEDout

(
Svy−1

)
= Dout

(
nGyh−1

)
× 8760hy−1 × 0.2 × 0.7SvGy−1 × 10−3 (9)

AEDin

(
Svy−1

)
= Din

(
nGyh−1

)
× 8760hy−1 × 0.8 × 0.7SvGy−1 × 10−3 (10)

AEDtotal

(
Svy−1

)
= AEDout + AEDin (11)

The total effective dose and AEDTotal (μSvy−1) ranged from 150.2 to 498.9 (average:
275.2) (Table 4). The global average annual effective dose from natural radionuclides (i.e.,
the sum of effective doses from both indoor and outdoor occupations) is 0.48 mSvy−1.
The results for individual countries generally fall within the range of 0.3–0.6 mSv. The
effective dose value obtained in this study is almost half of the value reported in Pakistan
(0.92 mSvy−1) [24]. The effective dose is an important dosimetric quantity that allows
different ionising radiation exposure categories to be compared and can be used to obtain
broad estimates of radiation-attributed cancer incidents.

3.4. Excess Lifetime Cancer Risk (ELCR)

Low doses of ionising radiation, such as those encountered in response to natural
radioactivity, are known to cause stochastic effects in the form of cancer. The probability
with which these risks occur increases with increasing doses. The International Commission
on Radiological Protection (ICRP) has estimated the number of fatalities per 1 Sv effective
dose to be 0.05; this is known as the fatal risk factor. The ELCR can thus be determined
using Equation (12) [2,23]:

ELCR = AEDtotal

(
Svy−1

)
× LF × RF

(
Sv−1

)
(12)

where AEDtotal

(
Svy−1

)
is the annual effective dose calculated from indoor and outdoor

exposure, LE is life expectancy (66 years), and RF is fatal risk factor per Sievert, which is
0.05 Sv−1, as per ICRP Report [6]. The average number of ECR per million population
ranged from 58–203 (average: 111) due to radioactivity from sand (Table 4).

3.5. Annual Gonadal Dose Equivalent (AGDE)

The AGDE was computed from activity using Equation (13) [2,23]:

AGDE
(

mSv.y−1
)
= 3.09ARa + 4.18ATh + 0.314AK (13)

where ARa, ATh, and Ak are the specific activities (Bq kg−1) of 226Ra, 232Th, and 40K,
respectively, in the studied samples. The average AGD (μGy.y−1) ranged from 97.3 to 329.5
(average: 181.1) in coastal sand (Table 4). The global value is about 300 μGy.y−1 according
to UNSCEAR reports [2].
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3.6. Radiological Risk to Non-Human Biota

We have used the ERICA Tool software (Environmental Risk from Ionising Contam-
inants: Assessment and Management) to estimate the radiological risk parameters to
non-human biota in marine environments [25]. ERICA Tool is a dosimetric model that
enables calculations of internal and external absorbed dose rates to non-human biota cover-
ing a wide range of body masses and habitats for all radionuclides of interest. In addition,
the software estimates the activity concentrations in biota; total absorbed dose rates, and
risk quotients from the media (sediment) activity concentrations.

Table 5 shows the activity concentration in reference organisms in the marine environ-
ment determined using ERICA Tool. Total absorbed dose rate per organism as well as risk
coefficients to non-human biota are presented in Table 6.

Table 5. Activity concentration in organism [Bq kg−1 f.w.].

Isotope
Activity in Sediment

(Bqkg−1 d.w.)

Activity Concentration in Organism (Bq kg−1 f.w.)

Benthic Fish Macroalgae Mollusc-Bivalve Pelagic Fish Phytoplankton Zooplankton

Ra-226 16.2 0.43 0.27 0.20 0.43 3.48 0.25
Th-232 34.3 0.01 0.020 0.01 0.01 3.15 0.031
Pb-210 46.80 5.80 0.18 1.11 5.80 84.3 2.99
Cs-137 0.08 0.0006 0.0007 0.0004 0.0006 0.0001 0.0010

Table 6. Total dose rate per organism and risk coefficients due to radioactivity in marine sediments
calculated using the ERICA Tool.

Organism
Background
Dose Rates

Screening Value
[μGy h−1]

Total Dose Rate per
Organism [μGy h−1]

Risk
Quotient

Benthic fish 0.58 10 0.067 0.007
Macroalgae 0.87 10 0.048 0.005

Mollusc-bivalve 2.0 10 0.036 0.004
Pelagic fish 0.42 10 0.059 0.006

Phytoplankton 0.38 10 0.564 0.056
Zooplankton 0.94 10 0.035 0.003

As shown in Table 5, the highest radioactivity was evident in phytoplankton, followed
by benthic fish. The levels of 210Pb were significantly high in phytoplankton compared
to those of the sediments indicating high 210Pb bioaccumulation in phytoplankton as
suggested in the literature [26,27].

Table 6 presents the total absorbed dose rate to marine organisms and risk quotients
due to radioactivity in marine sediments calculated using the ERICA Tool.

As shown, excluding phytoplankton, the estimated total dose rate per organism was
below the background dose rates (Table 6). However, the total dose rate for phytoplankton
exceeds the background dose rate by 48 %, which is due to the radioactivity bioaccumula-
tion in phytoplankton. Thus, the total dose rate and risk quotients are comparable to those
presented by Botwe et al. [28] in Ghana.

4. Conclusions

To recapitulate, radioactivity levels were determined for common natural and anthro-
pogenic radionuclides in costal sand and marine sediments. The results show varying
levels of natural radioactivity that were comparable to those reported in similar studies.
A significant correlation was shown for 232Th and 40K, and for 226Ra and 232Th; these
relationships could be attributed to the origin of these radionuclides. The radioactivity
levels in sediments are a source of radiation exposure for marine organisms. Regular
monitoring of radioactivity levels is vital for radiation risk confinement. The results pro-
vide important baseline data to which future radioactivity levels in marine environments
can be compared. Considering the fact that oceans and seas form the ultimate sink of
contaminants, including radioactivity, future research initiatives that study radioactivity
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levels in marine environments and assess associated radiological hazards to the population
are of utmost importance in order to ensure protection of the marine environment. Such a
project should also consider investigating radioactivity from artificial radionuclides.
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Abstract: 222Rn gas represents the major contributor to human health risk from environmental
radiological exposure. In confined spaces radon can accumulate to relatively high levels so that
mitigation actions are necessary. The Italian legislation on radiation protection has set a reference
value for the activity concentration of radon at 300 Bq/m3. In this study, measurements of the annual
radon concentration of 62 bank buildings spread throughout the Campania region (Southern Italy)
were carried out. Using devices based on CR-39 solid-state nuclear track detectors, the 222Rn level
was assessed in 136 confined spaces (127 at underground floors and 9 at ground floors) frequented
by workers and/or the public. The survey parameters considered in the analysis of the results were:
floor types, wall cladding materials, number of openings, door/window opening duration for air
exchange. Radon levels were found to be between 17 and 680 Bq/m3, with an average value of
130 Bq/m3 and a standard deviation of 120 Bq/m3. About 7% of the results gave a radon activity
concentration above 300 Bq/m3. The analysis showed that the floor level and air exchange have the
most significant influence. This study highlighted the importance of the assessment of indoor radon
levels for work environments in particular, to protect the workers and public from radon-induced
health effects.

Keywords: CR-39 detector; Euratom 59/2013; Italian radiation protection legislation; radon indoor;
radon survey

1. Introduction

Radon is the heaviest and the only radioactive noble gas present in nature everywhere,
generated in rocks and soils throughout the earth’s crust. Its main unstable isotopes, namely
222Rn (radon), 219Rn (actinon) and 220Rn (thoron), are produced in the intermediate steps
of the three primordial decay chains of 238U, 235U and 232Th respectively. The radiological
importance of each radon isotope depends on its relative abundance and half-life. Due to
having the isotopic ratio of 235U/238U = 0.0072 and a short half-life (T1/2 = 3.98 s), 219Rn is
always ignored. 222Rn has the greatest half-life (T1/2 = 3.82 d) and has received the most
attention from the scientific community in regard to radiation protection, followed by 220Rn
(T1/2 = 56.83 s).

Radon and its progenies are amongst the major sources of the population’s exposure
to natural radiation; indeed, they constitute the main contributor to the annual effective
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radiation among all sources of ionizing radiation [1]. Radon is chemically inert and so does
not react with other elements or compounds, and it can easily escape from the ground into
the air where it can be inhaled. However, health hazards related to the radon issue are
not caused directly by radon, but by its progenies. In fact, because the lifetime of 222Rn is
longer than the air change time in the human respiratory system, most of the inhaled radon
is exhaled and cannot decay with the body. On the contrary, the short-lived radon progeny
(218Po and 214Po) is solid and so reactive that it can attach to atmospheric dust and water
droplets forming clusters (attached fraction). Similarly, if inhaled, the decay products of
222Rn (unattached fraction) attach themselves to the epithelium of the respiratory system
and, due to their short duration, decay. In this way, the alpha particles ionize the DNA
structures increasing the probability that, due to the stochastic effect, they can generate
carcinogenic processes [2,3].

Since 1988, based on scientific evidences, the International Agency for Research on
Cancer (IARC) defined radon as a human carcinogen (group 1) [4] and some decades later
the International Commission on Radiation Protection (ICRP) in 2007 [5] and the World
Health Organization (WHO) in 2009 [6] identified radon as the second leading causes of
lung cancer after cigarette smoking.

Due to its chemical characteristics that allow it to escape easily through rocky sub-
strates and native soils, radon enters buildings through cracks in the foundations or walls
and accumulates in indoor environments where it can be breathed by humans.

In addition to the soil, a significant contribution to the accumulation of radon in indoor
environments is due to exhalation from building materials of natural origin, in particular
with a porous matrix (such as tuff) [7,8].

Furthermore, its indoor concentration is affected by environmental changes such
as the frequency of air exchange in a closed environment, and changes outside such as
pressure, temperature, and humidity. For this reason, long-term measurements (from 3
to 12 months) that take into account daily and seasonal variations are recommended to
evaluate the radon concentration inside a building [9,10]. Thus, the annual average of
radon activity concentration provides a representative estimate of indoor radon levels.

Human exposure to radon occurs both in workplaces and dwellings, since people
usually spend a lot of their time in these confined spaces. It has been estimated that
people generally spend more than eight hours a day in their workplace; therefore, the
monitoring of workers’ exposure is essential [11]. In addition, it is important to assess
exposure in confined spaces other than houses (such as schools, shops, offices, banks,
hospitals, universities) where significant levels of radon can be observed [12].

Subsequently to the classification of radon among carcinogens, many countries and
international organizations have issued norms or recommendations for managing expo-
sure. The WHO recommends the setting of a national reference level as low as reasonably
achievable in the range of 100–300 Bq/m3 for houses, and the ICRP has also recommended
a level not exceeding 300 Bq/m3 [5,6]. In Italy, protection against the dangers arising
from exposure to ionizing radiation has recently become more prominent with the Leg-
islative Decree 101/2020 [13] which transposed the Basic Safety Standards (BSS) Directive-
2013/59/Euratom Directive [14]. Compared to the previous legislation (Legislative Decree
241/2000) [15], the great novelty introduced by the Directive lies in the establishment of
protection measurements against the ionizing radiation not only for workers but also for
the general population in living environments (Article 19). Furthermore, the Legislative
Decree 101/2020 replaced the ‘national action level’ of 500 Bq/m3 with the ‘reference level’
of 300 Bq/m3 for both workplaces and dwellings (Article 12 comma 1) [13]. The Italian
legislation commits employers to evaluate the occupational exposure in fully underground
workplaces (e.g., caves, tunnels, cellars, mines, galleries, metro stations, car parks), in
thermal structures and in basements and ground floor workplaces of buildings placed
in ‘radon-prone areas’ identified and declared by the Regions according to the National
Radon Action Plan (Article 10). Remedial actions are required if the annual average activity
concentration of radon exceeds the reference level. In the event that the assessment deter-
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mines a level higher than the reference value, then the employer is asked to calculate the
annual effective dose for workers. If the estimation results are lower than 6 mSv, (Article
12 comma 1, letter d) no further actions are required. In this context, the current work
presents an extensive measurement survey of radon activity concentration in 62 buildings
of a bank company throughout Campania Region, Southern Italy. Very few similar surveys
can be found in the literature involving bank buildings spread over all the national terri-
tory [16,17]. This Campania region, in accordance with the 2013/59/Euratom Directive
and pending for its transposition in the national regulation, approved the Regional Low
No. 13/2019 [18] which establishes the reference limit level for the activity concentration of
radon gas activity at 300 Bq/m3 in all underground rooms, basements, and ground floors of
closed environments open to the public, as well as in buildings intended for education and
in so-called strategic buildings as declared by the Ministry of Infrastructure [19]. The mea-
surement campaign began in October 2019 and ended in September 2020. The aim of the
present study was, firstly, to estimate the annual average radon levels in the underground
and ground floors of the banks and then to evaluate remedial actions for these indoor
environments where necessary. In order to perform a multifactorial study, data on several
factors affecting radon concentration in confined spaces were collected and analyzed. To
assess the possible influences and correlations, the results of radon activity concentrations
were combined with data on the building characteristics, construction standards, building
materials, ventilation conditions and systems, number of doors and windows, and the
habits of the occupants.

2. Materials and Methods

2.1. Study Area and Sampling Design

The banks involved in the measurements survey consisted of 62 buildings, spread
across the five provinces of Campania Region: Napoli (44), Salerno (7), Caserta (6), Avel-
lino (3), Benevento (2).

Campania is a very-interesting area, as its territory is characterized by a large variety
of geological environments and a high population density. The geological features, soil
characteristics and extensive use of stones of volcanic origin (yellow tuff, green tuff, etc.)
in the traditional building construction systems [20] have been considered as responsible
for the higher than the national average indoor radon mean activity concentration value
(around 70 Bq/m3) [21–23].

A typical bank building consists of a ground floor where the public are served, in
the form of banking halls, offices, conference rooms and office spaces with a daily human
occupation of at least eight hours, and often an underground floor arranged in rooms for
vaults, deposits, archives and more rarely offices. The building sample object of the study
consisted of a total of 136 confined environments, 9 of which were in the underground level.

A CR-39 based detector was placed at each measurement point by the person respon-
sible for safety at work, appropriately trained by our team for correct positioning. Radon
measurements were conducted following the recommendations established by the UNI
ISO 11665: 2020 standard. A data collection form on building characteristics and occu-
pants’ habits (ventilation system, number of openings, floor and wall cladding materials,
number of hours per day of opening doors/windows for air exchange) was requested to
be completed.

2.2. Radon Activity Concentration Measurement Method

Radon concentration was measured in 136 environments of 62 bank buildings for
two consecutive six-month periods. The first period was October 2019–March 2020 and
the second period April–September 2020. The mean annual radon activity concentration
was calculated as the time-weighted average concentration of the two periods, using the
detector exposure times as weights.

Radon activity measurements were performed using Solid-State Nuclear Track Detec-
tors (SSNTDs) of poly-allyl-diglycol-carbonate commercially known as CR-39.
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The CR-39 based detector is widely used for integrated and long-term measurement
of the radon levels because of its material stability, good ionization sensitivity, stability
against various environmental conditions, negligible sensitivity to Thoron, and ease of
use [24–27]. The detection system consists of a closed chamber (Radout®, holder for CR-39
produced by Mi.am srl) through whose walls only 222Rn diffuses (not 220Rn and 219Rn
isotope), excluding dust particles and humidity from the measurement volume. During the
exposure, the α particles emitted by radon and their daughters interact with the aggregate
state of the CR-39 polymer causing damage along its path. The traces of the α particles
are then made visible by an optical microscope after a chemical etching of the detector.
The etching process consists of immersion of the detector in 25% weight/volume sodium
hydroxide (NaOH) solution at 98 ◦C and 1.181 g cm−3 density for 1 h, and then in 2%
weight/volume acetic acid (CH3COOH) solution for 30 min. Then, the detector is rinsed
in distilled water for 1 h in order to stop further etching. The observed track densities
were converted into radon activity concentrations using an appropriate calibration factor,
which in this case was 0.00209 ± 0.00021 tracks cm−2 h−1/Bq m−3. For the exposure
intervals used, we found a detection limit of 4 Bq/m3 (obtained with an exposure time of
one semester), and our maximum activity concentration resulting of about 700 Bq/m3 is
far below the saturation limit of the detector [27].

We did not perform thoron measurements in the buildings involved in the study. The
device used (CR-39 mounted in a thick wall decay chamber) shows a very low sensibility
to thoron (guaranteed by Mi.am srl [28]) so as to obtain radon concentrations that are
not significantly affected by thoron interaction. Moreover, for the thoron measurement
with CR-39, a different Radout®holder and a different etching process on the detector are
required [28,29].

2.3. Statistical Analysis

Statistical analysis was carried by verifying the log-normal distribution of radon
values using Kolmogorov–Smirnov test. The comparison of radon activity concentration
values was performed for the categories ‘ground’ and ‘underground’ level with the non-
parametric Mann–Whitney test. Descriptive statistics (median, mean, standard deviation,
range, etc.) have been computed on radon annual averages estimated in the two groups.
The measurement uncertainty of radon activity concentrations is expressed as expanded
uncertainty with coverage factor k = 2 (95% confidence interval). This is a precautionary
approach, as indicated in the ISO 11665-3:2020. The metrological relative uncertainty is
equal to 14%. Thus, the rooms that showed an annual average radon activity concentration
higher than the reference value were classified ‘critical’. Statistical analyses were performed
using the Statistical Package for the Social Sciences (IBM SPSS Statistic v.26).

3. Results

Frequency distribution of annual activity concentrations for the 136 rooms is shown
in Figure 1a.

Descriptive analysis shows that data distribution is skewed (skewness = 0.45, kur-
tosis = 0.1), and it is well described by a log-normal model (Figure 1b), checked by the
Kolmogorov–Smirnov test (p > 0.05, 95% confidence level). In the graph, the values of the
geometric and arithmetic means are reported.

Based on the result of the Mann–Whitney test, the significant difference in the annual
average radon concentrations between the ground and underground levels was observed
(p < 0.05) at 95% confidence level. The variation of radon concentration with respect to the
different floor level is reported in the box plot of Figure 2.
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Figure 1. (a) Distributions of the annual average radon activity concentration for the full data set
(136 bank rooms) expressed as Bq/m3. The final bin is an overflow bin that contains all results above
300 Bq/m3. Abbreviations: AM, arithmetic mean; GM, geometric mean; GSD, geometric standard
deviation; (b) Normalized histogram for the natural log of radon measurements fitted with a normal
distribution. Vertical dot line indicates the threshold at 300 Bq/m3.

Frequency distributions of the separate annual specific concentrations for the ground
and underground floors are reported in Figure 3.

As reported in Figure 3, a total of 10 rooms, five for each category (representing 4%
and 56% of the total rooms at the ground and underground levels, respectively), belonging
to 7 different buildings, showed a value of the radon concentration exceeding the reference
value of 300 Bq/m3.
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Figure 2. Comparison of annual average radon activity concentration obtained at the ground and
underground floors. The graph reports the median, 25th and 75th percentile; the outside values are
represented by dots. The cross marker represents the mean value.

 

Figure 3. Distributions of the annual average specific concentrations in the (a) ground and under-
ground; (b) floor levels expressed as Bq/m3.

The rooms investigated at the ground and underground floors showed values of
the annual average activity concentrations of 17–600 Bq/m3 and 80–680 Bq/m3, with an
arithmetic mean of 113 ± 91 Bq/m3 and 368 ± 242 Bq/m3, respectively. The median
values of 90 Bq/m3 and 337 Bq/m3 radon concentration were found for the ground
and underground levels, respectively. Since the radon results distributions were skewed
(Figure 3), the geometric mean was used to describe the central tendency. The results
showed geometric means of 91.6 Bq/m3 and 286.3 Bq/m3 for the ground and underground
floors, respectively. A synthesis of the statistic parameters and the number of rooms in
which the radon value exceeds the reference level are shown in Table 1.
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Table 1. Statistical data on annual average of indoor radon concentration (Bq/m3) in monitored
banks by floor level.

Descriptive Statistics Ground Level Underground Level

Range (Bq/m3) 17–600 80–680
Median (Bq/m3) 90 337

AM ± SD (Bq/m3) 113 ± 91 368 ± 242
GM (Bq/m3) 91.6 286.3

GSD 1.9 2.2
% a >300 (Bq/m3) (No. of rooms) 4 (5) 56 (5)

Abbreviations: AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard
deviation; a = percentage of results exceeding 300 Bq/m3.

The factors affecting radon concentration were investigated. Toward this aim, the
rooms with a radon concentration level >300 Bq/m3 were categorized as ‘critical’ for the
analysis (of all the rooms investigated, 10 were considered critical and the remaining
126 were below the reference value). To verify the existence of any significant difference
between the critical rooms and the other ones, the Mann–Whitney test was used. No
significant difference in the distribution of the number of openings between the two groups
was found, whereas significant change in the variable ‘opening time’ of windows/doors
between ‘critical’ and ‘noncritical’ rooms are found (p < 0.05) at 95% confidence level. As
shown in Figure 4, the range of the mean value of opening time resulted in 2.5–3 h/d in
the critical rooms group and 3–5 h/d otherwise.

Figure 4. Variability of opening time (h/d) of windows/doors into the groups of ‘critical’ (radon
concentration level > 300 Bq/m3) and ‘noncritical’ rooms. The graph reports the median, 25th
and 75th percentile; the outside values are represented by dots. The cross marker represents the
mean value.

The data on the wall cladding materials showed that almost all the analyzed rooms
both at the ground and underground levels are plastered (95% and 100% respectively).
Similarly, no statistical significance was found with respect to the floor cladding materials
for the critical and noncritical rooms of the buildings included in the analysis.

4. Discussion

In this study, we analyzed the radon activity concentration in 62 bank buildings spread
on Campania region. A total of 136 measurement points (127 at ground floors and 9 at
underground floors) were investigated for the annual radon monitoring. Despite that the
difference in the sample sizes between the rooms at the underground and ground floors
represents a limit for the statistics (it potentially induces a bias), the analyzed sample is the
description of the effective distribution of the environments as the monitored buildings
belong to a single bank company. The results of the overall data set, expressed in terms

155



Life 2021, 11, 533

of annual average activity concentration, showed a skewed distribution well fitted by
a log-normal curve (Figure 1), as expected [30,31]. The distribution of radon activity
concentrations is comparable with the results reported in several studies available in the
literature [16,21,23,31–34]. The geometric mean and the geometric standard deviation of
the data have been used to describe the distribution, and this knowledge was useful for
evaluation of the fraction of rooms that exceeded the reference value (300 Bq/m3).

The legislative framework, that was the rationale for this work, plays a key role in the
interpretation of the results. Campania Regional Law 13/2019 [18] requires assessment
of the radon level in the underground, basement and ground floors of any building with
public access, establishing the reference level of 300 Bq/m3. According to this law, if
the radon activity concentration value exceeds the reference level, the employer must
implement remedial actions. Furthermore, compared to the previous Italian Legislative
Decree 241/2000, the “reference level” has been introduced replacing the “action limit” and
has been reduced from 500 to 300 Bq/m3. During these measurements, the transposition of
the Euratom 59/2013 directive came into force in Italy that, with respect to the regional law,
incorporates all the basic safety standards for protection against the dangers arising from
exposure to ionizing radiation. In particular, for radon gas exposure the annual effective
dose limit has been increased from 3 to 6 mSv/y, and buildings intended for residential use
are involved in the national regulation demanding that regional institutions implement an
investment policy to adopt radon reduction strategies, and also for the radioprotection of
people at their homes, if required.

Since the bank buildings include ground and underground confined spaces occupied
both by workers and the public, according to Regional Law, a strategy for radon mitigation
should be implemented in order to reduce the radon concentration. The owner of the
property presents a remediation plan which will be approved by the Municipality (Article 4
comma 3) [18].

The method of choice for mitigation depends on the required reduction factor and the
type of floor [35,36]. In general, the best way in which to lower radon levels is to reduce the
pressure difference that draws radon into a building [35], but structural interventions are
not quick to apply and their feasibility depends on several factors including construction
characteristics. One practical method that is immediately applicable is passive ventilation
consisting in increasing the number and frequency of opening doors and/or windows,
allowing the reduction of indoor radon concentration by dilution (increased volume of
fresh air dilutes radon concentration). Many studies in the literature have investigated the
impact of passive ventilation through manual airing on indoor radon concentration [37–39].
In our study, the significant difference of the hours per day of opening windows and
doors between ‘critical’ and ‘noncritical’ rooms supports the potential effectiveness in
enhancing the ventilation of the environments. In regard to this, all buildings investigated
are equipped both with air conditioners and at least one opening in each room. At the
same time, it should be noted that the behaviors of occupants including window opening
are influenced by building type, ventilation strategy, heating system, energy characteristics
and so on [40]. However, the type of buildings investigated represents a peculiar scenario:
inside banks, for security reasons, it is not possible to intervene by increasing the windows
opening time, and so it is necessary to design forced ventilation systems that do not alter
the degree of building security. Another aspect that plays a fundamental role in managing
the risk of radon gas is the intended use of the environments. Our results showed that six
rooms are bank archives (five located at the underground floor) exceeding the reference
level, with staff access of 18 hours per year, so applying the criteria of Legislative Decree
101/2020 the annual effective dose is lower than the action limit of 6 mSv (Article 12
comma 1 letters c and d). Conversely, two rooms at the ground floor with high radon
concentrations are occupied daily by both workers and the public, so according to the
criteria of LR 13/2019 the building owner must submit a remediation plan.

From the point of view of the positioning of the rooms in respect to the floor, the
statistical analysis found a significant difference between the ground and underground
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floors (Figure 2). The reason for high levels of radon in cellars could be the contact
with soil containing uranium. Many studies in the literature have reported high radon
concentration levels in underground sites nearest to the soil and that are usually poorly
ventilated (mines, tunnels, underpasses, catacombs, spas, caves) [16,17,23,35,41–44]. Radon
gas enters the building from the ground through cracks, crevices and other leakages or
exhales from the walls of the house and, through air flows, spreads and accumulates in
the internal environment. The diffusion process and the radon level in a building depends
on several factors, such as concentration of radioactivity in the ground, permeability of
the ground, nature of the floor and coupling of the building to the ground, ventilation
conditions, and lining materials. The highest radon levels occur where each of these
factors contribute to increase the radon, but small changes in one or more of them can cause
appreciable differences in the radon activity concentration value, even in adjacent buildings
of apparently identical construction [45]. This could be the reason for the variability of
radon activity concentration found in our data set, ranging from 17 ± 7 to 680 ± 190 Bq/m3

with a geometric mean of 98.7 Bq/m3 and an arithmetic mean of 130 Bq/m3 (Figure 1).
In order to reduce the radon concentration to the rooms at ground floor, specific barriers
between the cellar and ground floor could help to decrease the amount of radon entering
the living areas [41].

Generally, the mean value of annual radon concentration found in the present inves-
tigation is higher than the mean national value (77 Bq/m3) [30,33,46]. Furthermore, it is
interesting to note that the radon values occurring in underground rooms are higher than
the mean value reported in the extensive national survey on radon concentration in similar
underground workplaces of bank buildings [16]. Conversely, the values of radon activity
concentrations found in this study are comparable with other published results deriving
from regional campaign of measurements [8,46]. We can speculate that a combination of
two factors affects the radon concentration in Campania region: the complex geological
and structural setting of this region [47] and the building materials of volcanic rock ori-
gin and pyroclastic sediments (i.e., lavic stones, tuffs, pozzolana) presenting high 226Ra
radioactivity level and used in recent and ancient constructions [8]. It is well known that
the radioactivity contents of building materials contribute to radiation exposure, and radon
exhalation can increase the radon level indoor, depending on the type of material [7,48–50].

In this framework, the knowledge of building materials, construction techniques,
occupancy time of the space, combined with a more extensive and homogenous survey
involving bank buildings spread all through region could be useful to individuate factors
influencing the radon level in the geographical area involved in the survey.

While waiting to enhance the work with future measurement campaigns that could
potentially target areas and dwelling types where data are currently sparse, our study
provides useful results in the perspective of the imminent implementation of National
Radon Action Plan as stated by the Italian Legislative Decree 101/2020 [13]. The plan
defines strategies and arrangements for managing exposure to radon in workplaces and
homes moving from identification of radon-prone areas (where the radon concentration
in a significant number of buildings is expected to exceed the relevant national reference
level) by targeted radon measurement survey. Once the radon-prone areas are identified,
here the regulation will demand radon measurements in the underground, basement and
ground environments both in workplaces and dwellings and, if necessary, the reduction
of radon levels within the reference values established for existing and new buildings
(Article 12) [13]. In this context, the work focused on the radioprotection issue of workers
and the general population in underground and ground environments of buildings opened
to the public and where different working activities are performed.

5. Conclusions

This study reports the results of a survey carried out to evaluate the radon concentra-
tion in bank buildings in the Campania region of southwestern Italy. The survey covered
62 bank buildings in the five provinces, including 136 closed environments in underground
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and ground floors. In each room, the radon device was exposed for a period of 12 months.
In the underground rooms (such as archives and other rooms not occupied daily by work-
ers) and in poorly ventilated rooms located at ground floors, the average annual radon
concentrations were found to be higher than regularly ventilated rooms or those on the
ground floor. The difference in radon concentration levels between the two investigated
floors confirmed that soil is the main source of indoor radon, and the results also show
the effectiveness of increased aeration turnover as a radon reduction strategy. About 93%
of the radon activity concentration is below the national reference level of 300 Bq/m3.
Rooms that exceed the level of 300 Bq/m3 (7%) will need remedial actions, such as forced
ventilation and specially designed barriers, which could be useful to reduce the radon level.
In conclusion, the results highlighted the necessity to increase the radon monitoring in
workplaces with a high occupancy factor to ensure the staff and public protection against
exposure. Furthermore, the work suggests that the identification of radon-prone areas will
provide valuable criteria for implementing targeted radon surveillance and mitigation in
workplaces and dwellings in accordance with the Italian radiation protection regulation.
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Abstract: Lipid synthesis pathways of toothed whales have evolved since their movement from
the terrestrial to marine environment. The synthesis and function of these endogenous lipids and
affecting factors are still little understood. In this review, we focused on different omics approaches
and techniques to investigate lipid metabolism and radiation impacts on lipids in toothed whales.
The selected literature was screened, and capacities, possibilities, and future approaches for identify-
ing unusual lipid synthesis pathways by omics were evaluated. Omics approaches were categorized
into the four major disciplines: lipidomics, transcriptomics, genomics, and proteomics. Genomics
and transcriptomics can together identify genes related to unique lipid synthesis. As lipids interact
with proteins in the animal body, lipidomics, and proteomics can correlate by creating lipid-binding
proteome maps to elucidate metabolism pathways. In lipidomics studies, recent mass spectroscopic
methods can address lipid profiles; however, the determination of structures of lipids are challeng-
ing. As an environmental stress, the acoustic radiation has a significant effect on the alteration of
lipid profiles. Radiation studies in different omics approaches revealed the necessity of multi-omics
applications. This review concluded that a combination of many of the omics areas may elucidate the
metabolism of lipids and possible hazards on lipids in toothed whales by radiation.

Keywords: genomics; transcriptomics; proteomics; lipidomics; radiation; cetaceans

1. Introduction

Marine mammals are megafauna that live in the deep sea and coastal environments
after leaving the land between 50 and 25 million years ago; the modern whale fully adapted
to the aquatic life around 10 million years ago [1]. According to their body features, feeding
habits, and other factors, they are divided into three major orders; namely, Pinnipidia (seals,
sea lions, walruses), Cetacea (whales, dolphins, and porpoises), and Sirenia (manatee and
dugong) [2]. With this transition, they have developed numerous adaptations to survive in
the ocean. A significant feature of these animals is the presence of a fat layer around the
body, called the blubber. This blubber of marine mammals consists of subcutaneous adipose
tissue and connective tissue that has three major functions: to store energy, to control
buoyancy, and body heat regulation [3]. Moreover, a study has suggested that the brown
adipose tissue of blubber and its protein, uncoupling protein 1, have a significant role in
functioning like an insulation blanket in the cetacean body [4]. Toothed whales are a group
in the order cetacea that includes some whales, and all dolphins and porpoises. They have
special adaptations for the marine environment, such as echolocation for foraging and
communication. Toothed whales have unique acoustic fats in the head region, namely,
melon and jaw/mandibular fats, and it has been documented that those fats are involved
in echolocation [5–9]. The composition and formation of these acoustic fats in toothed
whales have differences with the blubber in the same animal. These specialized fats may
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be involved in the metabolism for various adaptations to their aquatic life. However,
the origin of these specialized acoustic adipose tissue and the composition of these fats is
still debated with limited scientific facts; therefore, comprehensive multi-scale approaches
are needed to elucidate this kind of biological phenomena.

Lipids are a source of energy, commonly stored in specialized cells called adipocytes,
as a form of triacylglycerol (TAG), in vertebrates [10]. TAG and wax esters (WE) are two
common lipids usually stored in toothed whales’ acoustic adipose tissues. The storing of
wax esters in these animals is unusual compared to other mammals. Examples of naturally
occurring wax esters are found in plant epicuticles, bees’ wax, and the spermaceti oil
of toothed whales. Waxes of toothed whales consist of uncommon fatty acids (FA) and
fatty alcohols (FAlc), which contain special features that can be used in various industries.
However, the synthesis of these lipids is currently not well understood, and the number of
studies has been limited [11]. Usually, lipids are stored in adipocytes by various processes
like lipoprotein hydrolysis, fatty acid uptake, de novo synthesis, and etherification [12].
The composition of TAG and WE in toothed whale species varies; therefore, the biological
synthesis of these lipids could occur via different pathways [8]. In addition, the mam-
malian adipose tissue consists of many kinds of cells, collectively called adipokines, and is
a complex tissue for the study of metabolism [13]. Therefore, more studies on understand-
ing the uniformity, physical properties of lipid distribution in toothed whales, complete
ontogenetic series, and metabolism of these fats have been recommended [8,14]. With this
complexity of lipid species in toothed whales, a comprehensive study of the metabolism of
these lipids will be highly interesting; however, it has not been tested yet.

The lipidome of the cell or cell compartment of an organism is an indicator of synthetic
pathways of the organism and its environment [15]. There are inborn mechanisms in any
organism to react to environmental stresses at a molecular level, such as fatty acids, where
scientists can observe, measure, analyze and predict. These reactions are also important in
understanding human and environmental interactions, and for predicting environmental
changes, climate change, environmental toxicology, biotechnology and bioengineering,
and many other aspects. Several factors, such as genes, environmental factors, and gene
and environment interactions, can also affect the synthesis of the endogenous lipid profiles
in mammals. Therefore, the lipid profile of toothed whales can be changed with dietary
lipids, de novo lipogenesis, enzymes, desaturation, physical forces, and the incorporation
of fatty acids into more complex lipid molecules [11,16,17]. In addition, changes in lipid
metabolism in animals can occur due to anthropogenic or natural factors like radiation [18].

Radiation is the releasing of energy as waves or particles in any environment, that can
cause biological impacts in any form of life. There are two main types of radiations, includ-
ing ionizing and non-ionizing (extremely low frequency and radiofrequency) [19]. Sources
of radiation are man-made (industries, power plants, telecommunication, and sonar) or
natural (solar, space, and cosmic). A study has found that ultraviolet radiation affects
cutaneous lipids and bioactive lipids for skin inflammation in humans [20]. Several types
of anthropogenic radiation and radioactivities can impact marine life, including cetaceans.
Moreover, different types of radiation and radioactivity underwater are environmental
factors that can alter the specialized lipids of toothed whales. The ionizing radiation can
also impact biological materials on cellular levels and organ levels, and have other low-
level effects, such as cancers [21]. Although we could find direct evidence for the biological
impacts of ionizing radiation in the literature, it is possible that ionizing radiation can
also impact lipid metabolism in toothed whales. Particularly, a novel study puts forward
that ionizing radiation induces reactive oxygen species and ACSL4 expression, a lipid
metabolism enzyme resulting in elevated lipid peroxidation and ferroptosis in cancer
cell-lines [22].

This review is mainly focused on acoustic radiation as an environmental factor that
can influence lipids in toothed whales. Especially in toothed whales, this type of radiation
may interrupt echolocation behavior while damaging special acoustic fats in the head
region. For example, non-ionizing radiation, such as acoustic pollution, can impact various
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organs in whales’ bodies and diminish the reproduction of these marine mammals [23].
The effects of noise pollution in various gene functions from the hypothalamic–pituitary–
adrenal and hypothalamic–pituitary–gonadal (HPA) axes in animal bodies have been
largely discussed; however, more studies are needed on toothed whales. Sonar and its
underwater acoustic pollution is a highly concerning environmental stressor. The acoustic
radiation of sonar can damage melon, and other lipid tissues in toothed whales and cause
hearing loss [24]. Moreover, they have suggested that this anthropogenic radiation may
also damage body tissues, effect behavioral changes, damage the dive cycle, damage
breathing patterns, damage the sound production rate, and have negative effects on the
energy budget. These changes are very complex to study at the molecular level and hard
to understand metabolically, hence, the integration of several fields of studies like physical,
chemical, and biological in the micro-environment is recommended. Experimental research
on a model animal (female and male infants of rabbits) has been conducted to identify the
effects of radiofrequency (RF) radiation on DNA and lipid damage [25]. Finally, they have
identified that the global system for mobile telecommunication (GSM-like) RF radiation
can cause attacking free radicals to DNA, and lipids, ultimately changing their biochemical
structures [25]. Accordingly, we also suggest that radiation can act as a highly potential
environmental stressor on lipid metabolism in other animals. Therefore, we should pay
more attention to the research on the effects of radiation on lipids of toothed whales to
identify its biological impacts in the polluted marine environment.

Several factors that can produce big data need to be concerned in studies of animal
lipid metabolism; hence, we recommend that the integration of various kinds of molecular
data is suitable and more accurate in studies on complex lipid metabolism in toothed whales
and its changes due to environmental stressors. A comprehensive understanding of the
lipid metabolism of these animals requires identification of molecular changes in different
levels, such as genomics, transcriptomics, proteomics, and metabolomics (lipidomics),
commonly called “multi-omics”. In this approach, a variety of data generated from different
omics tools are concerned for analysis and predictions [26]. Toothed whales have a rich
diversity, including around 70 species, and they live mainly in different habitats of the
marine environment; some are cosmopolitans, migratory, different sizes, and dive into
various depths (sperm whale is the deepest diver). Single omics approaches can generate
data comparative to many factors, according to the interest of the research design; then,
integration of data in the multi-omics approach gives an overview of the experimental
results as a whole for better interpretation. Moreover, these omics data are useful to
understand marine mammals’ health, and their environmental health [27].

In the past decades, lipidomics studies have been conducted to uncover the different
aspects of lipid diversity, composition, evolution, and metabolism in toothed whales.
Integrated multi-omics approaches could be tested to understand the complete set of
genetics, transcriptomics, and to uncover the lipid species [28]. A recent study has identified
abnormal lipid metabolisms, such as suppression of fatty acid metabolism, promotion and
metabolism of glycolipids and phospholipids, using multi-omics analysis [29]. However,
detailed omics projects on cetaceans on metabolism are limited due to constraints on
sampling fresh tissues. Due to the limited number of combined omics data on toothed
whales for functional enrichments, we had to rely on the data, methods, and technologies
tested for other species. The advantage of multi-omics’ is the various types of big data
that can be integrated to collect a variety of biological information, unrevealing hidden
mechanisms in lives. A wide variety of bioinformatics, including mathematical arrays,
algorithms, statistics, computational skills, programming, artificial intelligence (AI), deep
learning (DL), and machine learning (ML) techniques, are currently adapting to analyze
and integrate omics data into a single platform for understanding metabolic pathways
and diseases in various animals, as well as humans. Mostly these techniques were used
for the identification of cetacean in the wild [30,31]. Recently, the ML technique has been
applied in the detection and classification of sperm whales using bioacoustics [32]. Another
study has identified the impact of polychlorinated biphenyls (PCBs) on the transcriptome
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of the common bottlenose dolphin [33]. Therefore, it is evident that the ML has a potential
to identify lipid profile changes in toothed whales due to various factors. In addition,
novel omics technologies can be applied to understand changes of molecules, from DNA
to protein and their modifications, because the effects of radiation on biological systems
can clearly be understood [34]. Another important aspect of multi-omics is a deeper
understanding of processes, dynamic interactions, molecular frameworks, novel molecular
mechanisms, novel pathways, biomarkers, and drug targets. Multi-omics can identify the
activation and inactivation of enzymes in adipocytes, and ML can link the affecting factors
for these biomolecular changes. Therefore, the biomolecular damages caused by radiation
on toothed whales can be analyzed by applying the combined approach of multi-omics
and ML in the future.

2. Methodology

In this review, we focused on identifying technologies in lipid-related genomics,
transcriptomics, proteomics, lipidomics, and radiation studies that could elucidate the
relationships, gaps, and opportunities for further studies on lipid metabolism in toothed
whales. We searched articles in Google Scholar, and PubMed databases using various
combinations of keywords, such as “-omics”, “lipids”, “fats”, “adipose tissue”, “toothed
whales”, “lipid metabolism”, “acoustic radiation”, and “radiation”, and around 150 refer-
ences were selected based on relatedness to lipid metabolism of toothed whales to discuss
in this review. During the literature survey, we identified current approaches to study
lipid metabolism, research gaps, limitations, and future aspects. Based on the information
gathered, we propose a multi-omics approach by integrating omics technologies to study
the unique lipid synthesis pathways and the possible impacts of radiation on the lipid
metabolism of toothed whales and achieve further understanding (Figure 1). Moreover,
future focuses in different omics studies were summarized to understand the applicability
of multi-omics applications on lipid metabolism in the future (Supplementary Table S1).

Figure 1. Integrated multi-omics approach for identification of lipid metabolic pathways. Note;
GWAS (Genome-wide association study), SDS-PAGE (sodium dodecyl sulphate-polyacrylamide
gel electrophoresis), GC/MS (gas chromatography/mass spectrometry), LC/MS (liquid chromatog-
raphy/mass spectrometry), UHPLC-HRMS (ultra-high-performance liquid chromatography-high-
resolution mass spectrometry), HILIC (hydrophilic interaction liquid chromatography), C30RP (C30
reversed-phase chromatography), HRMS-NMR (high-resolution mass spectrometry-nuclear mag-
netic resonance spectroscopy), LMPD (LIPID MAPS proteome database), LC/ESI-MS/MS (liquid
chromatography electrospray ionization tandem mass spectrometric), scRNA-seq (single-cell RNA
sequencing), NGS-SEQ (next generation sequencing).
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3. Results and Discussion

Lipid patterns in toothed whales have been studied for many species during the
past decades. A study found high levels of isovaleric lipids in the families Delphinidae,
Phocoenidae, and Monodontidae while long-chain lipids were found in Ziphiidae, Phy-
seteridae, and Platanistidae [7]. Later, the distribution of unusual branched-chain and
wax ester lipids was identified in the mandibular fats of bottlenose dolphins [35]. Re-
cently, Koopman (2018) has suggested that the importance of identifying specific molecular
mechanisms in the synthesis of wax esters and branched-chained fatty acids in toothed
whales [11]. It is also evident that some enzymes known to participate in wax ester biosyn-
thesis have been showed pseudogenization in cetaceans [36]. As indicated in Figure 1,
multi-omics is a combined approach of high-throughput technologies in genomics, tran-
scriptomics, proteomics, and metabolomics [37]. Due to the limitations of findings from
fresh samples of toothed whales, the design of this kind of study is critical. However,
sample collections from strandings, fisheries, and biopsy collections are possible ways
to study the toothed whales’ metabolism. Therefore, a single tissue sample can be used
for several omics analyses, such as isolating DNA for genome analysis, isolating RNAs
for making tissue-specific cDNA libraries and de novo transcriptomics analysis, protein
extractions for identifying enzymes involved in lipid metabolism, and extracting TAG,
and wax esters to elucidate lipidomics. The big data produced in these omics’ platforms can
be integrated by bioinformatics tools and, also by applying DL, and ML techniques with
the support of other AIs. Moreover, lipid profile changes, and biomolecular damages of
stranding toothed whales can be subjected to comparative analyses to identify the possible
impacts of acoustic radiation and further developments. Based on the present knowledge,
and technology, factors affecting lipid profile changes in toothed whales can be predicted,
and the unique lipid metabolism pathways of these animals will be revealed in the future.

3.1. Omics Applications on Lipid Metabolism and Radiation
3.1.1. Genomics

Genomics is one of the fundamental omics approaches. It is the science of studying
genomes (DNA sequences) and nucleotide variants in their coding, and non-coding regions
that provide central information of the metabolism of an organism. It has expanded to
more functional levels to study gene expression, and gene interactions with proteins [38].
Toothed whales show convergent evolutionary adaptations. A study has highlighted that
the parallel molecular changes in coding genes cause phenotypic changes of the animal that
are favorable for aquatic life [39]. Interestingly they have identified that MYH7B, S100A9,
and GPR97 genes were specific to toothed whales and not present in baleen whales. The evo-
lutionary context of lipid metabolisms in cetaceans has been described, and 144 genes
have been identified in the lipid metabolism of cetartiodactyl (cetaceans and artiodactyls),
including toothed whales by genome comparison [40]. The triacylglycerol metabolism of
cetaceans has been investigated using 88 related genes, and 41 were identified as being
involved with triacylglycerol synthesis and lipolysis processes [41]. The importance of
genes of cetacean species were described for aquatic adaptations. Several studies have
been carried out to elucidate the gene loss in marine mammals in transforming to the
aquatic environment, including the loss of the adenosine monophosphate deaminase gene
family (AMPD3), a change that may have improved oxygen transport in sperm whales [42].
A study on bottlenose dolphins has identified significantly enriched genes for lipid trans-
portation and localization [43]. The gene leptin (Lep) is expressed differently in seasonal
and age-related variations in lipolysis in bowhead and beluga whales [3]. Additionally, the
results of studies on humpback whale adaptations have been considered in human cancer
therapy research [44].

Genes for lipid metabolism and de novo synthesis have been identified in many
organisms. The FadR gene in Escherichia coli is a transcriptional regulator of fatty acid
biosynthesis [45]. Expression of the WSD1 gene in E. coli and Saccharomyces cerevisiae
contributes to the production of wax esters, indicating that WSD1 mainly functions as a
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wax synthase [46]. The expression of three genes is important in lipid metabolisms, such as
lipoprotein lipase (LPL), muscle carnitine palmitoyl transferase-1 (mCPT1), and fatty acid-
binding protein (FABP), as they correlate with the expression of PPAR-gamma in muscle
samples of human [24]. The mesoderm-specific transcript (Mest) is identified in mice as a
lipase; high expression of Mest leads to excess lipase activity, and lipid accumulation. If
Mest occurs in non-lipid tissue, it can cause lipotoxicity and could be a subject for study
in de novo lipid synthesis [47]. Genetic screens of Caenorhabditis elegans show that the fat
regulation is performed by a complex gene network with some other functions, and that
the fat regulatory pathways are similar to those in mammals [48].

Next-generation sequencing (NGS) provides new insight for genomics analyses to
uncover genomes in de novo. In a detailed analysis of genomics, it is advisable to use
more than one genome as a reference to get effective results of gene expression and func-
tion [49]. Therefore, reference genomes have been created for many species, including
toothed whales with current advancements of short-read and long-read sequencing tech-
niques. Genome-wide association studies (GWAS) are used in comparative genomics to
identify potential genes for lipid synthesis. Several lipid metabolism related genes, such
as LDLRAP1, APOA5, ANGPLT3/4, and PCSK9, are currently being revealed by GWAS.
In the unsolved main lipid pathways, these adaptor proteins were discovered, and GWAS
have shown many new loci [50]. However, monogenic approaches for identifying complex
lipid traits are not suitable because of the polygenic origin of these complex traits. There-
fore, the combination of large-scale data and sophisticated computer analyses using novel
bioinformatics techniques are needed to identify candidate genes in lipid metabolism [50].
The identification of interaction of genomics and phenomics is an approach for under-
standing different lipid species. Trans-omics (reconstruction of global biochemical network
with multi-omics) analyses have been used to identify PSMD9 as a previously unknown
lipid regulator [51]. In contrast, this information shows the importance of genomics and
combinations with other layers to future studies of genomics on lipids in toothed whales.

For many years, the genotoxic effects of radiation have been discussed. Its impacts on
changing nucleic acid chemistry and biological consequences are also identified in different
levels [34,52,53] and sometimes called radiogenomics [54–56]. Rare genetic diseases have
been recorded due to radiation, such as ataxia-telangiectasia, Nijmegen breakage syndrome,
ataxia telangiectasia-like disorder and DNA ligase IV deficiency in humans [57]. In another
study, the effect of radiation in the gene expression of IL4I1, SERPINE1, TP53, RELA, and
CDKN1A and their effect on the NF-kB pathway have been revealed [58–60]. A study
has identified RUNX1 (a regulator of the NF-kB pathway), which plays a critical role in
lipopolysaccharide-induced lung inflammation [61]. The mechanism of action of RF radia-
tion on DNA/protein expression (heat–shock protein) has been largely discussed [62]. The
radical-pair photoreceptor hypothesis is another mechanism that explains possible ways of
radiation can inhibit DNA synthesis and transcription and finally, cause carcinogenesis [25].
However, we did not find any direct references related to the effects of any radiation on
lipid metabolic genes in toothed whales, and hence, future investigations are needed in this
aspect. Genome level mutations and alterations can happen by radiation, such as in the
form of micro-waves; therefore, research on the physio-chemical changes of DNA should
be conducted in the future. Genomics research on radiation should be implemented by
applying multi-scale new approaches.

3.1.2. Transcriptomics

Currently, transcriptomics (the study of RNAs) has the potential to study various
types of RNA expressed at the cellular level. The transcriptomics analysis of whales is
limited due to difficulties in finding fresh tissue samples. No cDNA library from fats or
liver is currently available for any cetacean species to facilitate the identification of up-
regulated genes in the lipid metabolism. Skin transcriptomes of North Atlantic right whales
have described diverse functions of the skin of the whales and metabolic pathways [63].
In addition, de novo blood transcriptomes have been identified in beluga whales and their
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functional roles have been described [64]. Studies of transcriptomes in bowhead whales
have identified biological adaptations that prolong life in mammals [65]. Finally, DKK1,
CEBPD, DDIT4, and ID1 have been identified as potential markers of acute hypothalamic–
pituitary–adrenal (HPA) axis activation in marine mammal blubber, e.g., elephant seal [66].

Various lipid transcriptomics analyses have been conducted for farm animals. Re-
garding mammalian adipose tissue transcriptomes, fatty acid synthesis in pigs has been
described compared to other tissues [67–69]. Studies of intramuscular fat (IMF) in pigs have
identified potential genes and signaling pathways, such as AMP-activated protein kinase
(AMPK), which plays a critical role in controlling lipid metabolism [70,71] and incRNA
expression of IMF deposition [68]. In cattle, global transcriptomes in adipogenesis have
given insights into the regulation of bovine adipogenic differentiation [72]. Twenty-five
differentially expressed genes involved in the metabolism of lipids have been identified
in chicken by transcriptomes [73]. Human adipose tissue gene expression studies have
revealed the importance of environmental and individual factors in controlling the expres-
sion of human adipose tissue genes [74]. According to another transcriptome study, some
adipose tissues of the Bactrian camel was shown to have functions in the immune and
endocrine systems [75]. The mRNA expression patterns of dietary lipid levels controlling
genes in fish give information about endoplasmic reticulum (ER) stress, unfolded protein
response (UPR), and lipid metabolism [76–78]. Diglyceride acyltransferase (DGAT) is
identified as an important catalyst in the metabolism of cellular diacylglycerol. In higher
eukaryotes, such as mammals, it is involved with triacylglycerol metabolisms, such as
intestinal fat absorption, lipoprotein assembly, adipose tissue formation, and lactation [79].
However, the functional and gene ontology pathways identified in other studies are linked
with the lipid metabolism in particular animals, and there is no such study on marine
mammals including toothed whales. Transcriptomics research on the special fats of toothed
whales has the potential to identify significant genes for lipid synthesis and degradation.

Technologies on transcriptomics are still developing day by day by implementing
various new tools, algorithms, and techniques. The extraction of RNA, and lipids together
is an easy approach for limited tissues like from cetaceans. It has been tested in mice,
lipids and associated gene expression patterns has been identified using a single sam-
ple [80]; this will be a useful approach in the future. Recent technologies have extended to
high-throughput next-generation sequencing (NGS) technologies to apply in single-cell
transcriptomics analyses, and biological features of organ development have been revealed,
including the human heart [81]. Furthermore, the best practices in single-cell RNA-seq
analysis and sample multiplexing have been reviewed and developed into an analysis
pipeline [82,83]. Spatial transcriptomics is one of the newest technology introduced in
the Visium platform for the identification of spatial topography of gene expression [84].
There are a few important challenges for RNA analysis, such as RNA-seq data analysis, the
development of bioinformatics tools, and applications [85]. The identification of a single
analysis pipeline is a major concern for the future development of transcriptomics [86].
RNA can modify due to various factors, and RNA-based modifications can happen in
proteins [87], hence new developments also need to focus on epitranscriptomics, targeting
the toothed whales’ metabolism. Interestingly, a dolphin blood transcriptomics study
on PCBs was conducted by applying machine learning approaches and they identified
changes in gene expression under the chemical exposure in the environment [33].

The transcriptome of an animal body can change due to external environmental con-
ditions [27]. The impacts of radiation on animals’ transcriptomic levels have been studied.
The potential impacts of space radiation were investigated at the transcriptomics level,
concerning NF-kB pathways in different cells (mouse and human) [88]. Some cell-line
studies have revealed that p53 mediated transcription modulation, induced by ionizing ra-
diation [89–92]. Integrated global transcriptomics, and proteomic analyses have identified
the induction of transforming growth factor (TGF) beta and the inactivation of peroxisome
proliferator-activated receptor (PPAR) alpha signaling pathways in humans due to radi-
ation [93]. A study on blood gene expression suggested the activation of apoptosis and
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the p53 signaling pathway due to ionization radiation damage by various analyses, such
as differentially expressed genes analysis, weighted gene correlation network analysis,
functional enrichment analysis, hypergeometric test, gene set enrichment analysis, and
gene set variation analysis [94]. Further, the radiation-induced bystander effect (RIBE)
has been investigated on gene expression for multiple types of RNA (mRNA, microRNA,
mitochondrial RNA, long non-coding RNA, and small nucleolar RNA). Inhibition of RNA
synthesis, processing, and translation can be caused by RF radiation [25]. A transcriptomics
analysis on changes in lipid metabolisms of toothed whales due to radiation was not found
in the searched databases. There is a high potential for radiation effects on RNA modifica-
tion and changes that may cause cancers or malformations in whales. Lipid metabolism in
toothed whales may involve many RNA functions; therefore, we recommend conducting
this kind of lipid transcriptomics studies on toothed whales under potential environmental
stressors, such as radiation.

3.1.3. Proteomics

Proteomic studies on lipid droplets in different organisms can give evolutionary
perspectives for different organs [95]. Compared to genomics and transcriptomics, a
significant number of lipid-related proteomics studies have been conducted on toothed
whales in the past. For example, LC/MS/MS has been used to profile steroid hormones in
dolphin species [66]. Brown adipose tissue (BAT) of four species of delphinoid cetacean,
Lagenorhynchus obliquidens, Tursiops truncates, Phocoenoides dalli, and Phocoena phocoena has
been analyzed; the brown adipocyte-specific mitochondrial protein, uncoupling protein
1 (UCP1), is only expressed in BAT for metabolic thermogenesis [96]. Proteomes in the
blubber of harbor porpoises have been studied, and functional roles, such as metabolism,
immune response, inflammation, and lipid metabolism, have been identified by SDS-PAGE
and nLC-ESI-MS/MS technologies [97]. Recently, the expression of arachidonic acid 12-
lipoxygenating ALOX15 orthologs have been recorded in marine mammals, including
toothed whales, and as a function, arachidonic acid 15-lipoxygenation was identified [98].
Another study has identified that eight toll-like receptors (TLR) signaling pathway genes
were under positive selection in cetaceans; interestingly, cetacean TLR4 was less respon-
sive to lipopolysaccharides which suggest evolutionary changes between cetaceans and
ungulates [99–101].

Lipid metabolism-related proteomic studies have widely been conducted on other
animals, too. The recent proteomics analysis of lipid droplets from an alga revealed seven
novel proteins important in lipid metabolism [102]. The proteins of broiler chickens have
been investigated, and creatine pyruvate (CrPyr) has been found to have a more pro-
nounced effect on lipid and protein metabolisms than Cr or Pyr [103]. A comparative
proteomics analysis has been performed with random mutants (CR12 and CR48) with
altered lipids, and the study identified significant up-regulated and down-regulated pro-
teins in microalgal lipid biosynthesis pathways [104]. The milk fat globule membrane
proteins of yak exhibit high lipid accumulation-lowering efficacy and contain potential
bioactive ingredients for improving metabolism [105]. Proteins related to lipid metabolism
and other functions are altered by major depressive disorder mechanisms of the chronic
unpredictable mild stress mouse model [106]. The induction of lipogenic genes, and pro-
teins has been observed in Atlantic cod by monitoring the increased plasma triglyceride
levels in PCB 153-treated fish [107]. However, integrated proteomics on lipid metabolism
of toothed whales are still lacking; therefore, the above findings may give insight into the
future studies.

Lipidomics and proteomics analyses to find structural changes and species can easily
be done with recent LC/MS or GC/MS technologies. The LIPID MAPS Proteome Database
is useful for identifying lipid-associated protein sequences and annotations, and makes it
possible to develop lipid interaction networks and integrate them with lipid metabolism
pathways [108]. A high-resolution isotomic approach has been tested in a study to identify
stable isotopes in the mammalian metabolism, including cetaceans, and they identified that
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extensive 13C enrichment was likely associated with fasting in the humpback whale [109].
Machine learning has been applied to proteomics to identify suitable biomarkers of diseases
and predict proteins for treatment [110].

Radiation proteomics is an interesting field to discover molecules of radiation, biomark-
ers, acute and chronic physiological and health effects under different levels of expo-
sure [111]. They have identified that ionizing gamma radiation could deregulate numerous
proteins. Therefore, radiation can affect the function, structure, modifications, and inter-
actions of proteins in an animal body. Under an integrated proteome and miRNA study,
a decrease in the miR-21 level was observed and it was affected to alter several target
proteins [112]. The fatty acid-binding protein 5 (FABP5) was investigated in human skin,
and the increased level was investigated with intensifying TGF-β signaling pathway due to
radiation [113]. Enhanced retinoic acid-induced signaling of PPARβ/δ and DHA-induced
activation of RXR were also identified as an effect of radiation [114]. A similar study re-
vealed that radiation-induced skin fibrosis was enhanced due to an overexpression of ZIP9
via DNA demethylation by radiation [115]. Another study of mitochondrial proteomics
investigated a mechanism of apoptosis of spermatogenic cells in zebrafish caused by radia-
tion [116]. Several technologies are currently famous for proteomics studies on radiation,
such as ICPL, iTRAQ, and SILAC; however, comparative proteomics with bioinformatics is
recommended for deep study on biological changes [117]. RF radiation causes denaturation
of proteins and may act as a stressor to overexpress heat-shock proteins harmfully [62].
Proteome analysis of serum, and plasma has advantages for studies of radiation biology,
and biomarker discovery [118]. In contrast, there is a huge gap of knowledge on proteomics
of lipid metabolism, and radiation on toothed whales. Therefore, in the future, scientists
should focus on addressing this gap by identifying potential radiation-related threats and
their impacts. Accordingly, these findings will be useful in sustainable decision making to
conserve these large animals in the ocean environment.

3.1.4. Lipidomics

Lipidomics is the comprehensive study of fats, and their components in the cells of
organisms and also of the different biosynthetic pathways [119]. There are eight categories
of lipids and more than 1 million lipid species [120]. In invertebrates, fats play a major
role in energy storage and homeostasis; however, in vertebrates, fats are involved with
many other functions such as immunity, protein synthesis, and metabolism [12]. Lipidome
can affect the maximum lifespan of a species; however, identification of these lipidome
determinants of a species’ maximum lifespan is still at the development stage [121]. Lipids
can be utilized for quantitative diagnosis, monitoring treatment response, and patient
stratification as peripheral biomarkers [122].

During the past five centuries, research interest in lipids in toothed whales has gradu-
ally increased compared to genomics, transcriptomics, and proteomics. In toothed whales,
several fat bodies have been identified. The development of the melon in toothed whales is
still unclear; however, biochemical analysis has revealed that a portion of the isovalerate
differs with the development of the body [123]. Mandibular fats of toothed whales perform
acoustic functions through the expression of branched-chain fatty acids, which can alter
the properties of the sound [8]. On the other hand, GC/MS, and HPLC techniques have
identified high levels of fatty acid stratification in the outer blubber rather than the inner
blubber in white whales, and killer whales [124]. Koopman has emphasized the necessity to
conduct integrated omics studies to achieve a clear understanding of the lipid metabolism
in toothed whales [11]. According to an ingested lipids analysis, right whales have evolved
an unusual metabolic capability [14]. The fatty acid composition of the blubber of minke
whales was investigated, and evidence of high metabolic activity was provided by the
presence of long-chain polyunsaturated fatty acids (PUFAs) [125].

Lipid synthesis in many different organisms has been investigated. Triacylglycerol
esters store metabolic energy as fats, and the synthesis of TAG was described 50 years
ago; however, more research is needed to complete the understanding of the molecular
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mechanisms of TAG synthesis [126]. For example, in corals, lipogenesis in lipid bodies are
controlled by coral hosts and metabolites such as triglycerols, sterol esters, and free fatty
acids [127]. Further, the cell membrane is an important region for the study of lipid and
protein interactions [128]. Phospholipid separation with high resolution, specificity, and
signal-to-noise ratio can be done via Search Results DMS (Differential Mobility Spectrome-
try) with the combination of current liquid chromatography (LC) methods [129]. Microbial
productions of triacylglycerols or fatty acid ethyl esters are concerned, these days, as fuel
replacements or other compounds [130]. A recent study confirmed that information about
wax ester metabolism was obtained by a simple gene (ADP1) insertion in bacteria [131].
Wax ester metabolism is also an important topic to discuss, especially in toothed whales.

Lipidomics is a part of metabolomics, a still-developing field with many techniques
to study various types of lipid species that have unique characteristics [132]. The Folch
method is the widely used lipid extraction protocol for animal tissues [133]. A newly
introduced butanol and methanol (BUME) method has several advantages: simplicity,
throughput, automation, solvent consumption, lower cost, health, and environmental as-
pects, over the Folch method for lipid extraction [134]. The use of greener solvents for lipid
extractions is also considered to be in the development stage [135]. According to recent
advances in lipid-related technology, two approaches have been adopted to understand the
utility of sphingolipidomics, such as LC-MS- or LC-MS/MS-based, and shotgun lipidomics-
based approaches [136,137]. New pulse programs have been developed for measuring
lipids by nuclear magnetic resonance (NMR) [138] or HR-MAS NMR [139]. The lipid com-
position can vary significantly between cells, tissues, and organs; therefore, there is a need
for technology with high mass accuracy, high resolution, and space atmospheric pressure,
such as reliable and reproducible methods, such as MALDI MSI, for the identification of
lipids [140]. Cryo-electron microscopy, and X-ray crystallography are also techniques for
observing the interaction of lipids and membrane proteins [141]. Ultra-high performance
liquid chromatography high-resolution mass spectrometry (UHPLC-HRMS) is a novel
technology for lipidome analysis [119]. Another approach involves combining hydrophilic
interactions (HILIC) with C30 reversed-phase chromatography (C30RP) coupled to high-
resolution mass spectrometry (HRMS) as high-throughput platforms to analyze complex
lipid mixtures [142]. Other ways are ‘top-down’ lipidomics, and ‘bottom-up’ lipidomics
(Shevchenko and Simons, 2010). Flow field–flow fractionation (FlFFF)-MS is a high-speed
technique for the analysis of lipoproteinic lipids as a top-down method [143]. Nanoflow
liquid chromatography-ESI-MS/MS (nLC-ESI-MS/MS) analysis is a novel approach for a
bottom-up approach. Lipidomics has generated a large amount of data; however, there
is a need for bioinformatics and statistics for meaningful analysis. The development of
chromatography and mass spectrometry are driving ongoing improvements in analytical
performance to identify lipid species [144]. These researchers also noted the inadequacy
of a single analytical platform for metabolomics analysis and, therefore, described the
application of multi-omics approaches. Such approaches should be integrated with meth-
ods, and technologies, extraction protocols, and molecular systems-based analytical, and
bioinformatics tools [120].

Understanding lipid dynamics and the role of enzymes in the metabolism pathway
in toothed whales is still a challenge. Recently, scientists have looked at the structures,
functions, interactions, and dynamics of single cellular lipids; therefore, the integration
of lipidomics data with multi-disciplinary information is necessary for the analysis of
metabolic pathways [145]. Lipids are important for membrane dynamics, energy home-
ostasis, and regulation of the molecular machinery, which means that lipids are a source
of biological information, and biomarkers for cancer studies [146]. Lipid biomarkers are
also becoming familiar in many fields and the adipocytes index in humpback whales
is considered a non-destructive biomarker [147]. Therefore, integrated lipidomics has a
potential to identify novel biomarkers in toothed whales in the future.

Lipids are sensitive molecules for environmental science studies since their abundance
in any form of life and the lipid profiles can easily change with external stimuli [132,148],
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such as radiation. Metabolomic studies on the effects of radiation have been widely
done; however, in this review, we especially focused on lipidomics studies for radiation
effects. Exposure to radiation may cause reactive oxygen species (ROS) and damage
cellular lipids [149]. Another lipidomics study found that oxidized phospholipids by
radiation produce apoptotic signaling, causing lung damage in animals [150], emphasizing
redox lipidomics, a growing field for the study of programmed cell death—apoptosis and
ferroptosis [151]. Modifications of radiation effects can be observed by lipid peroxida-
tion [152]. Radiation biodosimetry is another developing field and radiation-responsive
lipids biomarkers identified in lipidomics studies are important in this development [153].
A recent study has investigated seven radiation-responsive lipids, including PC (18:2/18:2),
PC (18:0/18:2), Lyso PC 18:1, PC (18:0/20:4), SM (D18:0/24:1), PC (16:0/18:1), and Lyso
PC 18:2 which are useful in radiation biodosimeters [154]. In this study, they have ob-
served that ionizing radiation causes changes in phospholipid metabolism by increasing
the amount of phosphatidylethanolamine (PE) and phosphatidylserine (PS). The biological
actions of n-3 PUFA (Omega-3 polyunsaturated fatty acids) under UV radiation has been
investigated and its potential to use as a nutrient for skin health has been revealed [155].
Effects of radiation on damaging lipid profiles in cancer patients have been investigated
under laboratory conditions; however, there is still more to do regarding a study on the
effects of radiation on other wild animals in nature [156]. Recently, potential lipid biomark-
ers (distributed in linoleic acid metabolism, glycerophospholipid metabolism, glycerolipid
metabolism, and glycosylphosphatidylinositol (GPI)-anchor biosynthesis) were identified
as a result of microwave radiation; therefore, lipid metabolism studies under radiation
impacts give insight into future research targets [18]. Based on many lipidomics and radia-
tion studies, it is evident that various types of radiation have the potential to change lipid
profiles in animals and damage the natural metabolism. Therefore, we can predict that
there is a high potential for the impact of radiation on toothed whales’ lipid metabolism.
We recommend qualitative and quantitative measurements of lipid molecules under radia-
tion exposure as a promising technique for lipidomics. Comparative lipidomics studies of
toothed whales’ populations in different healthy and unhealthy environments may also
give useful information to identify the effects of environmental stressors on their lipids.

3.1.5. Integration of Multi-Omics

Many studies in the past have suggested that the integration of several omics’ plat-
forms is suitable for lipid metabolism analysis for different purposes (Supplementary
Table S1). DNA or RNA isolation and sequencing have progressively become a compo-
nent of multi-omics approaches, in which several layers of biology are simultaneously
captured and analyzed. Multi-omics has many advantages, such as data integration and
modeling pipelines, to predict metabolic pathways in animal metabolism. We believe
that multi-omics is a highly potential approach to elucidate unique fatty acid synthesis
and metabolism in toothed whales. For example, a recent study investigated the role of
coiled-coil domain-containing protein 80 (CCDC80) gene in lipid metabolism by apply-
ing multi-omics integrative analysis and they found new roles of CCDC80 in fatty acid
metabolism [157]. Moreover, multi-omics has been widely used for identifying molecular
and non-molecular biomarkers [158,159]. Therefore, another benefit of large-scale multi-
omics is that it may predict lipid biomarkers, and it can be useful in precision medicine.
Omics data generation and integration are enhancing, in molecular biology and biotechnol-
ogy, discoveries, such as new biomarkers. One of the driving forces behind the emergence
of multi-omics approaches is an increasing appreciation of the contribution of multiple
regulatory pathways and paradigms and of their relevance to processes that govern devel-
opment, health, and disease. The combined studies of genetics, and transcriptomics have
become popular in human medicine, e.g., for diagnosis and treatment of systemic lupus
erythematosus [160]. In precision medicine, the integration of genomics, proteomics, and
metabolomics has been identified as a potential approach for the robust characterization of
biochemical signatures reflective of organismal phenotypes [161].
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The combination of several omics platforms has been investigated in different animals
successfully. In the arthropod metabolism, genes control the wax-secreting organ; therefore,
proteins, and pathways in the lipid metabolism have been identified in ticks by transcrip-
tomes, and proteomes [162]. Large amounts of omics data have been generated around
the world; therefore, a global-integrative analytical approach needs to be established for
future research [163]. Basic ML techniques, such as neural network analysis, have been
widely used in studies of cetaceans for different purposes [164,165]. A combination of
ML with multi-omics data may uncover relationships between molecules [166]. Therefore,
we believe that the use of this combination of technologies with ML could help in finding
the hidden pathways of complex lipid metabolism in toothed whales.

Applying multi-omics on the biological impacts of radiation is still an innovative field
of study. A recent investigation experimentally revealed that the gut microbiota-metabolic
axis acts as a shield for radiation in the animal body using the multi-omics approach, and
this microbiota is important in producing the short-chain fatty acids that are used in various
metabolic reactions in the host [167]. Several multi-omics techniques, such as RNA-seq,
exome-seq, and H3K27ac ChIP-seq, were tested in a study to investigate the effects of
UV radiation on human skin homeostasis and they found global gene dysregulation in
skin cells under UV radiation [168]. Another non-animal study found that rice seed has
adapted its biology to the low-level radioactive environment by multi-omics analysis [169].
The use of a combined approach of multi-omics to identify radiation effects on cetacean,
including toothed whales, has not been conducted. Therefore, in this review, we also
suggest focusing research on radiation by linking genomics, transcriptomics, proteomics,
metabolomics, epigenetics, and environmental genomics applications to understand the
impacts of radiation on lipids in toothed whales comprehensively.

3.2. Acoustic Radiation on Lipid Metabolism in Toothed Whales

From microorganisms to large animals/plants, every living organism consists of
lipids, and individual lipid profiles can be changed by environmental stress [132]. Lipids
play an important role in toothed whales’ echolocation; however, the combination and
profile of these specialized lipids may interact with different stressors that may cause
misbehaviors. Several environmental stressors include depletion in ozone, increasing UV
radiation, loss of biodiversity, and temperature [170]. Different types of radiation, such as
isotopic, electromagnetic, and shortwave, have been largely discussed on biological aspects.
Therefore, in this review, we selected acoustic radiation as a high impact environmental
stressor to toothed whales.

A study found that low-intensity pulsed ultrasound (LIPUS) can cause visceral
adipocyte differentiation in an experimental manner [171]. One study investigated that
shock waves can interact with lipid membranes and, therefore, they used this technique
for drug delivery by Lipid-mRNA nanoparticle [172]. Another approach is the use of
acoustic radiation to investigate lipids for therapeutic purposes. Lipid particles, such as
bubble liposomes, have been investigated for gene and drug delivery in the presence of
ultrasound acoustic radiation [173]. The role of microwave radiation in changing lipid
metabolism has also been studied recently, providing new therapeutic strategies [18]. The
acoustic radiation force impulse imaging (ARFI) is a concept that is currently practiced
as a liver biomarker to assess liver fibrosis, which produces shear waves in damaged
tissue for monitoring [174]. Invertebrates, crustaceans, fish, and marine mammals produce
sounds in a range of frequencies for foraging, mating, and complex communications natu-
rally in water [175]. However, due to the natural and anthropogenic underwater noises,
a shrinking communication space in whales has been observed [176]. Underwater noise
pollution and its effects on whales have been widely discussed. For example, this noise
may cause auditory masking, behavioral changes, hearing damage, and death for marine
mammals, as they are very sensitive to acoustic radiation [177]. Therefore, it is evident
that underwater noises, and acoustic radiation pollution should have a potential impact
on sensitive tissue alterations in underwater animals, especially large animals, such as
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cetaceans. Currently, information is emerging on how acoustic radiation or underwater
noise influence lipid metabolism in animals.

There are limited data on how metabolic alterations can happen in the animal body
due to the noise pollution. Impacts of non-ionization radiation on lipids can be elucidated
in laboratory condition using cetaceans’ cell-lines, such as fibroblasts, adipocytes, and
blood samples. In the natural environment, more comprehensive studies, including novel
omics approaches, are needed in the future to investigate the effects of acoustic pollution
on specialized lipid metabolism and to understand echolocation misbehaviors in toothed
whales. However, understanding the whole process of these changes is more complicated
to recognize on an individual level, and, therefore, integration of different omics-based
studies can contribute significant results for making predictions and management decisions.
ML and DL have been used for detection of acoustic sounds in cetaceans for identification
purposes [178–180]. Therefore, recent ML tools may have clear potential to detect acoustic
radiation impacts on toothed whale by detecting changes from their normal behaviors.
ML is also useful for problem-solving in healthcare, and radiation oncology [181]. There-
fore, this review also suggests implementing machine learning approaches for further
understanding the lipid metabolism in toothed whales under environmental stresses, such
as underwater acoustic radiation pollution. In the natural environment, establishment of
this kind of study needs more innovative techniques. Molecular tagging methods has some
potential to develop into a data collection tool in applying multi-omics on investigating
acoustic radiation impacts in toothed whales in the wild.

4. Conclusions

Aquatic environments in the world are highly threatened by various natural and
anthropogenic factors; therefore, understanding the interactions between animals and
their environment, and possible stressors are highly important for sustainable ecosystem
management. In this review, we evaluated lipid-related studies that have applied omics
technologies and impacts of radiation to elucidate lipid metabolism in toothed whales.
We identified that lipidomics, and proteomics use similar technologies, such as LC/GC/MS,
while genomics, and transcriptomics also use the same technologies, such as NGS. The
use of small single sample for various omics approaches has rarely been a concern in
cetacean research, and, therefore, it has high potential to generate various big data for
integrative analysis. There are examples for single sample preparation for lipidomics and
transcriptomics analyses, which will be important for studies in toothed whale species
due to the difficulties of finding fresh samples. The combination of omics approaches in
toothed whales’ lipid metabolisms is very limited and we identified it as a research gap
in this review. Multi-omics approaches are useful to study the environmental effects on
lipid metabolism in toothed whales due to their complexity. We discussed the effects of
radiation as an environmental stressor that may change the lipid profiles of toothed whales.
Radiation effects, including acoustic pollution, on toothed whales and their specialized lipid
metabolism changes have been not studied largely. Therefore, this review suggests applying
omics techniques and machine learning in this kind of research to identify mechanisms on
alteration of lipid metabolism in toothed whales by external stressors. Considering all the
aspects, an integrated multi-omics application will be the most reliable approach for the
future studies of the complex lipid metabolism of toothed whales and to understand the
impacts of radiation on their lipid profile changes in the underwater environment.
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Abstract: Considering the probable health risks due to radioactivity input via drinking tea, the
concentrations of 226Ra, 232Th,40K and 137Cs radionuclides in the soil and the corresponding tea leaves
of a large tea plantation were measured using high purity germanium (HPGe) γ-ray spectrometry.
Different layers of soil and fresh tea leaf samples were collected from the Udalia Tea Estate (UTE) in
the Fatickchari area of Chittagong, Bangladesh. The mean concentrations (in Bq/kg) of radionuclides
in the studied soil samples were found to be 34 ± 9 to 45 ± 3 for 226Ra, 50 ± 13 to 63 ± 5 for
232Th, 245 ± 30 to 635 ± 35 for 40K and 3 ± 1 to 10 ± 1 for 137Cs, while the respective values in the
corresponding tea leaf samples were 3.6 ± 0.7 to 5.7 ± 1.0, 2.4 ± 0.5 to 5.8 ± 0.9, 132 ± 25 to 258 ± 29
and <0.4. The mean transfer factors for 226Ra, 232Th and 40K from soil to tea leaves were calculated to
be 0.12, 0.08 and 0.46, respectively, the complete range being 1.1 × 10−2 to 1.0, in accordance with
IAEA values. Additionally, the most popularly consumed tea brands available in the Bangladeshi
market were also analyzed and, with the exception of 40K, were found to have similar concentrations
to the fresh tea leaves collected from the UTE. The committed effective dose via the consumption of tea
was estimated to be low in comparison with the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) reference ingestion dose limit of 290 μSv/y. Current indicative
tea consumption of 4 g/day/person shows an insignificant radiological risk to public health, while
cumulative dietary exposures may not be entirely negligible, because the UNSCEAR reference dose
limit is derived from total dietary exposures. This study suggests a periodic monitoring of radiation
levels in tea leaves in seeking to ensure the safety of human health.

Keywords: soil; tea leaves; HPGe γ-ray spectrometry; terrestrial and anthropogenic radionuclides;
threshold consumption rate; committed effective dose
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1. Introduction

The most common forms of ionizing radiation on earth, resulting from terrestrial, extra-
terrestrial and anthropogenic sources, are α- and β-particles and γ-rays [1,2]. According to
the National Council on Radiation Protection and Measurements (NCRP), environmental
radiation is the most significant source of radiation exposure to humans [3]. Interestingly,
although the International Atomic Energy Agency (IAEA) reported that the public exposure
from natural radiation is of little health concern [4], the World Nuclear Association (WNA)
states that any dose of radiation involves a possible risk to human health [5]. Since 238U and
232Th decay series and singly occurring 40K are the most abundant radionuclides found
naturally in soil, air, water, rocks, plants and foodstuffs [5], to protect the public against
unwanted exposures to natural radiation, the radioactivity in environmental samples,
including foodstuffs, needs to be monitored periodically [4].

The surface soil, especially the top layer in the earth, is a mixture of various compo-
nents in the natural environment [6,7]. Although the main source of U, Th and K is the earth
crust, their contents appear at varying levels in the soils of different regions in the world
following the variation of the local geology [8]. In addition to the prevailing concentration
of terrestrial radionuclides in acidic soils, at high altitudes the contribution from extra-
terrestrial radioactivity may be enhanced, moreover with fallout of artificial radionuclides
that may be subject to greater deposition. The latter concerns atmospheric nuclear device
testing or unplanned phenomena such as the Three Mile Island power plant accident,
the Chernobyl accident and the Fukushima Dai-ichi nuclear power plant accident [9–12].
Regardless of origin (i.e., natural or artificial), the radionuclides may appear in plants along
with the uptake of minerals and nutrients required for their vitality, majorly by the root
system [13]. Their availability in plant life enables them to be transported to humans via
the daily intake of foodstuffs [14–16]. Thus, it is necessary to know the natural radioactivity
in a particular area to obtain their distribution, modelling and transport processes leading
to the estimation of radiation dose and hazards to the general population [6].

Due to its pleasant taste, aroma and positive physiological functions, tea is one of the
most popular stimulating drinks in the world after water [17–19]. It is generally obtained by
processing the leaves and leaf buds of the Camellia sinensis plant. Primarily there are four
types of processed teas: green, black, oolong and brick tea [20]. Green tea is obtained by
drying and roasting the tea leaves without any fermentation, whereas an additional fermen-
tation produces black tea leaves. A partial fermentation of tea leaves results in oolong tea.
Brick tea is made from the blocks of whole or finely ground black tea, compressed in a form
under extremely high pressure. Asian populations generally drink the semi-fermented
green tea and fermented black teas [21] as a hot drink. While, at present, tea is cultivated
in more than 40 countries in the world, the major portion (90%) is produced by Asian
countries [22]. Due to the presence of biologically active compounds (antitoxin, antioxidant,
anti-inflammatory, antibacterial, antiviral, anti-carcinogenic, etc.) like polyphenols, amino
acids and vitamins in tea [23,24], tea drinking has been promoted for centuries [25–27].
Controversies about the benefits and risks due to the consumption of tea are not completely
absent, but the few reported toxic effects are outclassed by its countless health-promoting
benefits [28]. Harmful effects like stomach ache, intestinal gas, heartburn and abdominal
pain from over consumption of tea are identified due to the presence of caffeine, aluminum
and the influence of tea polyphenols on iron bioavailability [29].

Following the suitable geographical location and weather conditions for tea plantation,
tea plantations were established in the hilly areas of Sylhet, Moulavibazar, Comilla and
Chittagong regions in Bangladesh, centuries ago [30]. Moreover, due to recent develop-
ments in socio-economic conditions, tea consumption is increasing at a significant level
among Bangladeshi population [31]. In producing more than 95 million kg of tea in 2019,
harvested from about 115,757 hectares of land, Bangladesh has become the world’s tenth
largest tea producer and the world’s ninth tea exporting country [32]. As a member of
Bangladesh Tea Board and Bangladesh Tea Association, the Udalia Tea Estate (UTE), since
1962, has played a very important role in quality tea production. In recent times, the UTE
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has come to be ranked highly among the existing tea estates in Bangladesh. In meeting the
growing domestic demand for premium black and green tea as well as that of international
markets, UTE has secured a position not only as a tea producer but also as a multi-product
estate. In particular, it enjoys abundant rainfall, is in an area of elevated altitude above sea
level and has acidic and well-draining soils, all combining to make favorable conditions
for tea production.

Since plants produce their necessary energy via the use of leaves together with the
photosynthesis process, the leaves may have more activity than the other parts of plants,
therefore they may contain relatively more radionuclides which are normally taken up by
the root system along with other minerals. Moreover, leaves are more exposed to aerial
deposition, e.g., radionuclides in dust or radionuclide particles themselves, if there are
any artificial phenomena in the surrounding environment or nearby countries. Therefore,
tea plants may be subjected to direct and indirect contamination of various radionuclides,
and these radionuclides can be distributed in different parts of the plants according to the
chemical characteristics and parameters of the plants and soil [33]. Since tea forms the
second most popular drink (after water) in all populations in Bangladesh, the presence of a
low level of radioactive material in tea leaves may produce a non-negligible health hazard
via cumulative exposures. By acknowledging that ingestion doses above permissible levels
are harmful for human beings [34], assessment of radionuclides due to the consumption
of foodstuffs is important for public health. Furthermore, assessment of any release of
radioactivity to the environment is important for the protection of public health, especially
if the released radioactivity can enter into the food chain [35].

While studies of natural radioactivity in various foodstuffs are available in the lit-
erature, information on the distribution and enrichment of radionuclides in tea leaves is
sparse, especially in tea leaves collected from the major tea gardens including the UTE
in Bangladesh. The main objectives of the present study are to determine the transfer of
radionuclides from soil to tea leaves harvested from the Udalia Tea Estate, further calcu-
lating the associated health hazards following the consumption of tea by the populace
in Bangladesh. The activity concentrations of marketed tea leaves were also analyzed to
observe the effect of manufacturing processes. This study may also help to enrich the
radioactivity database on tea, i.e., the most popular stimulating drink.

2. Experimental

2.1. Local Geology of the Udalia Tea Estate

The Udalia Tea Estate (UTE) is located in the hilly region of Fatickchari Upazilla in the
Chittagong district of Bangladesh (see in Figure 1). The UTE can be addressed as latitude
22◦36′39′′–22◦39′41′′ N and longitude 91◦45′6′′–91◦51′15′′ E. The estate is covered by low
hill ranges and terraces having an altitude of 30–46 m above sea level and contains an area
of 3096 acres (3.9 km × 3.2 km = 12.5 square kilometer) [36]. The climate of this area is
tropical monsoon. An average annual rainfall of about 2794 mm is recorded in this area,
while July is the wettest month. The soils in this area are mainly yellowish to reddish
brown, the texture is mostly clay loam on flat land while the hilly soil is mostly sandy loam
to coarse sand, which is characterized by broken shale or sandstone and mottled sand at
different depths [37]. The soils are strongly acidic and poor in organic matter and nutrients.

2.2. Sample Collection and Preparation

The samples (soil and tea leaves) were collected from different places in the Udalia
Tea Estate (UTE). The sampling location was chosen on a random basis, but the distance
between each sampling location was almost 700–800 m. Since the estate consists of ranges
of low lying hills, separate hills were chosen as different sampling locations. A total of
5 locations were chosen for collecting the tea leaves and the surrounding soil samples
throughout the garden. While an approximate amount of 2.5 kg of fresh tea leaf samples
were collected from each selected location around the UTE, a total of 4 (×3) soil samples
were also collected from three different depths, 0 to 5 cm, 6 to 12 cm and 13 to 20 cm, of
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the corresponding locations to the tea leaves samples. More specifically, the soil samples
were collected from four different points within an area of 1 m2 around the tea tree. The
25-year-old tea trees were selected for collection of the tea leaf samples. Usually, the
branches of the tea plant are cut and are fertilized twice per year, and in some cases
fertilizers are used more than twice for influencing the growth of the tea plant in the
garden. At present, the UTE produces approximately 0.7 million tons of tea per year
with six separate grades of tea including the export quality one. In the local market
and throughout the country, this estate supplies one of the popular tea brands “Mostafa
tea”. Five marketed tea leaf samples were also collected from the local market, allowing
comparison of the measured radioactivity from these with that from the fresh tea leaves
collected from the UTE.

Figure 1. Location of the Udalia Tea Estate at the Fatikchari Upazila of the Chittagong district in Bangladesh.

The procedure for sample collection followed that recommended by the IAEA [4].
The collected samples were stored separately in sealed plastic bags and tagged with an
identification number, and with the date and location of sampling. The samples were
dried under direct sunlight for several days to allow evaporation of moisture content,
subsequently being further dried for a period of 24 h in an oven maintained at 85 ◦C
to remove any remaining moisture. The dried samples were then mechanically crushed
into a fine powder, homogenized with a mortar and pestle and filtered through a sieve
of 0.395 mm mesh size to obtain similarly sized particles. A constant dry weight was
measured out for each sample evaluation. For the determination of activity concentration,
the dried sample was transferred to an individual cylindrical container having dimension
of 3.5 cm height and 8.5 cm diameter. To settle and obtain a homogeneous mixture of the
samples, the containers were simply shaken by hand. The containers were then sealed

186



Life 2021, 11, 282

tightly by using an insulating tape to reduce the possibility of moisture contamination. The
samples were then kept undisturbed for 5–7 weeks at room temperature to attain secular
equilibrium between short-lived progeny with the respective long-lived parents, 226Ra
(from 238U) and 228Ra (from 232Th) [38,39]. It was assumed that 222Rn and 220Rn could not
escape from the sealed containers during the period of storage. The samples were then
ready for subsequent measurement and analysis by γ-ray spectrometry.

2.3. Measurement of Radionuclides

This study used a co-axial high-purity germanium (HPGe) γ-ray detector (GC2018,
CANBERRA, USA), having a relative efficiency of 20%, resolution of 1.8 keV at 1332 keV
of peak of 60Co source, to measure the samples and standards obtained from the IAEA.
The detector was coupled with a digital spectrum analyzer and GENIE 2000 to acquire
the γ-ray spectra emitted from the samples. To ensure a low background environment,
a cylindrical lead shielded arrangement (5.08 cm thick) with fixed bottom and movable
cover was installed. The efficiency of the detector was measured using the reference
samples RGU-1, RGTh-1 and RGK-1 provided by the IAEA [40], with results as presented
in Figure 2. The standard sources containing known concentrations of 226Ra, 232Th and 40K
were supplied by the Canada Center for Mineral and Energy Technology (CAMET) under a
contract with the IAEA. Considering the leaves’ texture and density, a radioactive standard
with leafy vegetables was prepared by mixing/spiking 226Ra standard source of solid
matrices in identical containers to the samples, and using them accordingly. Necessary
information on the calibration of the efficiency of the detector is available elsewhere [41].
In this study, each sample was measured for 10,000 seconds to achieve reasonable statistics.
The net count rate from the primordial radionuclides originating from the samples was
obtained by subtracting the background count from the gross count, both acquired for the
same counting time. The activity concentrations of 226Ra and 232Th radionuclides were
assessed using the characteristic gamma lines of their short-lived progeny [42,43]. The
concentrations of 40K and 137Cs were determined by the gamma ray lines of 1460.77 keV
and 661 keV, respectively. For evaluation of 226Ra and 232Th, a weighted mean approach
was applied following reference [14].

Figure 2. Counting efficiency curve of the HPGe (high-purity germanium) detector.
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2.4. Calculation of Activity Concentration

Activity concentrations of radionuclides (Bq kg−1) in surface soil, sub-surface soils
and plant samples were calculated using Equation (1) [41]:

Activity concentration =
CPS × 100 × 1000

ε f (%). × Iγ × ws(kg)
(1)

where CPS represents the net counts per second, εf the efficiency of the detector, Iγ the
branching ratio and Ws the weight of the sample in kg. The statistical uncertainties were
expressed in terms of standard deviation (±σ), where σ is expressed in Equation (2) [41]:

σ =

√√√√[
Ns

T2
s
+

Nb

T2
b

]
(2)

where Ns and Nb represent the sample and background counts in time Ts and Tb, respec-
tively. The total uncertainty for each measured sample was calculated taking into account
the statistical and other components of uncertainty. The combined uncertainty of the
activity was estimated by using the quadratic sum of relevant quantities, which can be
defined by Equation (3) [44]:

ΔA = A ×
√(

ΔN
N

)2
+

(
Δεγ

εγ

)2
+

(
Δργ

ργ

)2
+

(
Δms

Ms

)2
(3)

where ΔA is the combined uncertainty of each measured value. The symbols ΔN, Δεγ,
Δργ and Δms represent the uncertainties due to the counting statistics, N (<7%), detection
efficiency, εγ (4%), gamma ray emission probability, ργ(<1%), and sample weight, MS
(<2%), respectively. The determined radioactivity levels, together with the uncertainties,
are presented in Table 1.

Table 1. Concentrations of 226Ra, 232Th, 40K and 137Cs in the analyzed soil and tea leaf samples (both fresh and marketed
tea leaves) and calculated transfer factors from soil-to-tea leaf (fresh tea leaves from UTE (Udalia Tea Estate)).

Sampling Location Sample Type

Activity Concentrations (Bq kg−1) Together
with Uncertainty

Transfer Factor

226Ra 232Th 40K 137Cs 226Ra 232Th 40K 137Cs

Location-1
Garden Tea 5.7 ± 0.6 4.4 ± 0.5 190 ± 31 <0.4

0.13 ± 0.08 0.09 ± 0.05 0.69 ± 0.39 -
Soil 45 ± 3 51 ± 1 275 ± 80 8.5 ± 1

Location-2
Garden Tea 3.6 ± 0.7 3.2 ± 0.4 258 ± 29 <0.4

0.11 ± 0.08 0.05 ± 0.04 0.41 ± 0.13 -
Soil 34 ± 9 63 ± 5 635 ± 35 7 ± 1

Location-3
Garden Tea 5.7 ± 1.0 2.4 ± 0.5 175 ± 32 <0.4

0.15 ± 0.06 0.05 ± 0.01 0.55 ± 0.16 -
Soil 37 ± 7 50 ± 13 391 ± 73 9 ± 1

Location-4
Garden Tea 3.6 ± 0.6 5.8 ± 0.9 136 ± 22 <0.4

0.10 ± 0.03 0.09 ± 0.02 0.36 ± 0.13 -
Soil 36 ± 7 65 ± 21 373 ± 73 4 ± 1

Location-5
Garden Tea 4.1 ± 0.8 5.8 ± 1.1 132 ± 25 <0.4

0.10 ± 0.03 0.10 ± 0.04 0.54 ± 0.12 -
Soil 42 ± 12 50 ± 19 245 ± 30 3 ± 1

Mean 0.12 ± 0.08 0.08 ± 0.05 0.46 ± 0.35 -

The lower limit of detection or the minimum detectable activity concentration (MDA)
of the measurement system was calculated using Equation (4) [45,46]:

MDA =
kα ×

√
β

εγ × ργ × Ts × Ms
(4)
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where Kα represents the statistical coverage factor which is equal to 1.64 (at the 95%
confidence level), β is the background count in the energy of interest and the other symbols
εγ, ργ, TS and MS represent detection efficiency, gamma-ray emission probability, counting
time, and sample weight, respectively. The MDAs for the studied radionuclides 226Ra,
232Th, 40K and 137Cs were calculated to be 0.32 Bq kg−1, 0.60 Bq kg−1, 2.5 Bq kg−1 and
0.4 Bq kg−1, respectively.

2.5. Soil to Tea Leaves Transfer Factor (TF)

Within the food we eat, plants are the principal recipients of radioactive contamination,
a result of atmospheric or other releases of radionuclides and from naturally occurring
radioactivity within the soil [40]. Basically, the transfer factor defines the uptake of radionu-
clides from soil to plants, which can be calculated by the ratio of the radioactivity per unit
dry weight of plant (CP) to the radioactivity per unit dry weight of soil (CS) in the rooting
zone, using the Equation (5) [47,48]:

TF =
CP
CS

(5)

Dry weight analysis is preferred, the amount of radioactivity per kilogram dry weight
being subject to much less variability than the amount per unit fresh weight, thereby
reducing uncertainties in the measured TF (transfer factor) [49]. The calculated TFs for the
studied tea leaf samples are shown in Table 1.

2.6. Annual Committed Effective Dose (ACED)

Following the consumption characteristics of foodstuffs, the committed effective dose
due to the ingestion of radionuclides can be calculated using Equation (6), as below [50]:

AECD (μSv/y) = Cr ×
3

∑
i=1

Dc f i × Ai (6)

where Cr is the intake of radionuclides through use of the tea leaves, DCF,i are the ingestion
dose conversion coefficients of 2.8 × 10−7 Sv Bq−1, 2.2 × 10−7 Sv Bq−1 and 6.2 × 10−9

Sv Bq−1 for 226Ra, 232Th and 40K, respectively, for an adult [51] and Ai is the measured
activity concentration (Bq.kg−1) of each radionuclide. According to the typical statistics, an
average of 2 g of tea leaves is needed to prepare a cup of tea and if one person drinks two
cups of tea per day, then an amount of some 1.5 kg/year is consumed by an individual. The
two cups of tea is a typical tea consumption characteristic for the Bangladeshi population.
The Cr is also defined as the consumption rate.

2.7. Threshold Consumption Rate of Tea (kg/y)

The threshold consumption rate (DIthresh) represents a reference dietary level to avoid
deleterious health hazards due to the intake of radionuclides via foodstuffs [52]. The
particular threshold data due to the drinking of tea can be estimated by using the following
Equation (7) [53]:

DIthresh (kg/y) =
Eave

∑3
i=1 Dc f i × Ai

(7)

were Eave (290 μSv/y) is the threshold committed effective dose due to the ingestion of
radionuclides of interest via the consumption of foodstuffs [54,55], A1, A2 and A3 are the
activity concentrations of 226Ra, 232Th and 40K, respectively, in the tea leaf samples and Dcfi
is the activity to dose conversion coefficient for the radionuclides of interest, as before.

2.8. Carcinogenic Risk

The carcinogenic risk for a population is estimated by assuming a linear no threshold,
dose–effect relationship as per ICRP practice. For low doses, the ICRP suggest a fatal cancer
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risk factor of 0.05 Sv−1 [56], which indicates that the probability of a person dying of cancer
is increased by 5% for a total dose of 1 Sv received during a lifetime. The estimated average
annual committed effective dose for tea leaves is used herein to calculate the carcinogenic
risk for an adult, made of the following relationship Equation (8):

ElCR = AECD(μSv/y) × R f

(
Sv−1

)
× Als(y) (8)

where Rf is the risk factor per sievert of annual effective dose received by the consumption of
tea and Als is the cumulated time of tea consumption by Bangladeshi populace. Considering
the local typical tea consumption characteristics, a duration of 50 years was used for
both sexes.

3. Results and Discussion

3.1. Activity Concentration in the Tea Garden Doil Samples

The mean activity concentrations of 226Ra, 232Th, 40K and 137Cs in the soil samples
collected from five locations of UTE are given in Table 1. The measured values in the
investigated soil samples are found in the order 40K > 232Th > 226Ra > 137Cs. 40K dominates
over the other nuclides, which is not unexpected. This is because potassium is the seventh
most abundant element in the Earth’s crust, making up 2.6% of the weight of the earth’s
crust [57]. The greater activity concentration of 232Th over that of 226Ra may be attributed to
the differences in the physical and chemical characteristics in a natural environment. In the
earth’s crust, both uranium and thorium tend to occur together due to the some inherent
characteristics. However, throughout the various superficial processes like weathering and
transportation, and the soil characteristics (pH and redox), they become fractionated. In
general, thorium possesses low solubility and accumulates on particular phases whereas
uranium is chemically more soluble and mobile. Consequently, uranium can easily be
redistributed and transported in various environmental matrices compared to thorium [48].

Table 1 shows the mean activity concentrations of 226Ra in soil samples for all locations
other than that at location 2 to be greater than the UNSCEAR reported worldwide mean
value of 35 Bq.kg−1 [49]. Among the three studied layers/depths of soil, the greatest
concentration of 226Ra (53 ± 8 Bq.kg−1) was at location 5, at a depth of 13- to 20 cm,
whereas, the minimum concentration of 226Ra (27 ± 7 Bq.kg−1) was at location 2, at a depth
of 6 to 12 cm. This may be correlated to the ambient environment, i.e., the presence of high
moisture content in the clay silty sand soil of this location which allows better solubility of
226Ra [58].

For all locations the mean activity concentrations of 232Th are greater than the world-
wide mean value of 30 Bq.kg−1 [49], while the 40K data for all locations other than location
2 are less than the UNSCEAR [49] reported mean concentration of 400 Bq.kg−1. In respect
to the vertical distribution, the greatest concentration of 232Th (82 ± 11 Bq.kg−1) was in
soil from location 4, at a depth of 6 to 12 cm, whereas the minimum 232Th concentration (29
± 7 Bq.kg−1) was from soil at location 5, at a depth of 0 to 5 cm. Soil samples from location
5 are clay silty sand and have large carbonate content, a matter correlating with the low
232Th concentration. The data show the level of natural radioactivity forming a similar
distribution in the surface and deep layered soils.

The greatest concentration of 40K (672 ± 81 Bq.kg−1) was shown to be at location 2, at
a depth of 6 to 12 cm, whereas the minimum 40K concentration (201 ± 78 Bq.kg−1) was at
location 1, at a depth of 6 to 12 cm. The majority of 40K is a part of a clay mineral component
rather than organic matter and its mobility depends on its solubility in the soil [59]. The
low concentration of 40K may be correlated to the soil texture, i.e., the presence of more
sandy soil. Moreover, use of NPK fertilizer at least two times per year for better yield of
leaves may contribute to the higher values of 40K activity [60,61].

137Cs, an anthropomorphic nuclide, as detected in trace amounts in the UTE soil,
predominantly in the topsoil layers and less so or otherwise not detectable in sub-surface
layers. The greatest 137Cs mean activity concentration, at 10 ± 1 Bq.kg−1, was found
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in surface soil at location 1, at a depth of 0 to 5 cm, while the lowest concentration of
3 ± 1 Bq.kg−1 was found at location 5, at the same depth. 137Cs in other locations was
not detected, the one exception being at location 1, at a depth of 6 to 12 cm. The mean
137Cs concentrations at the different locations were found to be less than the world average
value 51 Bqkg−1 as reported by UNSCEAR [49]. The 137Cs is a quasi-permanent source of
external gamma ray exposure, the activity slowly decaying in accordance with a half-life
of some 30 years. The small likelihood that this nuclide will form a significant soil to
plant pathway is generally acknowledged, the contaminant for the most part being linked
to widely publicized nuclear establishment accidents. When detected, most typically at
very low levels, the variation in the activity concentrations of the radionuclides are due to
meteorological factors, the difference in sampling depth, physiochemical soil characteristics
and the time of deposition.

3.2. Activity Concentration in Tea Leaf Samples

The measured activity concentrations of 226Ra, 232Th, 40K and 137Cs radionuclides
in tea leaf samples collected from the Udalia Tea Estate as well as from the local market
are summarized in Table 1. The concentrations of radionuclides in tea leaf samples are
reported in Bq.kg−1 dry weight. The activity concentrations of studied radionuclides in
the investigated tea leaf samples were in the order 40K > 226Ra > 232Th > 137Cs. The activity
concentrations of 226Ra were found to be greater than that of 232Th in most of the tea leaf
samples collected from UTE. One probable reason is that the 238U (226Ra) tends to move
towards the outer extremities of the tree and accumulates more greatly in new leaves and
sprouts [62].

The greater concentration of 40K in tea leaf samples can be attributed for the most
part to the specific metabolic processes of potassium involved in plant growth. Further-
more, for faster plant growth, the extra use of muriate (potassium chloride) of potassium
fertilizer may be another factor causing the increase of 40K concentration in the tea leaf
samples [60]. It has been reported that about 88–96% of K is taken up by the plant from the
soil through the root system [61]. Since plants take up a high amount of potassium and
natural potassium contains 0.0117% of 40K, the detection of high level of 40K in plants is
not unexpected.

3.3. Transfer Factors (TF) of Radionuclides from Soil-to-Tea Leaf

Soil to tea leaf transfer factor (TF) values from the five different locations are also
presented in Table 1, the values depending on soil properties such as nutrient and moisture
contents and pH [51]. It can be observed from the results that the TF values for 226Ra, 232Th
and 40K lie within the range 1.1 × 10−2 to 1.0, in accordance with values reported by the
IAEA [63]. 137Cs in all of the tea leaf samples was found to be below the detection limit,
therefore the transfer factors could not be calculated. Note that the IAEA report a TF range
of 0.02–3.2 for 137Cs [63]. This indicates that, compared to 226Ra, 232Th and 40K, 137Cs is
less efficiently transported from soil to the tea bush, as well as to the leaves

The transfer factors in the studied tea leaves are in the order 40K > 226Ra > 232Th
> 137Cs, that for 40K being significantly greater than those of other radionuclides in all
samples. It is well known that K is a very essential nutrient for plants metabolism and
depending upon the particular metabolism a variable amount of K is taken up by plants
from soil. Since elemental potassium is homeostatically controlled by the body (intake and
excretion maintaining balance), such amounts of 40K in tea leaves are not to be considered
to be of any particular concern as a potential radiation hazard. The actual concentration
of radium in plant species clearly depends on the radium content of soil, its uptake by
the plants species and also the metabolic characteristics of the plants [14]. Moreover, the
chemical factors such as the presence of exchangeable amount of calcium in the soil may
influence the absorption rate of radium by the plants [64]. The calculated TF show mean
values of less than 1 for all radionuclides. It is worth mentioning that a value of TF >1 is
indicative of radiation hazards to human health via the soil–plant–human body pathway.
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On the other hand, a TF = 1 would be indicative of a particular species or plant forming
a useful natural process for decontamination of soil affected by a nuclear accident or
deliberate nuclear device testing.

Table 2 shows a comparison of results from the present study with reported data for
tea leaves from the Chittagong region of Bangladesh. Considering the similar geographical
conditions, humidity and quality of soil, comparability of data might thus be expected.
Within the Chittagong region, there are 17 tea growing estates in Fatickchari, 3 in Rangunia
and 1 in Banskhali. In this respect, Table 2 shows the measured radioactivity of 226Ra to
be similar to the available literature data, while UTE values for 232Th and 40K show much
lower values compared to the reported data in the literature. Moreover, radioactivity in the
estate tea leaves from Rize in Turkey also show higher values than the present results from
UTE. The activity concentration of the artificial 137Cs radionuclide for the UTE sample
is shown to be below the detection limit (<0.4), while a substantial amount of 137Cs was
reported in estate tea leaf samples from Turkey. Such a result indicates the contamination
of sampling area via some known/unknown nuclear activities. There are no available
studies on the radioactivity of marketed tea samples in Bangladesh, therefore studies on
marketed tea leaf samples imported from abroad have been chosen for comparison. The
average activity concentration of 226Ra and 232Th and 40K in tea leaf samples collected from
the local market show greater values than the reported data from Turkey (except 40K) and
Serbia. The fact that the concentrations of 226Ra, 232Th and 40K vary substantially across
the various regions depends mainly on their concentrations in the bedrock from which the
soil originates [65].

Table 2. Average activity concentrations of 226Ra, 232Th, 40K and 137Cs in tea leaf samples from various countries compared
with that from present work.

Sample Type Countries
Activity Concentrations (Bq.kg−1) Together with Uncertainties

References
226Ra 232Th 40K 137Cs

Fresh tea leaf

UTE,
Chittagong,
Bangladesh

4.53 ± 0.62 4.31 ± 0.58 178 ± 28 <0.4 Present study

Chittagong
district,

Bangladesh
5.34 10.07 429.91 Not measured [66]

Ramgarh,
Bangladesh 3.20 ± 2.18 4.65 ± 1.76 625 ± 62.37 Not measured [66]

Kodala,
Bangladesh 3.56 ± 0.69 27.22 ± 3.65 1243 ± 83.91 Not measured [66]

Chandpur
Belgaon,

Bangladesh
5.67 ± 2.16 12.41 ± 2.82 380 ± 62.06 Not measured [66]

Rize, Turkey 36.3 ± 6.1 23.1 ± 4.8 688.4 ± 18.3 20.9 ± 3.8 [67]

Market tea leaf

Mostafa-1 3.8 ± 0.4 6.0 ± 0.7 321 ± 35 <0.4

Present study
Ceylon 4.3 ± 0.3 4.3 ± 0.5 244 ± 31 <0.4

Ispahani 4.0 ± 0.1 3.9 ± 0.5 159 ± 32 <0.4

Taza 5.4 ± 0.6 2.8 ± 0.6 141 ± 29 <0.4

Mostafa 4.3 ± 0.3 5.5 ± 0.8 183 ± 25 <0.4

Turkey-2
(Market tea) 0.9 2.7 501 - [68]

Serbia-1
(Market tea) 0.6−8.2 1.7−15.1 126−1243.7 - [69]
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3.4. Committed Effective Dose, Threshold Consumption Rate and Carcinogenic Risk

The calculated values of committed effective dose, threshold consumption rate and
carcinogenic risk are shown in Table 3. The committed effective dose due to the intake of the
studied radionuclides via tea consumption was found to be in the range of 4.7–5.6 μSv y−1

with a mean of 5.0 μSv y−1. This compares with an average worldwide ingestion dose of
226Ra and 232Th of 120 μSv y−1 and 170 μSv y−1 for 40K, making a total annual dose estimate
of 290 μSv y−1 from the total diet [49]. The annual effective doses from the ingestion of tea
leaves were found much lower than the limiting value recommended by UNSCEAR [49].
Note that the estimated 5.0 μSv y−1 is contributed to by only a single dietary element
(here tea leaf), thus such a low value is not unexpected. However, the radiation risk via
the cumulative consumption of tea leaf may not be totally negligible, because tea forms
only a minor part of the total dietary habits [70,71]. Figure 3 shows the dose contribution
due to the individual radionuclides. Among the studied radionuclides, 226Ra incurred the
maximum dose (38%) followed by 40K (33%) and 232Th (29%). Exposure to radioactive
materials, especially radium, over a prolonged time may result in an increased carcinogenic
risk. In addition, higher doses of radium are found to have links with anemia, cataracts,
reduction of bone growth, etc. [72].

Table 3. Calculated hazard parameters due to the consumption of studied tea leaves collected from the UTE,
Chittagong, Bangladesh.

Sample
Annual Effective Dose (uSv/y)

Threshold Consumption Rate, kg/y Lifetime Carcinogenic Risk
226Ra 232Th 40K Total

TL-1 2.4 1.5 1.8 5.6 77 1.40 × 10−5

TL-2 1.5 1.1 2.4 5.0 88 1.24 × 10−5

TL-3 2.4 0.8 1.6 4.8 90 1.20 × 10−5

TL-4 1.5 1.9 1.3 4.7 93 1.17 × 10−5

TL-5 1.7 1.9 1.2 4.9 89 1.22 × 10−5

Mean 1.9 1.4 1.7 5.0 88 1.25 × 10−5

Figure 3. Dose contribution by individual radionuclides due to the consumption of tea leaves.
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The estimated mean threshold consumption rate for the studied tea leaf samples was
found to be 88 kg/y (equivalent to 241g/d), an untenable value. This parameter indicates
that the consumption of tea below the estimated value poses only a negligible radiological
health hazard, while a greater rate than the calculated ones indicates enhanced radiological
health risk.

Accordingly, the mean cumulative carcinogenic risk via tea leaf consumption (for a
period of 50 years) was estimated at 1.3 × 10−5, significantly lower than the ICRP given
cancer risk of 2.5 × 10−3, based on an annual effective dose limit of 1 mSv for the general
population [52].

4. Conclusions

Activity concentrations of 226Ra, 232Th, 40K and 137Cs in soil and tea leaf samples
collected from a large tea estate in the Chittagong region of Bangladesh were measured
by HPGe γ-ray spectrometry. In addition, the most popular tea brands available in the
local market were also measured to observe the effect of production processes. The transfer
factor of radionuclides from soil to tea leaves was found to be less than 1, indicating the
corresponding uptake by the tea plant to be insignificant. The estimated committed effective
dose and the carcinogenic risk all show values far below the limiting ranges as suggested
by various international bodies. Thus, the consumption of tea (at 4 g/day/person or
two cups/day/person) produced from the Udalia Tea Estate provides an insignificant
radiation risk to the health of the local populace. Considering a number of facts such as
the non-availability of the literature data on TFs of the UTE tea leaves, the recommended
limiting values for total dietary habits and that for the tea arising from this single entity,
and that the radiation risk follows the linear no threshold model, the measured data can
act as reference values for any future experimental or modelling studies for the protection
of human health.
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Abstract: Radon is a major source of ionizing radiation exposure for the general population. It is
known that exposure to radon is a risk factor for the onset of lung cancer. In this study, the results of a
radon survey conducted in all districts of a Public Healthcare in Italy, are reported. Measurements of
indoor radon were performed using nuclear track detectors, CR-39. The entire survey was conducted
according to a well-established quality assurance program. The annual effective dose and excess
lifetime cancer risk were also calculated. Results show that the radon concentrations varied from
7 ± 1 Bq/m3 and 5148 ± 772 Bq/m3, with a geometric mean of 67 Bq/m3 and geometric standard
deviation of 2.5. The annual effective dose to workers was found to be 1.6 mSv/y and comparable
with the worldwide average. In Italy, following the transposition of the European Directive 59/2013,
great attention was paid to the radon risk in workplaces. The interest of the workers of the monitored
sites was very high and this, certainly contributed to the high return rate of the detectors after
exposure and therefore, to the presence of few missing data. Although it was not possible to study
the factors affecting radon concentrations, certainly the main advantage of this study is that it was
the first in which an entire public health company was monitored in regards to all the premises on
the underground and ground floor.

Keywords: radon; effective dose; workplaces

1. Introduction

Radon is a radioactive noble gas belonging to the 238U radioactive chain, produced
by the decay of 226Ra [1]. It is ubiquitous in the earth’s crust in a concentration dependent
on geology [2]. A fraction of radon produced in rocks and soils, escapes into the outdoor
atmosphere where it is quickly diluted while, in confined spaces, it tends to accumulate
reaching levels of concentration that are dangerous for health [3]. In 1988, radon was
classified as a carcinogenic agent for humans by the International Agency for Research
on Cancer (IARC) for evidence of an association between the exposure and onset of lung
cancer [4]. Due to its long half-life (3.82 d), radon is almost completely exhaled after
inhalation, otherwise, its progenies with short half-life, 218Po and 214Po, being electrically
charged, can be attached to dust or smoke particles in indoor air. During the breathing
process, they reach the bronchial tissue where they decay emitting radioactive alpha
particles capable of damaging the pulmonary epithelium and thereby causing lung cancer.
Radon and its progeny contribute more than 50% to the human exposure to natural
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ionizing radiation [5]. UNSCEAR [6] estimates that the annual effective dose for humans
attributable to the radon exposure is about 1 mSv. After the residential exposure, the
second important source of exposure to radon and its progenies, is the occupational
exposure since people spend about 35% of their daytime in the workplace. Supported
by the scientific evidence of epidemiological studies on residential exposure data [7–12]
showing a statistically significant increase in the risk of lung cancer, due to the prolonged
exposure to radon already at the level of 100 Bq/m3, the European Union has issued the
Directive 59/2013 [13], which established a reference level for indoor radon concentrations
in workplaces of 300 Bq/m3. Despite the European Union regulation, some authors [14–16]
have questioned the correlation between the exposure to radon and the increased risk of
lung cancer. They believe that the results obtained from the epidemiological studies are
conditioned by the dose-response model adopted, the linear no-threshold (LNT). According
to this model, the excess risk increases linearly versus the radon concentration but, these
studies argue the lack of enough experimental data to support this thesis. Dobrzyński
et al. [16] stated, in their meta-analysis, that there is no scientific evidence supporting the
thesis that the exposure to radon is significantly correlated to the incidence of pulmonary
cancer, at least for concentration values below 1000 Bq/m3.

In Italy, in July 2020, this Directive was transposed into the current National law [17]
for the protection of health of the general population and workers against the ionizing
radiation exposure. In addition, it imposes the action level for the home and workplaces
of 300 Bq/m3. Despite this, in Italy, few surveys have been performed in the workplaces,
many of them, on a local scale and with different methods of measurement. The aim
of this study is to present the results of a radon survey conducted in 2018–2020 in the
underground workplaces and on the ground floor at the Public Healthcare Company
“Napoli 3” of Campania region, South Italy. Moreover, the annual dose estimation to
workers and the excess lifetime cancer risk, were assessed using the data presented in
the paper.

2. Materials and Methods

The survey conducted at the Public Healthcare Company “Napoli 3” was divided into
four fundamental phases: (1) Sampling plan of the premises to be monitored; (2) exposure
of the CR-39 detectors for two consecutive semesters in the sampled premises; (3) chemical
etching and statistical analysis; (4) radon risk assessment. These steps are listed below.

2.1. Sampling Plan

The confined spaces to be monitored were selected by the Prevention and Protection
Department of Public Healthcare Company “Napoli 3”. In this study, regardless of their
intended use, all underground workplaces and on the ground floor, were monitored. The
sampling plan concerned the 27 districts in which the Public Healthcare Company is
divided and, a total of 607 rooms were sampled.

2.2. Monitoring, Detectors Analysis, and Statistical Analysis

The monitoring was conducted during 2018–2020 and involved a total of 1307 solid
state nuclear detector CR-39 types. In each monitored workplace, two detectors were
exposed for two consecutive semesters to obtain a whole year of exposure. Radon measure-
ments were conducted according to the UNI ISO 11665-4: 2020 standard. CR-39 detectors
were positioned about 2 m from the floor and at about 30 cm from the internal wall in order
not to record the contribution from the Thoron. The quality assurance was performed by
participating in the intercomparison exercise organized by the German Federal Office for
Radiation Protection (BfS). Moreover, the laboratory of Radioactivity (lab.RAD, University
of Naples Federico II, Naples, Italy) has a certification according to the ISO 9001:2015
standard and accreditation according to the European Standard EN ISO/IEC 17025 for the
“integrated measurement method for determining average activity concentration of the
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radon 222 in the environment air using passive sampling and delayed analysis” (UNI ISO
11665:2020, part 4).

After the exposure, all the CR-39 detectors were chemically etched using a solution
of 6.25 M NaOH at (98 ± 1) ◦C for 60 min. The automatic counting of tracks density
was performed by the Politrack system (mi.am s.r.l., Rivergaro, PC, Italy). It consists of
an automated microscopic image analyzer equipped with a control computer and track
analysis software. Finally, the radon concentration was calculated using Equation (1):

CRn =
N

E × T
(1)

where N is the track density corrected by the background track density, E is the calibration
factor, and T is the exposure time. The background track density was estimated to be
10 tracks/cm2 and it was determined by counting the tracks of a significant number
of unexposed CR-39. The calibration factor was determined by exposing the detectors
at a certified atmosphere in the range of exposure from 100 to 3000 Bq h m−3 at the
National Metrological Institute (ENEA). The detection limit (LLD) of the method was
estimated to be 4 Bq/m3 (with an exposure time of about 4320 h). To obtain the radon
annual average concentration, the time-weighted average radon concentration from two
consecutive 6-month periods, was calculated using the exposure time as weights, as shown
in the following Equation (2):

CT
Rn =

(
Δt1 × C1

Rn
)
+

(
Δt2 × C2

Rn
)

(Δt1 + Δt2)
(2)

where Δt1 and Δt2 are the exposure times of two semesters and C1
Rn and C2

Rn are the
integrated measured radon concentrations in the two semesters.

The central tendency of the radon measurements was described using the geometric
mean since their distribution was skewed. The evaluation of normality of log-transformed
data was tested by the Shapiro–Wilk test. All the statistical analysis was performed using
the Stata software (Stata Corp, College Station, TX, USA).

2.3. Risk Assessment

The annual effective dose H to the workers due to the radon and its progeny was
calculated as suggested by the Italian Legislation (Decreto Lagislativo 101/2020), using
Equation (3) [14]:

H(mSv/y) = C × T × D (3)

where C is the radon concentration (Bq/m3), T is the occupancy factor, and D (6.7 × 10−9 Sv
per Bq h m−3) is the dose conversion factor assuming an average equilibrium factor between
radon and its daughters of 0.4 (ICRP 137) [18]. Generally, for a particular radionuclide, the
internal dose is evaluated using two pieces of information, the intake and internal dose
conversion coefficients called the dose per unit intake. Due to the short half-life of radon
progenies responsible for the major contribution to the inhalation dose, it is not possible
to perform bioassay measurements to assess the intake. Therefore, ICRP recommends the
dose calculation using the activity concentration of radon in the atmosphere and the use of
the dose conversion factor.

The excess lifetime cancer risk (ELCR) was estimated using the following Equation (4):

ELCR = H × DL × RF (4)

where H is the mean effective dose, DL is the average duration of life estimated to 70 years,
and RF is the fatal cancer risk per Sievert (5.5 10−2 Sv−1) recommended by ICRP 103 [19].

The lung cancer cases per year per million persons (LCC) is estimated using the
following Equation (5):

LCC = H × RFLC (5)
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where RFLC is the risk factor lung cancer induction per million per person of 18 × 10−6 mSv−1

y reported in ICRP 50 [20].

3. Results

In this study, the results of a radon survey at the Public Healthcare Company “Napoli 3”,
are reported. During the survey, 607 rooms were monitored using a total of about 1300
CR-39 detectors. After exposure, the return rate of the CR-39 detectors was 92% for the
first semester and 90% for the second semester. In Figure 1a, the frequency distribution of
the annual radon concentrations measured, is reported. Although the experimental data
appear to show an approximately log-normal distribution, the Shapiro–Wilk test failed to
assess normality (p-value < 0.001), as shown also in Figure 1b.

(a) (b) 

Figure 1. (a) Frequency distribution of indoor radon concentrations in workplaces of the Public Healthcare Company
“Napoli 3”. (b) Q-norm plot of natural log-transformed radon concentration.

The minimum and maximum annual radon concentrations were found to be 7 ± 1 Bq/m3

and 5148 ± 772 Bq/m3, respectively, with a geometric mean of 67 Bq/m3, geometric
standard deviation of 2.5, and the median value of 65 Bq/m3. Of all radon concentration
measurements, 87% of the rooms presented radon concentrations lower than 200 Bq/m3,
8% had radon concentrations between 200 and 300 Bq/m3, and the other 5% had values
greater than 300 Bq/m3.

The radon concentration varied with the floor where it was measured. In this survey,
of all the monitored rooms, 43% were placed on the ground/underground floor, while
57% were placed on the first and second floor underground. The t-Student test on the log-
transformed data presents a statistically significant dependence from the floor (p < 0.001;
Figure 2). Here, it seems that the radon concentration increases with the floor, where the
radon concentration in the underground is higher than those measured in the first and
second floor underground. It is well known that the concentration of radon decreases
as the floor increases, but we do not have an explanation to justify this different trend
of radon concentration observed. In this study, no information on the characteristics of
constructions, such as age, building material, and presence of forced ventilation affecting
the radon concentration, that could explain this trend, were collected. However, our
finding agrees with Ruano-Ravina et al. [21] that reported in their study an increase of
radon concentration with height.

Risk Assessment

Using Equation (3), the mean annual effective dose received by the workers was
estimated to be 1.6 mSv/y, assuming an occupancy factor of 2000 h y−1 for a worker [22,23].
Moreover, assuming that the average duration of life is estimated to 70 years and the fatal
cancer risk per Sievert is equal to 5.5 × 10−2 Sv−1 as recommended by ICRP 103, the mean
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excess lung cancer risk (ELCR) was found to be 0.62%. This estimate does not involve
population-specific adjustments for major factors such as sex, age, and smoking habits.
Finally, using the conversion factor for cancer cases per year per million per person of
ICRP 50 [20] of 18 × 10−6 mSv−1 y, the lung cancer cases per million persons (LCC) was
estimated to be 2.1 per million persons.

Figure 2. Relationship between radon concentrations and the floor of the monitored workplaces.
Radon concentration values higher than 1000 Bq/m3 are not shown, in order to make the dependence
of the average radon concentration appreciable on the floor where the measurements are performed.

4. Discussion

In Italy, the culture of prevention to radon exposure in the workplace is still not
widespread, although already in the year 2000, in accordance with the European Directive
96/29/EURATOM, the National Regulation was issued which regulated the protection
of workers against the ionizing radiation exposure. Consequently, few surveys have
been conducted and most of them have been performed on a local scale with different
methods of measurement to determine the radon concentration in workplaces in some
Italian regions [24–29]. The lack of mandatory monitoring in homes and workplaces not
underground has meant that, although radon is a ubiquitous pollutant, the health risk that
it can produce is little as considered by the general population, unlike other risks such as
the toxicity of waste and the effects of electromagnetic fields. Studies [30,31] have shown
that although people often have a high awareness of the presence of radon in their homes,
they do not perceive a real risk and do not consider it necessary to monitor their living
and working environments. On 31 July 2020, the Italian government has transposed the
Council Directive 2013/59/Euratom into Decreto Legislativo 101 [17], which establishes
the value of 300 Bq/m3 as the annual average of the radon concentration not to be exceeded
in all closed environments, thus standardizing the value of the reference level to all work
environments and homes. This study was conducted in an area with a high concentration
of indoor radon and where building materials such as tuff and pozzolan, are often used.
It is the first study conducted in Campania in which various types of workplaces were
monitored, such as offices, hospitals, counseling centers, retirement homes for the elderly,
regardless of the workers’ employment hours. The survey was conducted in the period in
which the Italian government was enacting the law and the radon problem was beginning
to be of great public interest. This is evidenced by the great participation that the workers
of the monitored health company showed and by the high overall percentage of returned
detectors during the survey of 97%.

The main results show that indoor radon concentrations were in general within the
Italian legislation, in fact, about 95% of them are below 300 Bq/m3. The mean radon
concentration of 118 Bq/m3 obtained in this study is higher than the national average of
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75 Bq/m3 relative to the national survey carried out in homes [32]. Probably, this higher
average value is attributable to the different lifestyle between homes and workplaces. In
addition, the highest radon concentrations were found in some rooms that remained closed
during the lockdown due to the COVID-19 health emergency. Our findings are in good
agreement with previous studies carried out nationwide [33,34]. Moreover, these surveys
conducted in different workplaces, spread throughout the Italian region, show an average
radon concentration higher than obtained in national survey dwellings.

Numerous studies [1,35,36] report that indoor radon concentrations follow a lognor-
mal distribution. However, our results show a departure from lognormality at a higher
concentration level. The reason for this behavior could be attributed to the not too large
sample size.

Moreover, the measurements were carried out in an area which was not homogeneous,
either for the geology or for the characteristics of the buildings. This may justify the
presence of outliers.

In the world, the estimate of the proportion of lung cancers attributable to radon
ranges from 3 to 14% depending on the average radon concentration in the country con-
cerned and the calculation methods implemented [37]. In the European pooling [9], the
exposure-response relationship appeared to be approximately linear with no evidence for
a threshold below which there was no risk. Conversely, Dobrzyński et al. [16], applying
three different statistical models to analyze data from 34 radon studies, concluded that no
statistical evidence could support the thesis that the linear model best fits the data over
low radon concentrations.

In Italy, the total lung cancers attributable to radon is about 10% [38]. The risk of
radon-induced lung cancer increases with exposure and the duration of the exposure, so it
is very important to evaluate the annual effective dose to the workers. It is well known that
the internal exposure to radon can be performed using either the epidemiological method
or the dosimetric method. ICRP 126 [39], based on the re-assessment of dose coefficients
considering the epidemiological studies on miners and the newest studies on residential
exposures, concluded that the results of dose assessments using epidemiological data are
similar to those using dosimetric models. In the present study, the assessment of the dose
to workers was performed as recommended by the Italian law. This approach is based on
the epidemiological method as recommended by ICRP 65. The annual effective dose to
the workers due to radon indoor exposure was found to be 1.6 mSv/y. In Italy, national
dose data relating to workplaces are not available. However, if we compare our data with
exposures in homes, we observe that these values are higher than the Italian national
average value which is 1.2 mSv/y [40]. Moreover, the mean annual effective dose is higher
than the worldwide average of 1.15 mSv/y, reported by UNSCEAR [6]. The LCC found
(2.1 per million persons) results lower than the limit range of 170–230 per million persons
recommended by ICRP [22]. Our data show that the impact of radon exposure in these
workplaces can be considered modest.

This study has some advantages, including being the first survey conducted in Cam-
pania in which all the rooms, at the underground and ground floor of a whole healthcare
company, were monitored. Moreover, the radon concentrations measurements were con-
ducted by applying a quality assurance system. The radon concentration data collected in
this study could contribute to the radon map of Campania and to the validation of new
analysis methods on the correlation between radon concentrations and geology [41,42].

The main limitation is represented by the fact that it was not possible to obtain infor-
mation on the factors affecting indoor radon concentrations to correlate these to the major
characteristics of the buildings, such as age of the construction and building materials.
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