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ABSTRACT: Responses of fifth-instar silkworm (Bombyx mori L.) larvae to plasma irradia-
tion were studied using atmospheric pressure dielectric barrier discharge plasma. The growth
rate decreased sharply until the day after plasma irradiation and was dependent on the duration
of plasma irradiation. Growth rates were similar after irradiation for 60 s and 300 s, but after
600 s, the rate was lower than that after 60 s. The total weight of silkworm larvae decreased as
the number of plasma irradiations was increased from one to three. The weight of silk cocoons
produced after a single plasma irradiation was 11% heavier than for non-irradiated larvae,
whereas the cocoons were 6% and 13% lighter after three and five periods of plasma irradia-
tion, respectively. We conclude that plasma irradiation to fifth-instar silkworm larvae had little
effect on silk protein and silk surface morphology.

KEY WORDS: silkworm larvae, silk, cocoon, dielectric-barrier discharge, plasma

I. INTRODUCTION

Atmospheric pressure non-thermal plasma is being used extensively in research aimed
at novel medical applications, including hemostasis and in cancer therapy as an alterna-
tive to surgery, chemotherapy, and radiotherapy.’* A potential advantage is that plasma
supplies reactive oxygen species, reactive nitrogen species, charged species, UV light,
and electric fields without causing thermal damage to living tissues.>” More recently,
atmospheric pressure non-thermal plasma has been applied to agricultural fields.'®2
Plasma could offer a potential solution to the global food crisis by boosting crop yield,
reducing cultivation time, and improving agricultural productivity.?” We have found that
plasma irradiation of plant seeds induces continuous growth enhancement of the plants
after their germination.®? Furthermore, compared with non-treated seeds, plasma ir-
radiation of the seeds led to an 11% shorter harvest time, a 56% increase in total seed
weight, and a 39% increase in the number of seeds harvested from the grown plants.®
An important agricultural application of plasma is as an insecticide. However, although
there are reports on the insecticidal effects of atmospheric pressure non-thermal plasma
irradiation,®-32 there are few reports on the effects of plasma irradiation on beneficial
insects. This study opens a new area of agricultural applications of plasma by examin-
ing the effects of plasma irradiation on silkworms (Bombyx mori L.), one of the most
important beneficial insects.
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Silkworms are domesticated insects that produce silk thread in the form of a cocoon.
During the larval period, silkworms consume leaves. Their growth and development is
greatly influenced by environmental conditions, including temperature, humidity, gases,
and light. The silkworm was chosen as a model insect for studying responses of liv-
ing organisms to plasma irradiation for the following reasons: (1) silkworms produce
a valuable resource, silk®; (2) comprehensive genomic information is available®*; (3)
transgenic silkworms have been used to develop cheaper drugs,® targeted proteins,®
and high-strength silk®’; and (4) silkworm larvae provide an animal model of bacterial
infections pathogenic to humans.®

The aim of this research was to elucidate the responses of silkworms to atmospheric
pressure non-thermal plasma irradiation. For this purpose, we measured weight growth
rates and respiration rates of fifth-instar larvae of silkworms and examined sericin pro-
tein extracted from cocoons and the surface morphology of silk.

Il. MATERIALS AND METHODS
A. Materials

Silkworm cocoons were supplied by Satoyama. The cocoons were fresh and had not
undergone any thermal, mechanical, or chemical treatments. Alkaline protease, trypsin,
hexane, ethyl alcohol, and ethyl acetate were supplied by Sigma-Aldrich.

B. Dielectric Barrier Discharge Plasma

Experiments were carried out using a scalable dielectric-barrier discharge (DBD) de-
vice.*® The device consisted of 20 stainless steel electrodes 1 mm in outer diameter and
60 mm long, each covered with a ceramic tube 2 mm in outer diameter, as shown in Fig.
1. The electrodes were arranged parallel with each other and separated by 0.2 mm gaps.
The discharge voltage and the discharge current were measured with a high-voltage
probe (Tektronix, P6015A) and a Rogowski coil (URD, CTL-28-S90-05Z-1R1).%¥4° The
peak-to-peak amplitude and the frequency of the applied voltage were 9.2 kV and 10
kHz, respectively. The discharge current was 0.2 A. The corresponding discharge power
density was 1.49 W/cm?, which was deduced from a voltage/charge Lissajous plot.

C. Plasma Irradiation Conditions

Fifth-instar silkworm larvae were used in this experiment. Ten larvae were placed 3 mm
below the electrodes. Plasma was irradiated to the larvae once (day 1), three times (days
1, 3, and 5), or five times (days 1-5). Plasma irradiation durations were 60, 300, and 600
s. The temperature and relative humidity of air were 24—26°C and 57—65%, respectively.
The silkworms were weighed daily until the start of the cocoon stage on the seventh day
from the beginning of the fifth instar.
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FIG. 1: Top view of electrode configuration of scalable DBD device and schematic image of

plasma irradiation to silkworms

D. Respiration Rate of Larvae

Ten silkworm larvae were placed in a closed glass vessel (1000 mL Schott DURAN®
bottle) filled with air. To determine the respiration rate of the larvae, O, and CO, in the
vessel were measured with a mass spectrometer (Stanford Research Systems, QMS 100)

1 h after plasma irradiation.
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E. Extraction of Sericin from Silk

Extraction of sericin from silk was carried out using 2—2.5 g/L alkaline protease at 60°C
for 90 min at pH 10.* Hydrolysis with 1% trypsin solution was complete in 10 h at 37°C
or 32 h at 20°C. The 280 nm absorbance of the sericin-containing solution was measured
with a microwell plate reader (BioTek Synergy HTX multi-mode reader).

I1l. RESULTS AND DISCUSSION
A. Effects of the Dose of Plasma Irradiation

We carried out plasma irradiation of fifth-instar silkworm larvae situated 3 mm below
the electrodes. Figure 2 shows the time course of the rate of increase in their weights
(g/d) for plasma irradiation durations of 60, 300, and 600 s. The average weight of the
silkworms was measured until the cocoon stage on the seventh day of the fifth instar.
The rate of increase in weight of the controls decreased monotonically with time and
became negative on the sixth day as the larvae prepared to enter the cocoon stage. In
the plasma-irradiated larvae, the rate of growth in weight varied with the duration of the
plasma irradiation. Compared with controls, the weight growth rate decreased sharply
over the day after plasma irradiation and then increased during the period until the next
plasma irradiation. The decreases in growth rate after plasma irradiation for 60 and 300
s were quite similar, but after 600 s of irradiation, the decrease was smaller than that for
60 s. There was a threshold in the plasma dose required to elicit a response in silkworms.
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FIG. 2: Weight growth rate of fifth-instar larvae of silkworm for 60, 300, and 600 s plasma ir-
radiation sessions together with control
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In short, plasma irradiation to silkworms had a strong effect on their growth, although
the mechanism remains to be clarified.

B. Effect of the Number of Plasma Irradiation Periods

Periods of 60 s of plasma irradiation were applied one, three, or five times, as shown in
Fig. 3a. There was a significant difference among the total weights of 10 larvae mea-
sured after 6 d (p <0.05). Plasma irradiation reduced the weight of larvae compared with
control larvae. Single and triple irradiations were not significantly different, but after
five irradiations, the larvae were significantly lighter.

Figure 4 shows a photograph of fifth-instar silkworm larvae after a single 60 s plas-
ma irradiation together with control larvae. No difference was apparent between these
two groups of silkworms.

Silkworm larvae metamorphosed into cocoons after 1 week. The total weight of 10
silk cocoons is shown in Fig. 5. The weight of silk cocoons after a single plasma irradia-
tion was 11% heavier (p < 0.05) than that without irradiation, whereas after three and five
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FIG. 3: Time evolution of total weight growth rate of fifth-instar larvae of 10 silkworms for one,
three, and five 60 s plasma irradiation sessions together with control
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FIG. 4: Photo image of fifth-instar larvae of silkworms for one 60 s plasma irradiation session
together with control

periods of plasma irradiation, the cocoons were 6% and 13% lighter, respectively (p <
0.05). Therefore, one-time plasma irradiation enhanced the production of silk cocoons.

C. Respiration of Silkworm

The concentrations of O, and CO, were measured by mass spectrometry. Figure 6 shows
the respiration rates of larvae after three-fold plasma irradiation over 6 d. The rates of O,
consumption and CO, output after irradiation tended to be lower than those values in the
control. Possibly, O, produced by plasma® was responsible for this reduction because O,
is known to affect the respiratory system.*® Moreover, the decrease in the respiration rate
may have led to the suppression of weight growth shown in Figs. 2 and 3.

D. Properties of Silk

Silk, which forms the cocoons of B. mori, consists of a continuous strand of two protein-
aceous filaments cemented together by a sticky substance called sericin or silk gum. We
studied the effects of plasma irradiation of fifth-instar larvae on the sericin concentra-
tion of the cocoons. Cocoons were degummed enzymatically with alkaline protease and
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FIG. 5: Total weight of 10 cocoons for one, three, and five 60 s plasma irradiation sessions to-
gether with control. Images of cocoons are also shown for one 60 s plasma irradiation session
together with control
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FIG. 6: Respiration rate of fifth-instar larvae of silkworms with and without plasma irradiation
for 6 days

the sericin protein was extracted from cocoons into a solution. Figure 7 compares the
absorption spectra of the solution extracted from cocoons produced by plasma-irradi-
ated larvae with that of controls. There was little difference between these two spectra.
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Therefore, plasma irradiation of fifth-instar larvae of silkworms did not influence the
sericin concentration in cocoons significantly.

The surface morphology of silk was investigated by scanning electron microscopy
(SEM). Figure 8 shows SEM images of the surface morphology of silk without plasma
irradiation and with 60 s of plasma irradiation to the fifth-instar silkworm larvae. Plasma
irradiation did not affect the surface morphology of silk cocoons significantly.
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FIG. 7: Absorbance of sericin-containing solution for silkworms with and without plasma ir-
radiation for 6 days

(a) control
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FIG. 8: SEM image of surface morphology of cocoons of silkworms for one 60 s plasma irradia-
tion session together with control
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V. CONCLUSIONS

Here, we investigated responses of silkworm larvae to atmospheric pressure non-ther-
mal plasma irradiation and found the following.

First, the weight growth rate of control larvae decreased monotonically with time.
The rate became negative on the sixth day of the fifth instar as the larvae prepared to
pupate to the cocoon stage. In plasma-irradiated larvae, the weight growth rate depended
on the duration of irradiation. Compared with controls, the weight growth rate decreased
sharply during the day after irradiation and then increased during the intervening period
until the next plasma irradiation. Decreases in growth rate after plasma irradiations for
60 and 300 s were similar, but after 600 s of irradiation, the rate of decrease was smaller
than that after 60 s.

Second, the total weight of silkworm larvae decreased as the number of plasma
irradiation periods was increased from one to three. Third, the weight of silk cocoons
produced after a single plasma irradiation was 11% heavier than without irradiation, but
after three and five periods of irradiation, cocoons were 6% and 13% lighter, respec-
tively. We conclude that plasma irradiation of fifth-instar silkworms has little effect on
silk protein and silk surface morphology, but further study is needed to elucidate the
mechanism underlying these effects.
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