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Abstract

The sterile insect technique (SIT) has been used for the control or eradication of target insect pests. To successfully
apply SIT, it is very important to clarify the effect of irradiation on male reproduction in the target pest, because
their mating and spermiogenesis abilities affect the success of eradication program. The sweetpotato weevil, Cylas
formicarius (Fabricius) (Coleoptera: Brentidae) is a notorious and worldwide pest of sweet potato. We investigated the
effect of irradiation at five doses ranging from 0 (control) to 150 Gy on 9-d-old males. Survival rate of the control (no
treatment) remained high from day 10 to 20 of adult life, whereas higher doses of irradiation reduced it, maximally
by approximately 70%. Mating rates showed a similar tendency. Radiation dose neither affected sperm production
nor sperm transfer at any dose, although spermiogenesis is active during the adult stage. However, radiation dose
affected the lifetime total of ejaculated sperm number, likely because of fewer matings by irradiated males. These
results suggest that use of a dose of 150 Gy or higher is appropriate for the final step of eradication of this weevil. At
least, lower dose of irradiation may arise the inadequate sterilization, resulting in a failure of eradication program.We
conclude that weekly release of sweetpotato weevil sterilized with high dose, achieving complete sterilization, could

be useful for eradication program after reducing the population by male annihilation method.

Sterile insect technique (SIT) is an environmentally friendly method
of insect pest control. SIT is applied as a component of area-wide
integrated pest management (AW-IPM) (Klassen 2005). Especially to
eradicate the target insect pests, SIT is useful, because this method
aims to reduce and finally diminish the population of them. SIT
was first used to eradicate the new world screwworm Cochliomyia
haminivorax (Coquerel), and then has expanded to tsetse fly,
Mediterranean fruit fly, melon fly, or other various insects (Klassen
and Curtis 2005). In general, islands surrounded by ocean, like
Okinawa Islands in Japan, are relatively easy to use SIT for eradi-
cation of target insects, because the migrants distributed in other
regions are difficult to enter into Okinawa.

The sweet potato weevil, Cylas formicarius
(Fabricius) (Coleoptera: Brentidae), is a serious pest of sweet potato,
Ipomoea batatas (L.) in tropical and subtropical areas (Kohama
1990). This weevil feeds on several wild host plants, including

I. indica (Burm) Merr., I. pescaprae (L.), I. aquatic Forskl, and

Calystegia soldanella Roem. & Schult (Kohama and Kuba 2008).
This various diet has been a problem for eradication of this wee-
vil, because these host plants support weevil populations often in
deep forest, making the control of this species very labor intensive.
We had to walk and seek the dangerous places where vipers live in.
In Japan, this weevil was first recorded on the subtropical island
of Okinawa in 1903, and from there it has spread to neighboring
islands (Kohama 1990). At present, these weevils are also found
on Amami-Oshima island and its surrounding islands (Kagoshima
Prefecture) and on the Ogasawara Islands (Tokyo Metropolis). The
spread of plants infested with weevils to uninfested areas is strictly
prohibited under the Japanese Plant Protection Law (Kumano et al.
2011). In Okinawa Prefecture, a program for eradicating this pest
using a combination of a synthetic female sex pheromone (used for
male annihilation and monitoring) and SIT has been underway since
1994 (Yasuda 1995, Moriya 1997, Moriya and Miyatake 2001), and
these efforts have recently met with initial success on Kume Island
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(Kohama 2010, D. Haraguchi et al., unpublished data). Although, in
general, pupae easier to sterilize than adults (Helinski et al. 2009),
we have adopted adult as the target for irradiation due to restraints
of our facility and ease of handling (pupation takes place inside the
tubers and are relatively difficult to access in quantity). To success-
fully expand the eradication to other islands, further information
about reproduction, especially the mating ability of released sterile
males, is needed. The sterilization of this weevil has been studied
from the point of view of both SIT (Walker 1966, Ito et al. 1993) and
quarantine (Dawes et al. 1987, Sharp 1995, Hallman 2001, Follett
2006). Although the effects of larval and pupal irradiation on sur-
vival and spermatogenesis have been well examined in this weevil
(Dawes et al. 1987, Sakurai et al. 1994, Sharp 1995, Sakurai et al.
1998), the effects on these parameters of irradiation of the adults
are less well understood. Kumano et al. (2008) studied the effects of
200 Gy of irradiation on survival rate, mating rate, and mating com-
petitiveness, and found that mating ability did not differ between
irradiated and control males for the first week after irradiation, after
which the mating ability of irradiated males decreased. However, the
effects of irradiation on sperm production and insemination were
not determined. Here, we examined the effects on male reproduc-
tive ability in detail, including adult survival rate, mating rate, sperm
production, and sperm transfer of irradiated males, at different levels
of irradiation, because this weevil has active spermiogenesis ability in
adult stage (Hiroyoshi et al. 2016). Our results supported the useful-
ness of high irradiation dose (200 Gy) adopted by our facility, result-
ing in the success of eradication of sweetpotato weevil, although we
did not use 200 Gy irradiation in experiments.

Materials and Methods

Insects

The colony of C. formicarius used in this study was estab-
lished with adults originally collected from Yomitan (26°23’N,
127°44’E), Okinawa Island, in October 1998 and weevils were
reared continuously on sweet potatoes at 25 =+ 1°C and a 14:10
(L:D) h photoperiod until used in experiments in 1999, after
approximately 8 to 13 successive generations of laboratory rear-
ing. Approximately total of 500 female and male adult weevils,
which were 2 to 6 wk old, were reared in plastic containers (14.5 1).
Sweet potatoes (600 g per cage) were provided as food and an
oviposition substrate and were changed twice each week. By 5 wk
after eggs were laid in sweet potato tubers, most progeny weevils
had reached the pupal stage. Pupae were collected by breaking
sweet potato tubers open by hand, and undamaged pupae were
removed and placed in plastic cups for adult emergence. The day
of adult emergence is designated as 0-d-old. Newly emerged wee-
vils with similar body size were sexed within 2 d of emergence and
held separately in groups of approximately 20 individuals with a
piece of sweet potato (about 40 g), which was changed twice each
week.

Assessment of Mating

In this weevil, mating takes place at night (Sakuratani et al. 1994).
Consequently, to check the mating status of females, weevils were
confined as individual pairs in glass Petri dishes (9 cm diameter) dur-
ing the scotophase. Approximately 16 h later, females were dissected
to check for the presence of sperm in their spermatheca, which was
considered an indication of successful mating. Based on earlier stud-
ies, we judged that mating without sperm transfer was unlikely to
occur in this weevil (Hiroyoshi et al. 2016).

Sperm Counts

Sperm counts in dissected sterilized males can also be used to evalu-
ate the effectiveness of SIT programs, both in the laboratory weevils
and ones collected in the field (Seo et al. 1990). In this study, sperm
counts were carried out with established methods (Yamagishi and
Tsubaki 1990, Tsubaki and Yamagishi 1991). Males of C. formi-
carius have a pair of two testes and one seminal vesicle (collectively,
the ‘testes-seminal vesicle complex” or TSC), with free sperm in both
areas. To determine the number of sperm, the male reproductive
system was dissected out in a 0.9% salt solution. The reproductive
tract was then placed in a 0.1% Triton X solution (Kishida Chemical
& Co. Ltd., Osaka, Japan), and the fat bodies carefully removed
with tissue paper and forceps (K. Okumura, personal communica-
tion). The TSC was then placed in 500 pl of deionized water on a
glass Petri dish, and the tissues torn into small pieces. The deion-
ized water containing the free sperm was stirred 20 times with for-
ceps to homogenate the sample. Ten microliters of this solution was
collected per sample with a microsyringe and spread onto a glass
microscope slide and allowed to air-dry. Sperm were counted with a
video apparatus (VM-60, Olympus, BR-S925, Victor, and VY-VP20,
Hitachi) attached to a microscope, and the sperm count was multi-
plied by 50 to determine total sperm per weevil.

To count sperm transferred to females during mating, the repro-
ductive organs of females were removed by dissection in 0.9% salt
solution, and the spermatheca isolated and transferred into 100 pl
of deionized water where the number of sperm was estimated by
microscopic examination at 100x.

Effect of Radiation Dose on Male Survival, Mating
Rate, and Ejaculate Quantity

To determine the effects of radiation dose on male reproduction,
9-d-old males were irradiated with 0, 50, 70, 100, or 150 Gy units
of gamma radiation from a Co® source. We irradiated many weevils
(more than 100) and chose 15 healthy individuals for each of the
five treatments, because unhealthy individuals seemed not to live and
copulate.

Each irradiated male was then paired with a 20-d-old or older,
nonirradiated sexually mature virgin female, and each pair was
confined in a glass Petri dish (diameter 9 cm) for one night with a
piece of sweet potato tuber (40 g). For an 11-d observation period
(from day 10 to 20 after adult emergence), each pair of weevils was
observed daily, and male survival, the presence or absence of mating,
and the number of ejaculated sperm per mated male were checked.
We replaced females paired with all males daily over the 11-d obser-
vation period.

To determine mating rate and number of sperm transferred, all
experimental females were dissected after pairing with the test male
for one night. If sperm were found in the spermatheca, the male was
considered to have mated. Also, the sperm found in the spermatheca
for females paired with any particular weevil in all treatments were
counted and considered to be the number of sperm ejaculated by the
male. After the 11-d observation period, the total ejaculated sperm
were summed across all observation days for each male. The number
of sperm in the TSC was determined in 20 irradiated (for each dose)
or control males, 9,11, 17, or 21 d after emergence.

Statistical Analysis

The data on total sperm ejaculated by 9-d-old irradiated males for all
radiation doses were subjected to ANOVA followed by Tukey’s test
for pairwise comparison of the dosage treatments (R Development
Core Team 2009). ANOVA was also used to compare the number of



sperm ejaculated per mating and the number of sperm in the TSC in
males irradiated at each dose at each designated weevil age, and if
necessary, pairwise comparisons using Tukey’s HSD test were per-
formed. Survival and mating rates were analyzed with logistic regres-
sion to estimate effects of radiation dose. Then, if necessary, pairwise
comparisons using a G-test weighted by Bonferroni-Holm’s correc-
tion were performed, first performing the overall test and then doing
a pairwise comparison.

Results

Effect of Radiation Dose on Male Survival, Mating
Rate, and Ejaculate Quantity

We found that the survival of 9-d-old males exposed to different
levels of radiation differed significantly, with survival ranging from
70 to 90% for the irradiated groups by the end of the experiment (11
d after irradiation) (Fig. 1; Table 1). Pairwise tests indicated survival
of the control was 100% during the observation period, significantly
higher than that of males irradiated with 50, 100, and 150 Gy. The
survival rate of male adults irradiated with 150 Gy was significantly
lower than that of all other treatment groups except for the 100
Gy group.

We also found significant differences in male mating rates with
radiation dose (Fig. 2) (as well as for weevil age and the interaction
of radiation dose and postirradiation age) (Table 2). At the highest
dose, by the end of the experiment, only 13% of males mated daily,
compared to 80% of control males (Fig. 2). There were significant
differences in the mating rates between the control and 50, 70, 100,
or 150 Gy treatments. Mating rates of the control remained high
throughout the observation period, while that of irradiated males
began to decrease several days after irradiation.

We found few significant differences in the number of sperm
produced in TSCs by control versus irradiated individuals (ANOVA:
age 13 d, df = 4, F = 1.099, P = 0.361; age 17 d, df = 4, F = 3.714,
P = 0.007; age 21 d, df = 4, F = 2.143, P = 0.081) (Table 3). These
results suggest that radiation dose did not affect sperm production
and that a reduction of mating rates observed in irradiated males
over the course of the observation period was not due to the deple-
tion of sperm in the TSCs. In fact, we observed that the seminal
vesicle of males surviving beyond the observation period often had
relatively large numbers of sperm remaining.

The number of sperm ejaculated per mating ranged between 500
and 1,000 (Table 4). There were no significant differences except
for day 16 between male adults irradiated with different doses and
the control (ANOVA; df = 4, F = 2.396, P = 0.06) (Table 4). These
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Fig. 1. Survival rate of C. formicarius males irradiated with different doses at
9-d-old from 10 to 20 d of adult life.

results suggest that the number of sperm ejaculated per mating did
not differ between the control and irradiated individuals. There
were, however, significant differences between 150-Gy-irradiated
males and control males (ANOVA; df = 4, F = 6.441, P = 0.00018)
in the total number ejaculated sperm number during the observation
period (Table 5). Total ejaculated sperm in the former was less than
half than that in the latter.

Discussion

Our results suggest that when males of C. formicarius are exposed to
various doses of irradiation at 9-d of adult weevil life, higher radia-
tion dose corresponds with lower survival rate (Fig. 1) and mating
rate (Fig. 2), especially late in the observation period (from 10 to

Table 1. The results of logistic regression analysis on the effects
of irradiation dose and age on the survival rate of C. formicarious

Factor df Likelihood rate y* P-value
Overall test
Irradiation dose 4 47.75376 <0.001*
Age 1 1.30572E-06 0.9991
Irradiation dose x age 4 3.01672 0.555
Pairwised test
Control vs 50 Gy
Irradiation dose 1 7.087747 <0.001*
Control vs 70 Gy
Irradiation dose 1 11.498175 <0.001*
Control vs 100 Gy
Irradiation dose 1 10.014289 <0.001*
Control vs 150 Gy
Irradiation dose 1 23.902148 <0.001%
50 Gy vs 70 Gy
Irradiation dose 1 0.75780156 0.2183
50 Gy vs 100 Gy
Irradiation dose 1 0.36103849 0.3955
50 Gy vs 150 Gy
Irradiation dose 1 6.5005542 <0.001*
70 Gy vs 100 Gy
Irradiation dose 1 0.07388285 0.7016
70 Gy vs 150 Gy
Irradiation dose 1 3.1725291 0.0118
100 Gy vs 150 Gy
Irradiation dose 1 4.1884226 0.0038*

For pairwised tests, asterisk indicates the significant difference (P < 0.05/10)
with a Bonferroni correction.
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Fig. 2. Mating rate of C. formicarius males irradiated with different doses at
9-d-old from 10 to 20 d of adult life.



Table 2. The results of logistic regression analysis on the effects
of irradiation dose and age on the mating rate of C. formicarious

Factor df  Likelihood rate y? P-value
Overall test
Irradiation dose 4 28.9343879 <0.001*
Age 1 67.661897 <0.001*
Irradiation dose x age 4 23.3774311 <0.001*
Pairwised test
Control vs 50 Gy
Irradiation dose 1 21.5791297 <0.001*
Age 1 8.4746572 0.0036*
Irradiation dose x age 1 3.88380552 0.0488
Control vs 70 Gy
Irradiation dose 1 0.01369363 0.9103
Age 1 1.11715352 0.2905
Irradiation dose x age 1 0.04327456 0.8352
Control vs 100 Gy
Irradiation dose 1 10.3830033 0.0013*
Age 1 7.18720473 0.0073
Irradiation dose x age 1 3.06638266 0.0799
Control vs 150 Gy
Irradiation dose 1 4.63126549 0.0314
Age 1 11.5797218 0.0007*
Irradiation dose x age 1 6.37172983 0.0166
50 Gy vs 70 Gy
Irradiation dose 1 20.9266947 <0.001*
Age 1 9.28595904 0.0023*
Irradiation dose x age 1 2.86329567 0.0906
50 Gy vs 100 Gy
Irradiation dose 1 1.86590921 0.1719
Age 1 25.4210864 <0.001*
Irradiation dose x age 1 0.04672443 0.8289
50 Gy vs 150 Gy
Irradiation dose 1 4.34839387 0.037
Age 1 31.9627781 <0.001*
Irradiation dose x age 1 0.54308745 0.4512
70 Gy vs 100 Gy
Irradiation dose 1 10.2245422 0.0014*
Age 1 7.97229296 0.0047*
Irradiation dose x age 1 2.19571731 0.1384
70 Gy vs 150 Gy
Irradiation dose 1 4.55028833 0.0329
Age 1 12.4090898 <0.001*
Irradiation dose x age 1 5.07704599 0.0242
100 Gy vs 150 Gy
Irradiation dose 1 0.65581282 0.418
Age 1 29.0677221 <0.001*
Irradiation dose x age 1 0.86286989 0.3529

For pairwised tests, asterisk indicates the significant difference (P < 0.05/10)

with a Bonferroni correction.

20 d of adult life). This appears to be caused by damage to the mid-
gut reducing behavioral activity such as feeding. Thus, the possible
mating period of males irradiated with a high dose is brief, which
strongly suggests that frequent (e.g., weekly) release of irradiated
weevils may be necessary for the success of an SIT program against
this pest. On the other hand, neither sperm production nor the num-
ber of sperm ejaculated per mating were affected by radiation dose
in this study (Tables 3 and 4), although the total number of sperm
ejaculated in males irradiated with a dose of 150 Gy was much lower
than in the control (Table 5). This appears to be caused by no mat-
ing or infrequent mating late in the observation period. However,
in another study, irradiated males showed a decline in the number
of sperm produced and transferred, in the boll weevil, Anthonomus
grandis (Grandis) (Nilakhe and Earle 1976a,b). This implies that
irradiation of 9-d-old weevil adults did not affect spermiogenesis of
C. formicarius, except for damage to the chromosome of sperm.

Sterility effects can vary with species; for instance, sperm of the
potato tuber moth, Phthorimaea opereculella (Zeller), for adults
irradiated with 150 Gy, recovered their viability after 10 successive
matings (Makee and Saour 1999). Higher doses of irradiation in this
study apparently affected the nutritional condition of C. formicarius
weevils. Thus, this treatment shortened not only the survival period
but also the possible mating period as shown in this study and in
Kumano et al. (2008). Thus, weevils irradiated with a high dose and
then released into the field could only copulate for a short term.

As a high dose of irradiation shortens the survival and possible
mating period in C. formicarius (Kumano et al. 2008, 2010), fre-
quent release (weekly) of weevils may be necessary for eradication,
as mentioned above. Both dose and insect stage or age at irradiation
need to be considered and perhaps altered, depending on the stage of
an eradication program, choosing either partial sterility (and better
mating success) or complete sterilization (and lower mating success)
at different stages. In cases where eradication rather than the control
of target pest is required, complete sterilization is desirable.

In C. formicarius, various doses of irradiation in 9-d-old adult
males did not affect sperm production and sperm transfer compared
with the controls (Tables 3 and 4). However, in the fig moth, Ephestia
cautella (Walker), gamma radiation negatively affected spermiogen-
esis (Shawket et al. 1989). In irradiated boll weevils, two-thirds of
the sperm transferred into females were forced out of the spermathe-
cae (Nilakhe 1977). We found a similar phenomenon in C. formi-
carius. Males of this weevil transfer excess sperm to the females, and
sperm unable to enter the spermatheca are expelled from the female
copulatory tracts (Hiroyoshi et al. 2016). As this weevil continues to
produce sperm through adulthood, they are able to supply a surplus
of sperm even after mating several times (Hiroyoshi et al. 2016).

Lower radiation may not adequately reduce fertility, reducing
the efficacy of an eradication program (Collins and Taylor 2011).

Table 3. Change of the number of sperm in a pair of testes and seminal vesicles of C. formicarius males irradiated with different dose at

9-d-old during 9, 13, 17, or 21 d of adult life

No. of sperm in the testes and seminal vesicles

Adult age (days)

Dose 9 13

17 21

Normal 12,005 = 5,861

50 Gy 26,675 = 15,832¢
70 Gy 26,745 = 8,751°
100 Gy 30,060 = 8,654
150 Gy 32,090 = 9,989

27,492.5 + 9,281

42,045 + 11,405 57,723 + 16,593
38,610 = 15,940% -

36,985 = 13,867 60,638 = 10,891°
50,205 = 15,695° 48,592 = 17,396
49,638 = 13,943¢ 60,665 = 13,260°

Different letters indicate significant differences at each adult age.



Table 4. The number of sperm ejaculated per mating by C. formicarius males irradiated with different doses at 9-d-old from 10 to 20 d of

No. of ejaculated sperm

Irradiation of dose (Gy)

70 100 150

adult life

Observation period (day) 0 50

10 990.7 =+ 1,147.9* 740.8 = 889.3°
11 690.3 = 923.2¢ 585.6 = 802.4
12 667.1 = 568.8° 580.1 = 902.2¢
13 757.2 = 620.9° 704.6 = 865.7°
14 828.7 = 1,009.5° 959.7 + 1,328.9*
15 1,012 = 1,036.7° 586.1+922.9
16 588.9 = 658.3% 779.3 = 912.4%
17 1,290.3 = 1,469.8° 975.2 +1,075.3*
18 710.0 = 904.7° 514.2 + 989.7¢
19 646.5 = 863.0% 157.1 = 495.6*
20 823.6 = 784.1° 143.8 = 320.9°

1,280.4 + 1,230.5°
638.4 = 756.1°
748.2 + 651.8°
924.7 +1,152.4°
817.7 + 667.9°
634.4 + 656.2°
1,195 = 847.2
770.2 = 906.7*

1,077.9 = 1,437.2
828.3 = 631.3"

1,000.8 = 1,507.9

1,003.3 = 1,139.7°

1,113.3 = 1,525.7°

1,223.7 = 1,075.5°
913.7 = 1,575.9°
711.9 = 1,097.8°
707.8 = 936.8°
355.6 = 379.6"
654.9 = 994.0°
778.5 = 1,114.1°
236.0 = 513.3®
380.8 = 681.5°

491.2 = 761.1°
445.0 = 652.6°
568.1 = 535.2°
441.2 = 733.0°
261.0 = 258.7¢
519.0 = 634.5°
596.5 = 744.7®
1,126.5 = 909.2¢
195.8 =+ 379.7
111.5 = 246.7°
287.1 = 897.1¢

Different letters among treatment indicate significant differences at each adult age.

Table 5. Differences of total number of sperm ejaculated by
irradiation doses

Total number of sperm ejaculated

No. of

Irradiation dose animals used Average = SD

CT 15 9,005.3 + 4,907.2*
50 Gy 15 6,383.7 = 4,837.41
70 Gy 15 8,967.3 + 4,419.0*
100 Gy 15 7,556.1 = 5,862.6%
150 Gy 15 3,920.5 = 3,443.4°

Different letters indicate significant differences.

The optimal dose for an SIT program depends on the level of steril-
ity induced and the mating competitiveness of the resulting irradi-
ated males. A low dose of irradiation may give a rise to insufficiently
sterilized males, whereas a high dose of irradiation may undermine
the male’s ability to compete with wild males, resulting in reduc-
tion of the overall impact of the release (Helinski et al. 2006).
Furthermore, incomplete sterilization is often followed by a recov-
ery of fertility overtime. Although we did not examine the mating
competitiveness, fertility, and fecundity of irradiated C. formicar-
ius males and females, the present study indicated that radiation
dose did not affect sperm production and ejaculated sperm number
per day, but did reduce total ejaculated sperm number and mat-
ing behavior. In another study by Kumano et al. (2010), irradiated
males of C. formicarius treated with 125 and 150 Gy had low fer-
tility. Although irradiation dose has a significant effect on the mat-
ing behavior in both Anastrepha ludens Loew (Orozco-Davila et al.
2015), as it did with our study weevil, 200 Gy dose of irradiation
appears to be the dose to achieve complete sterility in C. formicarius
(Kuriwada 2013).

Stage or age also affects survival, mating competitiveness, sper-
matogenesis, and fecundity (Abila et al. 2003, de Beer et al. 2015).
We will report the effects of stage or age on male reproduction of C.
formicarius in the near future.
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