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BSTRACT

 

The sterile insect technique (SIT) is widely used to suppress or eradicate target insect pest
populations. The effectiveness of SIT depends on the ability of the released sterile males to
mate with and inseminate wild females. Irradiation is effective for sterilizing mass-reared
insects, and the negative impacts of this procedure are not limited to reproductive cell dam-
age. In this study, we evaluated the death-feigning that is considered as an antipredator be-
havior of male 

 

Cylas formicarius 

 

(Summers) (Coleoptera: Blentidae) irradiated with 200 Gy,
which is the dose used in the SIT program in Okinawa Prefecture. Irradiated male insects
were observed in the laboratory for 10 d after irradiation. On d 0, fewer irradiated males
feigned death than nonirradiated males. The number of irradiated and nonirradiated males
who feigned death and the duration of their death-feigning were about the same from 2 d af-
ter irradiation. On the basis of our results, we discuss the optimal release time of irradiated
male 

 

C. formicarius

 

.

Key Words: sterile insect technique, predatory avoidance, tonic immobility, thanatosis,
gamma radiation

R

 

ESUMEN

 

La técnica del insecto estéril (TIE) es usado ampliamente para suprimir o eradicar poblacio-
nes de plagas insectiles seleccionadas. La efectividad de TIE depende de la habilidad de los
machos estériles liberados a aparearse con hembras salvajes inseminadas. La irradiación es
efectiva para esterilizar insectos criados en masas, pero los impactos negativos de este pro-
cedimiento no son limitados al daño de la celulas reproductivas. En este studio, evaluamos
el comportamiento de muerte fingida que es considerado como un comportamiento antede-
predador del macho de 

 

Cylas formicarius 

 

(Summers) (Coleoptera: Blentidae) irradiados con
200 Gy, la cual es la dosis usada en el programa de TIE en Okinawa Prefecture. Los machos
irradiados fueron observados en el laboratorio 10 dias después de la irradiación. En el dia 0,
huberiorn menos machos irradiados que fingieron la muerte que los machos no irradiados.
El numero de machos irradiados y no irradiados que fingieron la muerte y la duración del pe-
ríodo de fingir la muerte fueron aproximadamente el mismo a los 2 dias después de la irra-
diación. En base a nuestros resultados, comentamos sobre el tiempo óptimo para la

 

liberación de machos de 

 

C. formicarius

 

 irradiados.

 

The sterile insect technique (SIT) is widely
used to suppress or eradicate target insect pest
populations (Dyck et al. 2005). Because the effec-
tiveness of SIT depends on the ability of the re-
leased sterile males to mate with and inseminate
wild females (Knipling 1955, 1979), information
on mating performance and the competitive abil-
ity of sterile males is important information for
the success of eradication programs. These factors
have been focused in previous research (Calkins
& Parker 2005). Especially, irradiation for steril-
ization negatively impacts not only reproductive
cells but also somatic cells (Sakurai et al. 1994,
2000a, b; Bakri et al. 2005; Calkins & Parker
2005; Lance & McInnis 2005).

In nature, the survival of insects depends on
their ability to escape from predators (Edmunds

1974; Ruxton et al. 2004). If gamma radiation re-
duces the antipredator behaviors of released in-
sects, the effectiveness of SIT will have declined
considerably. For example, gamma radiation
damage to the midgut leads to malnutrition,
which is partly responsible for the short life span
of irradiated insects including the sweetpotato
weevil (Sakurai et al. 1994, 2000a, b; Bakri et al.
2005). Condition-dependent resource allocation
toward behavioral traits is widespread in various
animal species (Hunt et al. 2004, 2005). Theoreti-
cal and empirical studies have shown that indi-
viduals with low-condition (i.e., low residual re-
productive value) invest more resources in repro-
duction than in survival (Williams 1966; Charles-
worth & Leon 1976; Clutton-Brock 1984). If the
hunger of the irradiated insects increases with
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time, the insects will reduce investment in anti-
predator traits (Miyatake 2001b). Consequently,
few survive because of the increased risk of preda-
tion in the wild. Comparing of the antipredator
traits of nonirradiated insects with those of irra-
diated insects will provide important information
that can be used to improve SIT programs. How-
ever, the antipredator traits of irradiated insects
have not been widely studied. In the present
study, we focused on the death-feigning behavior
(thanatosis, tonic immobility) exhibited by the
sweetpotato weevil 

 

Cylas formicarius

 

; this trait
was used as a model of antipredator behavior. Re-
cently, death-feigning was empirically deter-
mined to be an antipredator adaptation in the red
flour beetle, 

 

Tribolium castaneum

 

 (Herbst) (Co-
leoptera: Tenebrionidae) (Miyatake et al. 2004;
Miyatake et al. 2009), and nymphs of the dam-
selfly 

 

Ischnura elegans

 

 (Vander Linden) (Odo-
nata: Coenagrionidae) (Gyssels & Stoks 2005).
Honma et al. (2006) showed that the characteris-
tic posture during death-feigning can prevent pre-
dation gape-limited predators in the pygmy
grasshopper, 

 

Criotettix japonicus 

 

(De Haan) (Or-
thoptera: Tetrigidae). Furthermore, this behavior
is used by the nursery web spider, 

 

Pisaura mira-
bilis

 

 against cannibalistic mating partners (Bilde
et al. 2006; Hansen et al. 2008).

 

Cylas formicarius

 

, which exhibits death-feign-
ing behavior (Reinhard 1923; Sherman &
Tamashiro 1954; Miyatake 2001a, b), is a good
model for examining the effect of mass-rearing on
predator avoidance. Wasps, mites, and mice prey
on the weevils (Reinhard 1923; Cockerham et al.
1954; Sherman & Tamashiro 1954). In Okinawa
Island, ants, stinkbugs, geckos, and wandering
spiders have been observed to prey on the weevils
(K. Yasuda, personal communication; D. Haragu-
chi, unpublished data). These predators, except
for mice, rely on visual stimuli when hunting.
When adult 

 

C. formicarius 

 

are startled by a
strong stimulus, they fall from the leaves of host
plants (e.g., sweetpotato 

 

Ipomoea batatas

 

, rail-
road vine

 

 Ipomoea pes-caprae,

 

 and blue morning
glory

 

 Ipomoea indica

 

) to the ground and feign
death by becoming extremely rigid. Since it is dif-
ficult to locate a death-feigning weevil on the
ground because of its dark body, death-feigning is
considered a defensive strategy that has evolved
in 

 

C. formicarius

 

 to distract its predators and en-
able escape (Miyatake 2001a). The present study
aims to clarify the effects of irradiation on the in-
tensity of death-feigning behavior of 

 

C. formicar-
ius

 

. The proportion of death-feigning weevils and
the duration of their death-feigning (i.e., recovery
time) are compared between nonirradiated and
irradiated males. We predicted that the intensity
of death-feigning is reduced in irradiated male
weevils because starved male 

 

C. formicarius 

 

re-
duced the intensity of death-feigning (Miyatake
2001b).

 

Cylas formicarius

 

 as well as 

 

Euscepes postfas-
ciatus

 

 are important pests of sweetpotato, 

 

Ipo-
moea batatas 

 

(L) Lam., which is cultivated

 

 

 

in the
South Pacific, Caribbean Basin, and some coun-
tries of Central and South America (Chalfant et
al. 1990; Yasuda & Kohama 1990; Jansson & Ra-
man 1991; Yasuda 1993). 

 

Cylas formicarius

 

 was
first detected in Japan in 1903 (Nawa 1903), and
since then, it has spread throughout the south-
western islands of Japan (Moriya 1997). Lower
level pre-and postharvest infestations can reduce
both the quality and marketable yield of sweetpo-
tato, rendering the storage roots unfit for human
and livestock consumption since weevil feeding
leads to the production of toxic sesquiterpenes
(Uritani et al. 1975). Introducing weevils and
their host plants, including sweetpotato, from in-
fested areas to uninfested areas is strictly prohib-
ited by the Japanese Plant Protection law. In
1994, an eradication program targeting 

 

C. formi-
carius

 

 by means of SIT and male annihilation by
trapping flies with the use of sex pheromones was
initiated on Kume Island, Okinawa Prefecture
(Kohama et al. 2003).

M

 

ATERIALS

 

 

 

AND

 

 M

 

ETHODS

 

Insects and Radiation

 

We used mass-reared virgin adult 

 

C. formicar-
ius 

 

in this study. Adults collected from Yomitan
village, Okinawa Island, in Oct 1997 were reared
at 25 ± 1°C and a photoperiod of 14:10 (L:D) h
(0400-1800 h) on sweetpotato roots for 75 genera-
tions. Rearing was performed at the Okinawa
Prefectural Plant Protection Center (OPPPC),
Naha, Okinawa, Japan. Approximately 50 d after
inoculation with weevils, we dissected the sweet-
potato roots and collected the newly emerged
adults. These adults were maintained in the labo-
ratory at 25 ± 1°C under a photoperiod of L14:
D10. The males and females were kept in sepa-
rate meshed plastic containers (15 

 

×

 

 21 

 

×

 

 8 cm)
and fed a diet of sweetpotato root (

 

≈

 

200 g)
throughout the experiment period. Experiments
were conducted in the laboratory from Apr to May
2009. The newly emerged adults were considered
to be 0 d old. Weevils (

 

n

 

 = 150) aged 10-14 d were
placed in a 200-ml cup and irradiated with 200 Gy
in the irradiation facility of OPPPC, which is de-
signed by Radiation Application Development As-
sociation, Takasaki, Gunma, Japan. This facility
contained 2.315-2.325 PBq cobalt-60 source that
produced an air-absorbed dose rate of 524.9-526.3
Gy/h at 120 cm distance in the experimental pe-
riod. Environmental conditions during the irradi-
ations were 26.0-27.0°C, normal atmosphere. The
sterilization procedure followed was approxi-
mately the same as that used in the SIT program
of 

 

C. formicarius 

 

in Okinawa Prefecture (Kohama
et al. 2003). The day of irradiation was considered
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as d 0. To control for the effect of filling a small
container during irradiation, 150 weevils that
were assigned to treatment of nonirradiation
were placed in a 200-ml cup while the weevils
that were assigned to treatment of irradiation
were irradiated. The irradiated and nonirradi-
ated weevils were kept in separate meshed plastic
containers (15 

 

×

 

 21 

 

×

 

 8 cm) and fed a diet of sweet-
potato root (

 

≈

 

200 g). We replicated the experi-
ments twice by using weevils from 2 separate con-
tainers.

 

Observation of Death-feigning Behavior

 

We evaluated the changes in the duration of
death-feigning of sterile male weevils over time.
The irradiated and nonirradiated males were ob-
served on days 0, 2, 4, 6, 8, and 10. The sample
size was 32 each d, except for treatment of nonir-
radiation at 6 d (

 

n

 

 = 31). Each weevil from 2
treatments was placed in a well of a 24-well mul-
tiplate (AS ONE Corporation, Osaka, Japan) 5 h
before to avoid disturbance by other weevils
(Miyatake 2001a). Death-feigning was induced
by picking up a weevil with tweezers and then
dropping it back into the well. The duration of
death-feigning was recorded for 120 min by using
a digital video camera (GR-DF590; Victor Com-
pany of Japan, Limited (JVC); Yokohama, Ja-
pan). The duration of death-feigning was defined
as the time between the transfer of the weevils
into the well and the detection of the first visible
movement. If the weevil failed to respond to a
stimulus and ran away, the same stimulus (pick-
ing up and dropping) was repeated once or even 3
times. If the weevil failed to respond after 3 tries,
it was considered non-responsive (Miyatake
2001a, b). We observed that the duration of
death-feigning in a few weevils was more than
120 min (11/383 = 2.9%), and the durations of the
weevils were recorded as 7200 s. All the trials
were performed at 25 

 

×

 

 1°C and 60-80% RH, and
started at 1400 h. This time was chosen because
it corresponded to late afternoon in the field (i.e.,
4 h before lights were switched off), which is
when weevils will become active.

 

Statistical Analyses

 

A generalized linear model (GLM) with bino-
mial error structure and logit link function
(Crawley 2005) was used to determine the rela-
tionship between irradiation and the number of
male weevils exhibiting death-feigning with R
2.60 (R Development Core Team 2007). To com-
pare the duration of death-feigning by the nonir-
radiated and irradiated weevils, a Cox propor-
tional-hazards regression was used (Dalgaard
2002). Treatment type, body weight, day, repli-
cate, and interaction between treatment type and
day were the independent variables.

R

 

ESULTS

 

The GLM results showed that irradiation had
a significantly negative effect (

 

β

 

 = -0.0047 ±
0.0024 (SE), z = 1.95, P = 0.051) and day had a
positive effect (

 

β

 

 = 0.15 ± 0.076, z = 1.99, P =
0.047) on the proportion of weevils exhibiting
death-feigning. The interaction between treat-
ment type and day was not significant (

 

β

 

 =
0.00071 ± 0.00054, z = 1.32, P = 0.19). Figure 1
shows that the more nonirradiated weevils
feigned death than irradiated males on the day of
irradiation (d 0); however, this difference between
the nonirradiated and irradiated males decreased
over 2 d. When males showing no death-feigning
behavior were removed, irradiation did not affect
the duration of death-feigning (Fig. 2; 

 

β

 

 = 8.78e

 

-5
 

 

±
1.10e

 

-3

 

, z = 0.079, P = 0.94), day (

 

β

 

 = -8.22e

 

-3

 

 ±
2.21e

 

-2

 

, z = 0.37, P = 0.71), replicate (

 

β

 

 = -2.30e

 

-2

 

 ±
9.90e

 

-2

 

, z = 0.23, P = 0.82) or the interaction be-
tween treatment type and day (

 

β

 

 = -4.82e

 

-5

 

 ± 1.82e

 

-4

 

,
z = 0.27, P = 0.79). Body weight did not affect ei-
ther the proportion of males exhibiting death-
feigning or the duration of their death-feigning
(proportion: 

 

β

 

 = -0.27 ± 0.21, z = 1.29, P = 0.20, du-
ration: 

 

β

 

 = -7.82e

 

-2

 

 ± 6.16e

 

-2

 

, z = 1.27, P = 0.21).

D

 

ISCUSSION

 

Fewer irradiated males feigned death than
nonirradiated males on d 0. This result suggests
that 

 

C. formicarius

 

 is more active just after irra-
diation because its activity is negatively corre-
lated with the intensity of death-feigning exhib-
ited by other insect species (King & Leaich 2006;
Ohno & Miyatake 2007; Miyatake et al. 2008).

Fig. 1. Effect of irradiation on the number of male
weevils exhibiting death-feigning. Dashed lines, nonir-
radiated (control) males; solid lines, irradiated males.
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Our results are consistent with those of Kumano
et al. (2007): irradiated male 

 

C. formicarius 

 

have
high dispersal ability immediately after irradia-
tion. When irradiated weevils are released into
the wild, they face high risk of predation because
the intensity of their death-feigning (antipredator
behavior) is reduced. It seems suitable to release
sterile males into the wild 2 d after irradiation be-
cause the number of irradiated and nonirradiated
male exhibiting death-feigning and the duration
of their death-feigning were about the same for 2
d after irradiation. However, Kumano et al. (2008)
showed that the mating ability of irradiated
males did not differ from that of nonirradiated
males for about a week after irradiation but dras-
tically decreased thereafter. Therefore, irradiated
males are useful for pest eradication or control for
a short time after irradiation (7 d), and delaying
their release is wasteful.

Alternatively, sterile weevils can be released
into the wild in the evening because lower adult

 

Cylas formicarius

 

 feign death during the night
than daytime (Miyatake 2001a). Two reasons may
explain why weevils tend to not feign death at
night (Miyatake 2001a). First is the effect of pre-
dation pressure. Wasps, mites, and mice prey on
weevils (Reinhard 1923; Cockerham et al. 1954;
Sherman and Tamashiro 1954). Predatory stink-
bugs, wandering spiders, and ants also prey on
weevils on Okinawa Island (D. Haraguchi, unpub-
lished data and K. Yasuda, personal communica-
tion). Most predators are daytime hunters, and
thus, death-feigning by weevils during the night
may not be useful. The second reason is the mat-
ing behavior of 

 

C. formicarius. 

 

Weevils copulate in
the evening and through the night (Cockerham et
al. 1954; Sakuratani et al. 1994); they search for
mates at night. Weevils tend to not feign death at
night because such behavior would reduce their

mating fitness (Miyatake 2001a). Furthermore,
flight and walking activity also increase at night
(Sakuratani et al. 1994), so weevils mainly dis-
perse at night. In conclusion, it would be appro-
priate to release irradiated weevils in the evening
based on weevil’s predator avoidance, mating,
and dispersal behaviors. Future studies that com-
parison of the fitness of the weevils between when
weevils are released at daytime and at night
should be needed.

Gamma radiation damages the epithelial tis-
sue of the midgut, affecting alimentation (Saku-
rai et al. 1994). Malnutrition caused by the dam-
age to the midgut leads to starvation, which ac-
counts, in part, for the shortened lifespan of the
irradiated insects. Miyatake (2001b) showed that
fewer starved male 

 

C. formicarius 

 

feigned death
and that the duration of their death-feigning is
shorter. Although fewer males feigned death on d
3 of starvation (Miyatake 2001b), our results did
not show definite reductions in the proportion of
male feigning death and the duration of their
death-feigning over 10 d. The survival rate of ir-
radiated weevils did not differ from that of nonir-
radiated weevils for 7 d after irradiation (Kumano
et al. 2008). These results suggested that irradia-
tion does not result in the complete starving of 

 

C.
formicarius

 

, and then it is not supported our pre-
diction that irradiation reduces the intensity of
death-feigning.

Our study (and perhaps, other studies that ex-
plored the adaptive significance of death-feign-
ing) assumed that the duration of death-feigning
affects predator avoidance. To our knowledge,
however, the relationship between the 2 variables
has not been examined rigorously. When attacked
by a predator, an insect usually falls from the
branch and is out of the predator’s line of vision
(Miyatake 2001a). The dropped insect frequently
feigns death (Ruxton et al. 2004; Ruxton 2006;
Ohno & Miyatake et al. 2007). The dark body of
the insect blends with the ground, causing the
predator to lose sight of it (Miyatake 2001a). The
predator may lose interest in the insect and give
up searching for it. Therefore, we hypothesize
that the duration of death-feigning is matched
with the giving-up time of natural enemies. To ex-
amine the hypothesis, first, we must examine
that the death-feigning behavior actually in-
crease survival rate in the field condition. Second,
major predators of 

 

C. formicarius

 

 in the field and
their giving-up times should be examined. Such
studies will improve the understanding of the
adaptive significance of death-feigning behavior.
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