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Abstract
To investigate the influence of low-dose-rate irradiation on the growth of silkworms, Bombyx mori, eggs of silkworms were
randomly divided into 2 groups and were grown on either low-dose-radiation-emitting sheets or control sheets. On the radiationemitting sheets, the dose rate was measured as 66.0 (4.3) mSv/h (mean [standard deviation]) by a Geiger-Müller counter for a, b,
and g rays and 3.8 (0.3) mSv/h by a survey meter for g rays. The silkworms became larger when bred on the radiation-emitting
sheets, and their body weight was about 25% to 37% heavier on day 42 to 49 after starting the experiment. Continuous low-doserate irradiation promoted the growth of silkworms. It should be further investigated whether this phenomenon could be utilized
by the silk industry.
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Introduction
Radiation exposure at high dose levels (usually >200 mSv for
humans) is considered to be harmful and it increases the incidence of cancer. On the other hand, the effects of lower dose
exposure remain controversial. Some consider radiation
exposure below 200 mSv to also be hazardous based on the
linear-no-threshold (LNT) hypothesis, while others consider
low-dose exposure to have beneficial effects, which are
known as radiation hormesis and the adaptive response.1-6
The former LNT concept is supported by several epidemiological studies, while the latter concept is supported by both
basic, epidemiological and clinical studies.1-15 However, it
should be noted that epidemiological studies inherently contain many and large biases.
Laboratory studies suggest that low-dose radiation exposure
enhances immunological reactions and induces the production
of DNA repair enzymes and radioprotective substances such as
glutathione and superoxide dismutase.2,6,9-11 In various organisms including mammalians, insects, and plants, beneficial
effects of low-dose irradiation have been reported.16-23 Elongation of the life span of irradiated flour beetles (Tribolium) was
reported more than 40 years ago,16 and thereafter, the data
showing biphasic responses of living organisms to irradiation
(ie, beneficial effects at low doses and toxic or harmful effects
at high doses) have been accumulating. However, more wellcontrolled laboratory studies are warranted to clarify the very

important issue of the effect of low-dose radiation and to examine the adequateness of the LNT concept.6
Our group has been trying to use low-dose radiation to facilitate the growth of living organisms. Silkworms (Bombyx mori)
produce silk, and we hypothesized that low-dose radiation
administered to young silkworms may facilitate their growth
and eventually increase silk production. First, we attempted to
include radioisotopes in the feed, but this was unsuccessful.
During the course of trial and error, we found that breeding
silkworms on sheets containing low-level radioisotopes facilitates their growth. After confirming the effects in 3 preliminary experiments, we carried out a more controlled experiment,
which is reported here.
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Materials and Methods
Low-Dose-Radiation-Emitting Sheets
The sheets were manufactured at Aoyama Stein Co, Ltd (Kobe,
Japan). Briefly, monazites containing radioisotopes were
imported from Indian Rare Earths, Ltd (Mumbai, India). The
main composites of the monazites were Ce2O3 (30.6%), P2O5
(29.2%), and La2O3 (15.7%). They were rubbed into sheets
made of polyvinyl chloride (PVC) materials. These sheets are
commercially available for use in the treatment of chronic pain.
For control groups, PVC sheets with similar colors and physical
characteristics containing no radioisotopes were also manufactured. Both sheets had a thickness of 3 mm, and they were cut
to a 20  15 cm size to fit the breeding cages.
To measure radiation emitted from the sheets and analyze
the contained radioisotopes, radiation dose rates from the
sheets were measured with a Geiger-Müller (GM) counter
Inspector USB (for a, b, and g rays; Measure Works, Tokyo,
Japan) and an ion chamber survey meter ICS-321B (Aloka,
Tokyo, Japan) for g rays. To obtain g-ray spectra, emitted g
rays were collected for 1 hour by a portable g-ray spectrometer
GR-1 (Kromek, Durham, United Kingdom) and analyzed with
a software GR-SPCTL (Version 1) developed by Dr Hideki
Kato (Fujita Health University, Toyoake, Japan).

Breeding of Silkworms
Since silkworms are nonmammalian, the need for approval of
the experiment by the Animal Ethics Committee of Nagoya
City University was exempted. Two hundred silkworm eggs
(4 packs of 50 eggs) and their feed containing mulberry powders, vitamins, and minerals were purchased from Kougensha
Co, Ltd (Matsumoto, Japan). They were randomly divided into
2 groups and placed on the 6-cm-diameter, 3-mm-thick, humidified feeds that were laid on the radiation-emitting and control
sheets. The eggs were incubated at 22 C + 1 C under humidified atmosphere (65%-70% humidity), in accordance with a
previous study on silkworms.20 After about 14 days, the eggs
hatched and young silkworms emerged, with no apparent differences between the low-dose radiation and control groups.
Thereafter, the young silkworms moved freely on the sheets.
After hatching, the young silkworms were very small and fragile, so at 30 days after starting the experiment, 55 young silkworms in both groups were randomly chosen and placed into 3
cages (10, 20, and 25 silkworms in each cage) in both of the
irradiated and nonirradiated groups. Using 3 cages per group
was for the ease of measuring body weight, and the purpose of
using different numbers of silkworms per cage was to examine
the influence of insect density. At this time, the body weights of
the silkworms were 0.1 g, and there was no difference
between the 2 groups. Thereafter, the body weights of all silkworms were measured twice a week.
Differences between pairs of body weight curves were
examined by factorial analysis of variance. Differences in the
body weight at each time point were examined by Student t test.
The statistical analyses were carried out using an open source

Figure 1. Spectra of g rays emitted from the sheets. Peak energies iv,
v, vii, viii, and ix corresponded to those of 228Ac; and peak energies ii,
iii, and vi corresponded to those of 77Br.

software R version 3.2.3 (The R Foundation for Statistical
Computing, Vienna, Austria).

Results
The radiation dose rate at the surface of the radiation-emitting
sheets was 66.0 (4.3) mSv/h (mean [standard deviation]) when
measured by the GM counter and 3.8 (0.3) mSv/h when measured by the survey meter. These dose rates did not change
before and after the experiments. The dose rates for the control
sheets were around the background level: 0.2 mSv/h by the GM
counter and 0.1 mSv/h by the survey meter. Figure 1 shows gray spectra of the sheets. From the spectra, it was considered
that the sheet contained 228Ac and 77Br.
Body weights of the silkworms did not change by the insect
density (ie, number of silkworms per cage), so all silkworms in
each group were analyzed together (n ¼ 55 in both groups).
Figure 2 shows changes in the body weight of the silkworm
larvae over time. The silkworms grown on the radiationemitting sheets became larger than those of the control groups
on day 39 and thereafter (P < .001). On day 42, the mean
body weight was 2.5 (0.2) g for the radiation sheet group and
2.0 (0.2) g for the control group (P < .001). On day 49, they
were 4.5 (0.5) and 3.6 (0.4) g, respectively (P < .001).
On day 50, some of the larvae started to produce silk, and
body weight measurement was terminated, because it was difficult to completely separate the silk and silkworm’s body. For
this reason, it was difficult to quantify the amount of silks
produced by the silkworms.

Discussion
We observed growth promotion of silkworm larvae by continuous low-dose irradiation. Silkworm is a radioresistant insect,
and its lethal radiation dose seems to exceed 100 Gy.24 However, growth retardation of the larvae was reported after irradiation at 10 Gy,20 and defects on wing formation were
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Figure 2. Changes in body weight of silkworms.
indicate control
group; , radiation-emitting sheet group. n ¼ 55 for both groups.
Data represent mean (standard deviation).



observed after pupation following 50- or 100-Gy irradiation.24
Therefore, high-dose irradiation appears harmful to silkworms,
and thus, the finding obtained in this study would indicate a
hormetic effect of radiation in silkworms.
Various stimuli are known to accelerate the growth of
insects and plants. These stimuli include ultraviolet radiation,
magnetic and electromagnetic fields, microwaves, ultrasound,
and low-dose irradiation.16-23 In silkworms, shortening of the
embryogenesis period by several hours was reported after
chronic radiation, 100, 1000, and 4000 times exceeding the
natural background radiation.20 The group also reported an
increase in the mass of larvae after a single dose of 2 Gy. In
the present study, we employed lower doses and the silkworm
eggs were placed on the feed that should absorb radiation, so
shortening of the embryogenesis period was not observed, but
growth promotion after hatching was observed. In Drosophila
melanogaster, elongation of life span and enhancement of locomotive behavior after low-dose irradiation (*400 mGy)
together with gene expression changes have been reported.18,19
In plants, stimulating effects on enzymatic activity and nucleic
acid and protein synthesis and reduction of oxidative stress
have been proposed as possible mechanisms for growth promotion.21,23 Thus, low-dose stress effects on growth promotion are
being increasingly reported.
In view of the radioresistance of silkworms, the optimal
dose or dose rate to promote growth may be higher than we
used. Our sheets emit a, b, and g rays. The g-ray doses may be
too low (3.8 mSv/h or 33 mSv/year upon close contact), so a
and b rays might play a role; the penetration of these rays,
especially b rays, may be sufficient for the small silkworm
larvae. In our experience, single-dose irradiation is less likely
to induce such beneficial effects,11,12 and such effects may be
more likely to be induced by continuous low-dose irradiation.

We did not observe radioadaptive response after a single
50 mGy dose in cultured cells,25 but we did find the adaptive
response in the same cell line after culture on the low-dose
emitting sheets used in this study (C. Sugie, MD, unpublished
data, October 2015). Manufacturing the sheet-emitting radiation at higher dose rates is not easy, but we are planning to
investigate the optimal radiation dose by using multiple stacked
sheets in the near future.
The primary limitation of this investigation was the inability
to identify the mechanism for this effect since we have had no
method for doing it. However, many investigations, including
the changes in gene expression, are conceivable in future.
Although it is unclear whether such effects can be detected
using larger animals due to the penetration issue of a and b
rays, we are conducting similar experiments using young mice,
for which blood sample analysis is possible. Second, silk production could not be quantitated, but in a previous study,20 silk
production was estimated from the weights of cocoons and
their shells, and larger larvae were considered to produce
greater amounts of silk. Therefore, low-dose stimulation to
silkworm eggs and larvae may contribute to harvesting more
and better silk.
In conclusion, breeding on low-dose-radiation-emitting
sheets promoted the growth of silkworms. This finding may
contribute to the development of the silk industry, which
should be tested in future studies.
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