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Abstract

This paper presents the first case of the successful eradication of a Coleoptera pest species
over a wide area using a combination of male annihilation technique (MAT) and sterile insect
technique (SIT) application. The sweet potato weevil, Cylas formicarius, is one of the most
destructive and widely distributed pests of sweet potato, lpomoea batatas. A project to erad-
icate it was launched in 1994 on Kume Island, Okinawa Prefecture, Japan. The MAT appli-
cation was first used from November 1994 to January 1999 to reduce the density of wild
populations. The distribution and densities of weevils were assessed by trapping them and
surveying infestation rates in wild hosts and sweet potatoes in the field. The C. formicarius
populations were suppressed by approximately 90% and plant infestations were reduced
from 9.5% to less than 0.1% by using the MAT. Then, hundreds of thousands to millions of
sterile weevils were released each week (ca. 460 million in total from 1999 to 2012). As a
result, based on an analysis of 12748 stems and 48749 tubers, no weevil infections were
detected in the stems or tubers of sweet potato since 1997. Since 2009, almost no wild wee-
vils were captured in traps, and in wild host and sweet potato surveys no weevils have been
found in any of the 580 locations and 8833 samples since October 2011. As of 28 Decem-
ber, 2012, C. formicarius is considered to have been eradicated from Kume Island. This
paper describes the process of eradicating C. formicarius using SIT application integrated
with MAT application for the first time and discusses some of the main challenges associ-
ated with the weevil eradication campaignl.

Introduction

The sterile insect technique (SIT) is an environmentally friendly pest control technique that
is applied in the integrated, area-wide control of major pests. It can be used to suppress,
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contain, or eradiate introduced and native populations and to prevent establishment or
reestablishment after eradication. It was first applied on a large scale to the New World
screwworm Cochliomyia hominivorax (Coquerel) [1, 2], which was successfully eradicated
from the southern states of the USA, Mexico, Central America and most of Panama [3, 4].
Due to its success, it was subsequently applied to a number of other insect pest species [5].
The principle of the SIT is that the target pests are reared in large numbers (mass-reared),
reproductively sterilized, and then released into the wild. When sterile males mate with wild
females, they do not produce viable offspring. The constant release of sterile insects on an
area-wide basis results in an increasingly rapid decline in the overall population over several
generations [2]. This technique has been successfully used against a number of insect pest
species, including melon fly Bactrocera cucurbitae (Coquilett), Mediterranean fruit fly Cera-
titis capitata (Wiedemann), pink bollworm Pectinophora gossypiella (Saunders), codling
moth Cydia pomonella (L.), and tsetse fly Glossina austeni (Newstead) [6, 7]. In Coleoptera
species, area-wide eradication is generally achieved through the use of pheromones and
insecticides [8-10]. Although eradication of white grub cockchafer (Melolontha vulgaris F.)
[11] using SIT application in an experimental field has been attempted, there is yet to be an
area-wide integrated pest management (AW-IPM) program that integrates the SIT against
any Coleoptera in the field [7].

The sweet potato weevil, Cylas formicarius (Fabricus), is one of the most destructive
and widely distributed pests of sweet potato, Ipomoea batatas (L.) Lam. in the South
Pacific, Caribbean Basin, and some Central and South American countries [12-15].
Infested roots induce the production of terpenoids, which may make even slightly dam-
aged roots inedible to humans and animals [16, 17]. Therefore, even low weevil densities
can cause high crop losses and prevent trade. However, losses often reaching 60-100%
[13]. Cylas formicarius was first found in Japan in 1903 [18] and its distribution has since
then expanded throughout the southwestern islands of Japan [14, 19]. In Japan, Ipomoea
spp. are their main host plants [20]. In a survey conducted in 1988 in cultivation fields in
Naha City and Yomitan village, Okinawa, Japan, the infection rate in the stems and tubers
of sweet potato ranged from 20% to 100% [70]. Some of their wild host plants include blue
morning glory Ipomoea indica (Burm.) Merr. and railroad vine Ipomoea pes-caprae (L.)
Sweet. The movement of the weevil and its host plants, including sweet potato, from
infested to noninfested areas, is strictly regulated under the Japanese Plant Protection Act.
The eradication of weevils in the southwestern islands is therefore an important issue in
the field of agriculture and trade.

This work presents the first attempt at using SIT application to eradicate C. formicarius
over a wide area. To this end, we have developed methods for mass-rearing, sterilization,
marking, release, and evaluation of pest control effectiveness. The successful application of SIT
requires information of the ecology of the target population, including estimates of the abso-
lute density of the adult population, and how that density changes over time (population
dynamics) [21-24]. We conducted a distribution survey and population estimation during the
pre-project. The SIT application is one of the few control techniques that is inverse density-
dependent and is most efficient at low pest densities [23]. Therefore, the SIT would best be
applied when the pest density is low due to prior attempts at pest population reduction, such
as chemical insecticides, host removal, mass-trapping, and male annihilation. Integrating the
SIT application as a final component into an AW-IPM program ultimately convert the treat-
ment area into a pest-free area [25, 26]. In this paper, we report on the first successful eradica-
tion of C. formicarius using SIT application over a wide area and discuss some of the
challenges faced.
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Materials and methods
Target area

Kume Island (63.65 km?) is located approximately 100 km west of Okinawa Main Island,
Japan (26°20N, 126°48E; Fig 1A) and is where about 10,000 people live. The western, eastern,
and south-central parts of the island are cultivated with sugarcane, sweet potatoes, and vegeta-
bles, while the northern and southeastern mountains are covered with wild vegetation, mainly
comprised of subtropical broad-leaved forests and pine forests. The wild host of C. formicarius,
blue morning glory, Ipomoea indica (Burm.) Merr., is typically found in the fringe of forests or
abandoned lands on the island (Fig 1B). Another major wild host plant of the weevil, railroad
vine, Ipomoea pes-caprae (L.) Sweet, is widely distributed on sandy seashores. Cylas formicarius
first invaded the island in 1903 [18].

Distribution survey and population estimation as baseline data

The surveys of C. formicarius distribution were conducted from April 1994 to July 1995. We
used a sticky board trap (200 mm in height, 100 mm in width; Earth Chemical Co., Tokyo,
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Fig 1. (a) Location of Kume Island, Okinawa, Japan. (b) Predicted distribution area of C. formicarius in Kume island (areas where male weevils have been found in trap
surveys are blacked out). Created by processing a base map (Geospatial Information Authority of Japan).

https://doi.org/10.1371/journal.pone.0267728.9001
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Japan) with a rubber dispenser containing 0.1 mg of a synthetic sex pheromone, (Z)-3-dode-
cen-l-ol (E)-2-butenoate (synthesized by Shin-Etsu Chemical Co., Tokyo, Japan) [27] to attract
male weevils. The traps mounted on glass fiber sticks were set at a height of 30 cm above the
ground and were placed 80-120 m apart along the roads, except for the forest areas and the
coastlines where access was difficult. The total number of traps was approximately 3000. Traps
were inspected a day or two later, and the number of males captured was counted in the labo-
ratory. The survey was conducted once per site. The population density of C. formicarius on
Kume Island had been previously estimated using mark-release-recapture methods [28].

Density suppression using MAT application

Since females of C. formicarius use sex pheromones to attract males, traps with synthetic pher-
omones can be used to monitor populations. They can also be used to selectively attract and
kill males (male annihilation technique (MAT) [27, 29, 30]. Consequently, female reproduc-
tion is prevented and the population density decline. Thus, the MAT was used to reduce the
male population and consequently the population density before SIT application.

The suppression of weevils by MAT application was conducted from November 1994 to
January 1999 in the area north of the center of the island where the density of weevils was
high. Fiberboard blocks (45 x 45 x 9 mm or 60 x 60 x 9 mm) containing 0.1 mg of a synthetic
sex pheromone [27] and 500 mg of fenitrothion (Sankei Chemical Co., Kagoshima, Japan
[31]) were used for the MAT. The fiberboard blocks were applied at a density of 8 per hectare
per month in forest areas and cultivated fields (approximately 800 ha), and at 16 per hectare
per month in residential areas (approximately 200 ha). Two methods of distribution were
used: (1) aerial application by helicopter for forests and cultivated fields and (2) manual
ground application for residential areas. Approximately 400000 fiberboard blocks (approxi-
mately 240000 by helicopter and approx. 160000 manually) were distributed during MAT
application.

Eradication with SIT application

Mass-rearing. We mass-reared two different strains separated by time periods. The rea-
sons for using different strains are detailed in section ‘Marking’ and the Discussion.

1997~2010: Wild strain. The mass-reared C. formicarius wild strain (WS) (with bluish or
greenish elytra) used initially for SIT application originated from adults collected at Yomitan
Village, Okinawa Main Island, Japan (26°24’'N, 127°43’E) in October 1997. Weevils were
reared on sweet potato roots at 25 + 1°C and a photoperiod of L14:D10 (light between 04:00
and 18:00) at the Okinawa Prefectural Plant Protection Center (OPPPC) in Naha, Okinawa.
The founder population comprised of approximately 10000 individuals. Approximately 2000
weevils were placed per plastic container (290 x 360 x 120 mm) with a mesh lid and approxi-
mately 1800 g of sweet potato roots for egg-laying substrate and food. The sweet potatoes were
replaced with fresh roots twice a week. The roots with eggs laid on them were stored under the
same laboratory conditions as described above. Six and seven weeks after inoculation with
weevils, newly emerged adult weevils were collected. Each week, 200000-300000 individuals
were used for progressive rearing, and the remainder were sterilized and released. Release of
sterile insects started in February 1999. Fig 2 depicts the total number of sterile weevils released
per week.

2008~2012: Piceous elytra strain. The piceous elytra (PE) strain used for SIT application
originated from one adult female and one adult male collected at Yonaguni Island, Okinawa,
Japan (24°28'N, 123°0’E) in July 2007 and one adult female from a mass-reared wild strain
(WS) at OPPPC. The PE was found at a very low frequency in the mass-rearing WS strain. All
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Fig 2. Number of sterile weevils C. formicarius released per week on Kume Island from 1999 to 2012. Black bars represent aerial releases and white bars represent
ground releases. Short breaks in the release of sterile insects were implemented (January-February 2002, January-March 2004, January-March 2005, August 2005-March
2006, December 2007-March 2008) to allow for the detection of remaining areas of occurrence of C. formicarius using sex pheromone traps. The black arrow indicates the
initiation of the release of the PE strain for SIT application in January 2010. Until July 2001, only males were released. However, thereafter, both sexes were released.

https://doi.org/10.1371/journal.pone.0267728.9002

three showed a piceous elytra. The three weevils were placed in a plastic container (90 in diam-
eter, 20 mm in height) with a mesh lid and approximately 50 g of sweet potato roots for egg-
laying substrate and food. The sweet potatoes were replaced with fresh roots on a biweekly
basis. The roots with eggs laid on them were stored under the same conditions as described
above. Only piceous elytra weevils were visually selected from the newly emerged individuals,
and they were allowed to mate and lay eggs. After the 5th generation, no bluish or greenish ely-
tra individuals were found. From the 6th to the 10th generation, 200 adults and two sweet
potato roots (approx. 1000 g) were placed in a plastic container (216 x 309 x 238 mm) with a
mesh lid. The basic methods of mass-rearing after the 10th generation were the same as those
described above for the WS strain.

Sterilization. Adult weevils were irradiated with gamma rays from Co® for sterilization.
The irradiation dose for sterilization was determined to be 100 or 200-Gy. Since most of the
weevils remained in the sweet potato roots for ca. 10-days after adult emergence [12], we used
13- to 16-day-old sexually mature adult weevils. The irradiation facility of the OPPPC was
designed by the Radiation Application Development Association, Takasaki, Gunma, Japan.
There is a trade-off between insect quality and fertility, as higher radiation doses have a small
negative effect on the insect quality, but lower doses do not result in complete sterility [32].
Therefore, insects planned to be made incompletely sterile received lower radiation doses
(100-Gy) in the early stage of the eradication program, and insects to be made completely sterile
received higher radiation doses (200-Gy) in the late stage of the eradication program. This is
because incompletely sterile insects can be more effective in the early stage of control when the
wild pest population density is still relatively high. Mathematical models have been developed
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to determine the switching time between the release of incompletely and completely sterile
insects [33, 34]. In C. formicarius, a fully sterilizing dose was above 200-Gy, slight fertility, and
higher survival rates were observed at doses of 100-Gy. At doses of 300-Gy and above, male sex-
ual competitiveness and survival rate were reduced compared to the 200-Gy dose [35]. Thus, a
sterilization dose of 100-Gy was used in the early stage of the eradication program (February
1999 to September 2000). From October 2000, we changed the irradiation dose to 200-Gy. The
decision was also based on field studies that showed that males irradiated with a 200-Gy dose at
the adult stage had a dispersal ability equal to that of non-irradiated males [36]; this dose also
had no major effects on male mating behavior for approximately a week after irradiation [37].

Marking and selection of morphological marker. In the early stage of the eradication
program, sterile weevils were marked with a fluorescent powder dye (0.1 g/10000 individuals)
(Braze Orange; DayGlo Color Corp., Cleveland, OH, USA) to distinguish them from wild wee-
vils when captured from the field using monitoring traps baited with pheromone lures. How-
ever, the fluorescent powder dye can be lost from the marked weevils and contaminate wild
weevils inside the trap, thereby making it difficult to discriminate between the marked-and-
released weevils and the “unmarked” wild weevils [38-40]. This was consistent with the fact
that the number of marked and unmarked wild weevils trapped appeared to be in sync during
the period when the WS strain was used for the SIT releases (see Results and S1 Fig).

With regards to insect marking methods, visible morphological variations, such as body
and eye color, have often been used as markers to identify insects [41]. Cylas formicarius has
three elytral color polymorphisms: bluish, greenish, and piceous elytra (PE) [15, 42-44]. While
bluish and greenish elytra are the major color morphs (common morphs) in C. formicarius,
the PE morph is found at a very low frequency (approximately 1%) in some islands of Japan.
The scarcity of the PE morph in the field is an advantageous factor when used as phenotypic
maker for visible marking of sterile C. formicarius weevils during SIT application [39, 45].
Therefore, from January 2010 to the later stage of this eradication program, the PE strain was
used as a visible marker to mitigate any contamination or detachment of the powder markings.
The mating performance, survival, and dispersal ability of the PE males that were mass-reared
in OPPPC did not differ from those of WS mass-reared males [39, 40].

Sterile insect release. Aerial releases of marked sterile adult weevils were initiated in Feb-
ruary 1999. Approximately 1000-3000 weevils (13- to 16-day-old) were dispensed per paper
bag (90 x 200 mm) with 4-8 g of vermiculite as a weight material absorbent. These bags were
dropped from a helicopter once a week over the designated habitat areas of C. formicarius. The
top of each bag was torn off just before dropping from the helicopter, allowing the weevils to
escape once the bags reached the ground. The number of released sterile weevils varied from
several hundred to 30000 per hectare depending on the progress of the control measures, den-
sity of the wild weevil population, and size of the treatment area. Basically, irradiation, mark-
ing, and releasing were carried out in one day.

From June 2001, we initiated the ground release of C. formicarius by hand into high-density
areas, in addition to their aerial release. Approximately 1000-3000 weevils were placed into
meshed plastic cups (200 ml) with 4-8 g of vermiculite. We released 500000-3000000 weevils
per week by ground. The number of weevils released during the all period is shown in Fig 2.

Until July 2001, only males were selected for release using sex pheromones and used as ster-
ile insects [46]. However, thereafter, both sexes were used.

Since drop-off and contamination of markings on wild weevils was suspected (section
‘Marking’), breaks in the release of the sterile insects were implemented for short periods of
time (January-February 2002, January-March 2004, January-March 2005, August 2005-March
2006, December 2007-March 2008) (Fig 2) to identify the remaining areas of occurrence of the
wild C. formicarius population using sex pheromone traps.
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Evaluation of pest control effectiveness. Both sex pheromone traps and host plant sur-
veys were used to evaluate the control efficacy of MAT and SIT application. Two types of fun-
nel sex pheromone traps, cone-type [47] and cylinder-type (Fig 3, [48, 49]), were used to
monitor weevil populations. Cone-type traps were only used during the early stage of MAT
application. On the other hand, cylinder-type traps were mainly used after April 1998 and dur-
ing the SIT application period. The efficiency of catching male weevils in cylinder-type traps is
the same as in cone-type traps, but it is difficult for other insects to enter the traps [48], so we
changed the traps to improve the efficiency of our work.

Sex pheromone trap. The traps were fitted with a rubber septum or ring containing 0.1
mg of a synthetic pheromone (Shin-Etsu Chemical Co., Tokyo, Japan) as an attractant, and
insecticide (Panaplate™, vinyl chloride resin containing 16% DDVP) was added to prevent
the escape of trapped insects. 60 to 80 traps were set up in all areas except the forest, and
they were inspected twice a month. Under MAT application from 1994 to 1999, the number
of traps in MAT application areas was 33, while the number of traps in non-MAT applica-
tion areas rangeed from 27 to 47. Traps were serviced by replacing the rubbers and insecti-
cides once a month.

Inspection of host plant infection. Wild hosts: Blue morning glory Ipomoea indica and rail-
road vine Ipomoea pes-caprae. To monitor the infestation rates of the weevils, the two wild
host species were collected regularly. From May 1995 to July 2000, sclerotized vines were col-
lected once every 1-2 months at 5-15 sites each time, and the length of the collected vines
reached from 400 to 1500 m per month. After August 2000, the vines were collected 1-4 times
per month from over 20 sites per month (>100 sites in several months). The length of the col-
lected vines reached 2500 to 20000 m per month.

Rubber ring containing a synthetic sex pheromone
Top board

Funnel

Stand

Container including pesticide

Fig 3. Cylinder-type sex pheromone trap used after April 1998. Traps were fitted with a rubber septum or ring containing 0.1 mg of a synthetic pheromone as an
attractant. Insecticide (DDVP) was added to prevent the escape of the trapped insects.

https://doi.org/10.1371/journal.pone.0267728.9g003
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The collected vines were immediately transported to the OPPPC by air. The stems were cut
into 1-m sections and split to search for the weevils. The number of larvae, pupae, and adults
was counted, and the infection rate per meter of stem was calculated.

Agricultural products: Sweet potato Ipomoea batatas. A total of 200 plants (including stems
over 50 cm from the base and all tubers) were collected from 20 commercial cultivation fields,
10 plants per field, four times a year (every three months). The collected tubers were weighed,
counted, and transported to the OPPPC by air. The stems of the collected plants were split to
search for weevils. The number of larvae, pupae, and adults was counted, and the infection
rate per stem was calculated. The tubers were stored at 25°C for 50 days and then dissected to
inspect for adults and pupae.

Because the data corresponding to the number of tubers from 1998 to 2000 were lost, we
estimated the number from the total weight of tubers collected, assuming that each had an
average weight of 200 g per tuber, based on our other data.

Statistical analysis

The method proposed by Kuno [50, 51] was used to evaluate the eradication. The relationship
between the required number of consecutive zero host plants sampling units, n, (1 m of stem
or a piece of sweet potato tuber), and the marginal infection rate, p, (so low it was regarded as
virtually zero), with the error probability,o, was expressed as

_ logn
log(1 — py)

My

With py = 0.0001 and « = 0.01, the required number of sampling units, 7y, was 46049. There-
fore, we considered wild weevils to be eradicated when infection by the weevil was not detected
continuously in 46050 sample units.

Cross-correlation function (CCF) of the number of marked and unmarked weevils cap-
tured by traps per month (S1A and S1B Fig) was calculated by JMP ver. 14.2.0 (SAS Institute
Inc., Cary, NC, USA). Autocorrelation coefficient (ACC) and partial autocorrelation coeffi-
cient (PACC) of the number of marked and unmarked weevils captured by traps per month
(S1C and S1D Fig) were also calculated by JMP ver. 14.2.0.

Results
Estimation of pre-project distribution and density of weevils

The pre-project distribution of C. formicarius on Kume Island is shown in Fig 1B. Host plant
species, especially I. indica, were found almost everywhere on the island, however, the distribu-
tion of weevils was restricted to relatively small areas; they were more abundant in southeast-
ern areas. The number of males caught by traps peaked between August and October and
between February and April, and very few were caught during the winter months (December
to January) (Fig 4). The highest number was in September 1994, when approximately 2300
weevils were caught per thousand traps per day. The number of wild male weevils during the
peak season (September to October) of 1994 was estimated by mark-release-recapture methods
to be half a million [28].

Density suppression using MAT application

The effects of MAT application are shown in Figs 4 and 5. During MAT suppression, the num-
ber of weevils caught per thousand traps per day ranged from 83 to 332 at the highest levels.
The adult population had decreased by more than 86% in September 1998 compared to
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September 1994, that is, before the implementation of the MAT (Fig 4). Before this period, the
infestation rate of weevils on wild hosts was 9.5%, which decreased gradually to 0.09% in 1998
after the implementation of MAT application (Fig 5).

Pest control with SIT application

Evaluation of pest control effectiveness. Sex pheromone trap. During SIT application,
the number of weevils attracted to the traps varied from several dozen to several hundred
between 1999 and 2009, with no clear downward trend (Fig 4). Statistical synchrony was
found while analyzing the dynamics of the capture of marked and unmarked weevils (cross-
correlation analysis, CCF = 0.6240 was highest when lag = 0; p<0.05) (SI1A Fig) from February
1999 to December 2009. After the release of sterile weevils was switched from the WS to the
PE strain (January 2010 to December 2012), the statistical synchrony disappeared (S1B Fig)
and wild weevils were caught only four times in four years.

Inspection of host plant parasitism. Wild hosts: Blue morning glory Ipomoea indica and
railroad vine Ipomoea pes-caprae. As shown in Fig 5, no infection was found from March to
December 1999. In contrast, after intensive surveys from August 2000 to December 2001 (col-
lecting 4500-20000 meters of vines per month), seven sites of infection were found. As a result
of additional releases of sterile insects at these sites, the infection rate returned to zero from Jan-
uary to October 2002, including in the peak season. The infection rate became 0% gradually
from 2002 to 2011. No weevils were found in October 2011. Thereafter, 88333 samples from
580 sites were examined, and the infection rate constantly remained zero (>46050 samples; [50,
51]) since October 2011. As a result, weevils were considered eradicated on December 28, 2012.
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Fig 5. Infestation rate of weevils C. formicarius on wild hosts in Kume Island. Black circles indicate the % infection in MAT and SIT application areas and white circles

indicate % infection in the non-MAT application areas.
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Agricultural products: Sweet potato Ipomoea batatas. Between 1995 and 1996, infections in
the stems and tubers of sweet potato were detected in two and five cases, respectively. How-
ever, from November 1996 to December 2012, no weevils were detected in the stems or tubers
of cultivated sweet potatoes, despite examining 12748 stems and 48749 tubers. This indicates
that the weevils were eradicated (>46050 samples; [50, 51]).

Discussion

This is the first report of a successful eradication of a Coleoptera population over a wide
area using a combination of MAT (male annihilation technique) and SIT (sterile insect
technique) application. The eradication project lasted 19 years from its commencement
with a pre-project phase to its successful completion, involving the inspection of 1400 km of
wild host plants and over 10 tons of sweet potatoes, as well as 6.5 million adult male weevils
entrapped using the pheromone trap. Moreover, ca. 460 million sterile weevils were released
during the SIT application. The total cost of the project was 4.5 billion yen (equivalent to 56
million USD in 2012). A similar successful project to eradicate the melon fly B. cucurbitae
using SIT application was also undertaken on Kume Island; their absence lasted six years
and involved the release of approximately 280 million sterile flies [52]. In comparison to the
melon fly, the eradication of weevils took longer due to differences in the ecological charac-
teristics of the insect species, including differences in the dispersal ability of sterile insects
of the target species, which may have affected the effectiveness of the SIT [53, 54]. The
world’s second eradication of C. formicarius in 2020 on the island of Tsuken (approximately
1.88 km?) in Okinawa took 13 years [55].

The pre-project surveys showed that, although the host plants were distributed throughout
the island, the distribution of weevils was restricted to relatively small areas (Fig 1). The num-
ber of males caught by traps was particularly high in the southeast area of the island, which
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was in contrast to lower populations in other areas. The dispersal ability of adult females of
this species is known to be very low [56, 57]. The marked unevenness in the distribution of
this species is likely to be related to the low dispersal ability of the females. The blue morning
glory I indica was the main plant host of this species, with very few weevils found in properly
managed sweet potato fields. One of the reasons for the long duration of the process of weevil
eradication was the presence of weevil-infested I. indica in abandoned paddy fields (wild
hosts) located in inaccessible forested areas in the mountains [58].

Since there is a limit to the mass-rearing of sterile insects, one of the keys to successful erad-
ication is effectively suppressing the density of wild pests before the SIT is used [23]. As syn-
thetic pheromones are in practical use in C. formicarius management [27, 29, 30], the MAT
using these pheromones was applied to achieve efficient density suppression. As a result, the
C. formicarius populations were suppressed by approximately 90%, and the plant infestations
decreased from 9.5 to less than 0.1% (Figs 4 and 5). The AW-IPM program that integrated the
sequential application of the MAT and the SIT was very effective in eradicating C. formicarius
in the field.

Despite the success of the eradication program, several issues were encountered; the three
main ones are detailed below.

Mass-rearing using raw sweet potatoes

Using the raw sweet potato rearing method, it was possible to produce 1-3 million weevils
weekly. However, eradication projects in areas larger than Kume Island would require the pro-
duction of more weevils. Due to seasonal variations in the production and quality of fresh
sweet potatoes over the year, the production of weevils is unstable [46] and probably will
require the development of an artificial larval diet. In addition, the cost of buying and main-
taining raw sweet potatoes is high. To solve these problems and ensure a stable production of
C. formicarius, artificial feed rearing methods are required. Recently an artificial diet for the
West Indian sweet potato weevil Euscepes postfasciatus (Fairmaire), also a sweet potato pest
[59, 60], has been developed [61-63]. Its adaptation to C. formicarius may provide a solution
to this problem.

Marking

Fluorescent powder dyes have the disadvantage of becoming detached after their application
on sterile weevils. Thereafter, these dyes can adhere to wild weevils caught in pheromone
traps, hindering the identification of sterile and wild weevils [38-40]. This resulted in the lack
of a downward trend in the number of unmarked weevils caught in the traps, even under SIT
application, from February 1999 to December 2009 (Fig 4). During this period, a strong posi-
tive correlation was observed between the number of captured marked weevils and that of
unmarked weevils (S1A Fig). The pattern showing the relationship between the lag and auto-
correlation coefficients or partial autocorrelation coefficients was similar for the marked and
unmarked weevils (S1C Fig). In addition, unmarked weevils were caught in traps along with
the marked weevils after aerial and ground release of sterile weevils, whereas wild weevils were
not caught before the release. Statistical analysis and observations suggested that many of the
weevils denoted as “unmarked” were not wild weevils; rather they were marked sterile weevils
that had lost their dye. The marked (sterile) to unmarked (wild) ratio (/W) is commonly used
as an indicator of the progress being made in suppressing a pest population under SIT applica-
tion [2, 64]. However, for the reasons given above, the S/W ratio could not be used. One of the
reasons for the success of the eradication was the use of the elytra color polymorphism as a
morphological marker (PE), which is very rare in the wild. From January 2010 to December
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2012, when the PE strain was used for the sterile insect releases, no longer was a synchrony
found between the number of captured marked weevils and the number of unmarked weevils
(S1B and S1D Fig), indicating the successful prevention of confusion between sterile (marked)
and wild (unmarked) weevils. When individuals of the PE strain were crossed with bluish ely-
tra individuals, the following generation was comprised of individuals with greenish elytra.
Therefore, great care must be taken to avoid contamination of the mass-rearing colony with
wild weevils [40]. In the future, it will be necessary to consider a two-fold identification
method using protein marking and other internal markings [41]. However, the best way to
evaluate the effectiveness of the SIT releases is by the impact on the host infestation and our
data on host infestation shows unequivocally the successful eradication of the pest.

Degradation of insect quality due to irradiation

The weevils used in the second half of the SIT application period were completely sterile at a
dose of 200-Gy, and only maintained the same mating ability as wild weevils for a week [37].
As the amount of absorbed radiation increases, the sterility of insects increases, but both the
quality and mating ability of the insects decreases [65]. This is because the gamma rays used to
induce sterility have a negative effect on somatic cells, such as those in the midgut epithelium
[66]. An alternative approach that allows maintenance of the quality of insects is dose fraction-
ation, which involves the administration of a series of smaller sterilizing doses over time [66].
When the total dose was the same, there was no difference in the degree of sterility between
insects subjected to fractionated irradiation and those subjected to single-dose irradiation.
Fractionation, however, allows the somatic cell to recover between doses [67, 68] and is time
consuming and increases the cost of the process. Kumano et al. [69] developed a fractionated-
dose irradiation method in C. formicarius in which a 200-Gy dose was divided into three
67-Gy doses to achieve complete sterility while maintain normal mating performance for 12
days, which is twice that resulting from a single dose. Using this method, it is expected that the
duration of the effect of complete sterility in weevils will double. There remains much room
for improvement in conventional sterilization methods using radiation, and the search for a
sterilization method that can maintain high insect quality for a long period of time is necessary
for promoting efficient SIT methods. The radiation source currently used was CO®’, which
needs to be replaced periodically owing to the short half-life of the source. In addition, han-
dling gamma radiation sources is complex and requires considerable security measures. There-
fore, it is desirable to search for more practical alternative sterilization methods, such as high-
energy beams or X-rays [see 66].

Additionally, even after eradication, as a countermeasure against re-invasion, maintaining
inspection at ports of entry and a system for the early detection and control of the pest is neces-
sary. This can be achieved by performing invasion weevil surveys in combination with public
awareness activities. Since the end of the project in 2012, 58 traps have been set up for detec-
tion, and no weevils have been caught until July 2021. Weevils have four generations per year
[70], meaning that approximately 33 generations have passed without any specimens being
detected in the traps. The eradication of the West Indian sweet potato weevil (E. postfasciatus)
—another major agricultural pest affecting sweet potatoes [59, 60]—has been ongoing on
Kume Island since 2001, with wild host surveys and sweet potato surveys for this weevil being
carried out 1-4 times a month and 4 times a month, respectively, using the same methods as
above [71]. Since the eradication of C. formicarius in December 2012, >780000 wild hosts
have been examined by July 2021, and no specimens of this species have been found. Similarly,
sweet potato weevils have not been found in sweet potatoes. As of July 2021, Kume Island
remains free of C. formicarius.
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Supporting information

S1 Fig. Cross-correlation function (CCF) the number of marked and unmarked weevils cap-
tured by traps per month (a) from February 1999 to December 2009, and (b) from January
2010 to December 2012. The horizontal line in the graph indicates the significance level of

p = 0.05. At lag 0, which indicates synchrony, the level of significance is exceeded for (a), but
not for (b). Autocorrelation coefficient (ACC) and partial autocorrelation coefficient (PACC)
of the number of marked and unmarked weevils captured by traps per month (c) from Febru-
ary 1999 to December 2009, and (d) from January 2010 to December 2012.
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