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Abstract

We tested the efficacy of attractive toxic sugar bait (ATSB) with garlic oil microencapsulated in 

beta-cyclodextrin as active ingredient against Aedes albopictus in suburban Haifa, Israel. Two 

three-acre gardens with high numbers of Ae. albopictus were selected for perimeter spray 

treatment with ATSB and ASB (bait containing no active ingredient). Baits were colored with 

food dye to verify feeding of the mosquitoes. The mosquito population was monitored by human 

landing catches and sweep net catches in the surrounding vegetation. Experiments lasted for 44 

days. Treatment occurred on day 13. The mosquito population collapsed about 4 days after 

treatment and continued to drop steadily for 27 days until the end of the study. At the experimental 

site the average pre-treatment landing rate was 17.2 per 5 mins. Two days post-treatment, the 

landing rate dropped to 11.4, and continued to drop to an average of 2.6 during the following 26 

days. During the same period, the control population was stable. Few sugar fed females (8–10%) 

approached a human bait and anthrone tests showed relatively small amounts of sugar within their 

crop/gut. Around 60–70 % of males caught near our human bait were sugar positive which may 

indicate that the males were feeding on sugar for mating related behavior. From the vegetation 

treated with the toxic bait, we recovered significantly fewer (about 10–14%) males and females 

stained by ATSB than at the ASB-treated control. This may indicate that the toxic baits alter the 
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resting behavior of the poisoned mosquitoes within the vegetation. Almost no Ae. albopictus 

females (5.2 ± 1.4) approached human bait after treatment with ATSB. It therefore appears that 

microencapsulated garlic oil is an effective pesticide against Ae. albopictus when used in an ATSB 

system.
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1. Introduction

A novel method for controlling mosquitoes, attractive toxic sugar baits (ATSB), was 

developed and extensively tested in Israel (Müller and Schlein, 2006, 2008; Müller at al., 

2008, 2010c). This method is based on the requirement for male and female mosquitoes to 

consume plant-derived sugars for survival (Yuval, 1992; Foster, 1995). A “attract and kill” 

approach has been developed that uses fruit or flower scent as an attractant, a sugar solution 

that acts as a feeding stimulant, and an oral toxin to kill the targeted insects. A solution of 

ATSB can either be sprayed on vegetation or suspended in portable bait stations where the 

insects ingest the toxic solutions and are killed.

Since its inception, ATSB has continually been improved and optimized through testing 

with various oral toxins (Xue et al., 2008, 2011; Khallaayoune et al., 2013; Qualls et al., 

2014) and attractants (Müller et al., 2010a,c). Initially, toxic sugar baits consisted strictly of 

an oral insecticide and sugar with the addition of food dye for marking feeding mosquitoes. 

Field studies in Israel by Müller and Schlein (2006) and Schlein and Müller (2008) reported 

that ATSB's sprayed on highly attractive plant blossoms in the field virtually eliminated 

local mosquito populations. Later formulations included fruit-based attractants (such as wine 

with overripe/fermented nectarine, honey melon, or guava juice) for spray application on 

non-attractive vegetation (Müller et al., 2010a,c) and use in portable bait stations (Müller 

and Schlein, 2008; Müller et al., 2008, 2010b). Additional laboratory studies have shown 

that several insecticides from different classes of chemistry have potential for use in the 

ATSB system (Allan, 2011). Low-risk compounds such as spinosad, boric acid, and the 

neonicotinoid dinotefuran were found to be highly effective against several anopheline and 

culicine as well as Aedes species (Müller and Schlein, 2008; Schlein and Müller, 2008; 

Beier et al., 2012; Revay et al., 2014; Qualls et al., 2014).

Ideally, commercialized ATSB for widespread use should be a safe alternative to traditional 

insecticides by using compounds with the lowest risk to mammals as active ingredients, yet 

must be effective and economical. Many essential oils from various plant species have been 

reported to possess ovicidal, larvicidal, and repellent properties against numerous insect 

species and are regarded as “environmentally friendly pesticides” (Isman, 2000; Cetin et al., 

2004). Of these, essential oil of garlic has been shown to possess strong insecticidal 

properties against Chinese pear pests, nasal bot-flies of camels and mosquito larvae (Zhao et 

al., 2013; Khater, 2014; Kimbaris et al., 2009).
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In this study, we test the efficacy of garlic oil microencapsulated in beta-cyclodextrin, a 

material exempt from registration with the United States Environmental Protection Agency 

due to its low toxicity to mammals (U.S. EPA, 2015), as the insecticide in a new commercial 

formulation of ATSB against pest populations of Aedes albopictus in Haifa, Israel. Ae. 

albopictus is an invasive species native to Southeast Asia that spread to Europe, Africa, the 

Middle East, and the Americas during the 20th century and continues to spread today 

(Benedict et al., 2007). It is the vector for many arboviruses such as dengue, chikungunya, 

West Nile, and eastern equine encephalitis (Gratz, 2004) and transmits Dirofilaria immitis 

(heartworm) in dogs (Pietrobelli, 2008). Ae. albopictus is difficult to control because of the 

widespread availability of suitable natural and artificial sites for larval development 

(Hawley, 1988). Larvae are capable of development in almost any water-holding receptacle 

in rural, suburban and urban environments (Hawley, 1988).

2. Materials and methods

2.1. Study site and conditions

Experiments were conducted in urban Haifa from September 22 to November 02, 2013. The 

local climate is temperate Mediterranean and most of the annual rainfall of 500–700 mm 

occurs in winter between November and February. The dry season is from June to August. 

The highest average temperatures (30 °C) are reached in July/August and the lowest (9 °C) 

are reached January/February (Ashbel, 1951; Orni and Efrat, 1980). During the study period, 

light rain (<0.25 cm) occurred on October 05, 18, 19, 30, 31 and November 01.

The experimental and control sites each consisted of three-acre plots of garden vegetation 

containing high numbers of Ae. albopictus as determined by initial sampling using human 

landing rates (methods mentioned in a later section of this paper) prior to application. The 

control site was located 800 m from the experimental site. Both sites were surrounded by 

similar non-irrigated gardens and parkland. At the time of the study, only about 10% of the 

vegetation was flowering. The majority of the vegetation consisted of herbaceous plants 

with green leaves.

2.2. ASB and ATSB formulation and application

At the experimental site we applied ATSB while at the control site ASB (attractive sugar 

bait) was applied. The ATSB formulation (Westham Innovations LTD, Tel Aviv, Israel) 

consists of 0.4% beta-cyclodextrin microencapsulated garlic oil and 99.6% mixture of date 

syrup, citrus juice, sucrose and water (US Patent No. 8420070). The food dye used in the 

ATSB solution was Tartrazine 19140 “special green” (Stern, Netanya, Israel). The ASB 

solution contained 100% of the same mixture of date syrup, citrus juice, sucrose and water 

used in the ATSB solution but no active ingredient was added. The food dye used in the 

ASB solution was E132, Indigotine “Food Blue No. 1” (Stern, Netanya, Israel). Mixtures 

were applied with a 16 l back-pack sprayer (Killaspray, Model 4526, Hozelock, Birmingham 

UK) as a perimeter treatment which is the application of ASB or ATSB solution to 

vegetation in a continuous band approximately 1.5 feet (45.7 cm) wide between 1.0 and 5.0 

feet (30.5 and 152.4 cm) above the ground. The mixture was applied according to the 
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manufacturer's (Westham Innovations LTD, Tel Aviv, Israel) instructions at a rate of 15–20 

oz (443.6–591.5 ml) per 100 linear feet (30.5 M), to the point of runoff.

2.3. Monitoring the mosquito population

The effect of ATSB and ASB on the mosquito population was monitored by human landing 

catches conducted every second day for the first 11 days of the experimental period and 

every third day after bait application (from day 15 to day 44 of the trial). Mosquitoes 

attempting to land on the legs of human baits were collected with a Power Vac Back-Pack 

unit (John W. Hock, Gainesville, FL, USA) before they could settle down and probe/bite, in 

5 min intervals from 15:00 to 16:30. The number of mosquitoes collected while landing 

during these intervals was used to define the “landing rate” at the sites. At both sites there 

were 9 repetitions of the landing catch experiments on each monitoring day. Mosquitoes 

within collecting containers were anesthetized with ethyl acetate-soaked cotton swabs and 

kept in a cooling bag before they were processed immediately or frozen at −70 °C.

Four authors of this study, 2 males and 2 females served as the volunteer subjects and were 

therefore fully informed of the nature and purposes of the test and of any physical and 

mental health consequences resulting from mosquito bites which were reasonably 

foreseeable.

Human landing catch trials were conducted according to U.S. EPA guidelines (U.S. EPA, 

2000) as follows: exposed legs (from knee to ankle) of each volunteer were used as a test 

area. The skin outside the test area was covered with regular clothes to protect from 

mosquito bites. Volunteers wore short trousers and long-sleeved shirts. Immediately before 

each trial, the exposed skin on each volunteer was cleaned with 70% isopropyl alcohol. 

Volunteers were advised to avoid alcohol, caffeine, and fragrance products (e.g., perfume, 

cologne, hair spray, lotion, etc.) during the entire experimental period.

Mosquitoes were also collected from the vegetation surrounding the treatment and control 

areas, between 7:00 and 9:00 AM, with a Power Vac and a hand sweep net consisting of 

strong gauze net, fixed on a heavy iron frame, 50 cm in diameter, with a 1.5 m long handle. 

Collection from vegetation occurred on 4 pre-treatment days and 5 post-treatment days and 

was carried out on the day following a human landing catch collection. Using both methods, 

each catching location was swept with 10 strokes from right to left and vice versa and the 

mosquitoes caught were pooled to make up the sample. To anesthetize the insects, the net 

was introduced into a plastic bag that contained a piece of cotton swab soaked with 2 ml 

ethyl acetate for approximately 2 min. Then the contents of the nets were emptied into a 

glass funnel of 50 cm diameter placed above a 500 ml beaker. After transportation to the 

laboratory the beakers were emptied and individual mosquitoes were stored at −70 °C until 

analyzed for anthrone content and colored bait in the gut.

2.4. Anthrone test for sugar and colored gut content analysis

To understand Ae. albopictus feeding behavior when ASB/ATSB and human baits are 

present together, we compared the proportion of mosquitoes positive for anthrone versus the 
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proportion positive for food dye color in the gut. Mosquitoes without food dye in their gut 

were similarly evaluated to detect sugar meals from natural sources.

Gut sugar content was determined by a modified cold anthrone test for sucrose (Schlein and 

Jacobson, 1994). The reaction solution contained 0.15% anthrone (Sigma, St Louis MO, 

USA) w/v in 71.7% sulphuric acid. Each mosquito was placed in the well of a flat-bottomed 

microtiter plate and wetted with 20 μl of 100% ethanol. Aliquots of 200 μl reaction solution 

were added to the wells and the specimens were crushed with a glass rod that was repeatedly 

washed with water and wiped. After incubation for 60 min at 25 °C, the crushed mosquitoes 

were visually examined and meal size was estimated subjectively based on the degree of 

blue-green coloration (Schlein and Jacobson, 1999). To observe the ingested colored ASB or 

ATSB in the gut of Ae. albopictus, mosquitoes collected from the field were placed on glass 

slides and immersed in saline solution with a few drops of detergent and examined under a 

dissection microscope.

2.5. Statistical analysis

Statistical analysis was carried out using the GraphPad Prism 5.0 statistical package 

(GraphPad Software, Inc., San Diego, CA, USA). The numbers of female and male 

mosquitoes caught in the control site versus the treated site were analyzed using the 

unpaired one-tailed student's t-test (P < 0.05).

3. Results

3.1. Monitoring mosquitoes with human landing catches

At the ATSB experimental site the average pre-treatment Ae. albopictus landing rate was 

17.2 ± 8.7 landings per five minutes (Fig. 1). Two days after treatment the landing rate 

dropped to 11.4 ± 1.4, and continued to drop to an average of 2.6 ± 3.2 for the following 26 

days. This drop in landing was significant (Fig. 1; P < 0.05). At the same time the control 

population was stable with an average landing rate of 12.7 ± 6.5 landings per five minutes 

that increased slightly to 13.4 ± 2.4 two days following treatment with ASB. The landing 

rate remained at an average of 15.7 ± 7.6 for the following 26 days. Moreover, there was no 

significant change in landing rate at the control site throughout the study period (Fig. 1).

3.2. Sugar feeding during human landing catches

Before treatment, no mosquitoes contained color in the gut, as the area had not yet been 

treated with stained baits. At the ASB control site, 10.0% of host- seeking females and 

66.7% of males collected were positive for sugar feeding as indicated by a positive anthrone 

test (Table 1). A similar result was obtained at the ATSB treated site (pre-treatment) where 

8.2% of females and 71.0% of males were positive for sugar.

On day 13, sites were treated with the colored solutions. At the end of the study period, (day 

41) color was present in 4.1% of females and 30.1% of males indicating they fed on the 

ASB (Table 1). During that same time period, a total of 8.4% of ASB control site females 

were sugar positive while 39.7% of males from this area were sugar positive. This indicated 
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that almost half of all female mosquitoes and nearly all males fed on the ASB despite the 

presence of natural sugar sources in the area.

At the end of the study period, the experimental site yielded significantly fewer male and 

female mosquitoes were (P < 0.05; Table 1). Of those females caught 11.1% were positive 

for sugar and only one of those had dye in the gut. Only five males were caught during this 

same period, two were positive for sugar and none had dye in the gut from the toxic bait.

3.3. Sugar feeding of mosquitoes in vegetation in the absence of human bait

Before treatment, 55.1% of females and 74.4% of males had fed on natural sugars at the 

control ASB site (Table 2). During this same period at the experimental site we also found 

that 62.5% of the females and 69.2% of males had similarly fed on natural sugars.

At the end of the study, in the control area post-ASB treatment, 36.2% of females and 35.7% 

of males were positive for sugars in their gut (Table 2). Of those females, 27.6% had fed on 

the ASB while 25.7% of the males had fed on the bait.

At the ATSB treated site, significantly fewer mosquitoes were caught in the surrounding 

vegetation than at the ASB control site (P < 0.05). About 34% of the females collected had 

fed on a sugar source with 10.7% of the individuals having fed on the ATSB (Table 2). 

Nearly 50% of the males had fed on a sugar source while 13.7% of them had fed on the 

toxic bait, as shown by the presence of dye in the gut.

4. Discussion

In the late 1960s, the toxicity of garlic oil was discovered (Reznik and Imbs, 1965) and later 

demonstrated against third-instar larvae of several Culex and Aedes mosquito species 

(Amonkar and Reeves, 1970; Amonkar and Banerji, 1971). More recently, the insecticidal 

properties of garlic oil have been revisited. It was shown to be an effective pesticide against 

pear psyllids (Cacopsylla chinensis), nasal botflies (Cephalopina titillator) and ticks 

(Boophilus annulatus) when adults or larvae were subjected to immersion in the essential oil 

(Zhao et al., 2013; Khater, 2014; Aboelhadid et al., 2013). When garlic oil was fed to 

sandflies (Phlebotomus papatasi), on artificial membranes, a 1% solution caused 100% 

mortality (Valerio and Maroli, 2005).

We have demonstrated for the first time here that U.S. EPA exempt microencapsulated 

garlic oil, when used as an oral toxin, is effective at controlling adult Ae. albopictus in an 

ATSB formulation. The public is increasingly wary about conventional pesticides and their 

potential negative side effects on people and the environment. With access to the internet, a 

wealth of information on these effects is available to the average consumer. The effects of 

pesticides on human health depend on the type of pesticide but some, such as 

organophosphates and carbamates, affect the nervous system while others may be 

carcinogenic (DiPaolo and Elis, 1967). Some pesticides may simply irritate the skin or eyes 

while others may affect the hormone or endocrine system (Colborn et al., 1993). It is 

therefore not surprising that environmentally friendly methods for pest control and low-risk 
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active ingredients, especially if based on food-grade compounds, are in high demand 

(Ignacimuthu and Jayaraj, 2005).

In our study, the mosquito population collapsed about 4 days after treatment (and continued 

to drop steadily for 27 days through the end of the study). By coloring the baits, we 

confirmed that this formulation was highly attractive and mosquitoes fed on the bait about as 

much as they did on natural sugar sources in the gardens and surrounding parkland.

Relatively few sugar fed females (8–10%) approached the human bait while anthrone tests 

showed relatively small amounts of sugar within their crops. This is in itself not surprising 

because Foster (1995) found that recent large sugar meals inhibited blood feeding behavior 

by competing for space in the digestion system. After sugar digestion, it is assumed that 

mosquitoes would consequently search for blood meals again. However, we found that the 

microencapsulated garlic kills relatively slowly and some mosquitoes may survive up to 30 

h after ingestion (unpublished data). The almost complete absence of ATSB fed females 

from human bait collections (1/108) can probably be explained by the fact that initially, the 

large sugar meals inhibit the quest for blood and some time later the effect of the gut toxin 

kicks in, resulting in behavioral changes which continue to keep the mosquitoes away from 

humans before they finally die. Xue et al. (2006) made similar observations in their trials 

using boric acid baits against Ae. albopictus and Cx. nigripalpus in laboratory and semi-field 

trials.

Males of several Aedes species, including Ae. albopictus, seek out hosts for the sole purpose 

of finding females for mating (Jaenson, 1985; Li et al., 2012). The high proportion of sugar 

positive males (around 60–70 %) caught near our human bait pre-treatment may indicate 

that males were feeding on sugar for mating related behavior. This number dropped to 

around 40% post-treatment at both sites. Since there was no toxin in the ASB, the drop at 

this site suggests that the widely available sugar meal in the form of the ASB spray inhibited 

the mate seeking behavior of males. At the ATSB site, only five males were caught, two of 

which were sugar positive, and the drop here may be the result of mortality caused by 

ingesting the toxin.

The natural sugar and/or sugar bait feeding status of mosquitoes collected from vegetation 

was very different. A much higher proportion of females were sugar positive, an average of 

about 55% pre-treatment. After treatment with colored ASB about 36% of the 214 females 

collected had consumed sugar meals from natural sources and about 28% from the colored 

bait. The number of males getting sugar from natural sources and ASB were similar to the 

number of females feeding on these sources.

From the vegetation treated with the toxic bait, we recovered significantly fewer (about 10–

14%) males and females stained by ATSB than at the ASB-treated control site. This might 

indicate that the toxic baits may also change the resting behavior of the poisoned mosquitoes 

within the vegetation. This is important because the availability of sugar sources in the local 

environment is a key factor in regulating most aspects of mosquito biology and therefore 

their vector potential (Gu et al., 2011).
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Though heavy rains would probably wash away much of the ATSB formula on top of the 

leaves while bait on the underside is protected in part, it is worth noting that light rain 

occurred on 6 days throughout this study period yet the ATSB still reduced the mosquito 

landing rate more than 6.5 fold. To overcome this problem, the ATSB could be applied to 

the underside of vegetation and more than once per month during periods of heavy rain or 

could be used in bait stations with a cover that protects from rain.

Extensive testing with different active ingredients has shown that ASB can be combined 

with a wide spectrum of toxins from different classes that are orally ingested (Allan, 2011; 

Müller et al., 2010c; Beier et al., 2012, Qualls et al., 2014). The impact of ATSB using 

similar low-risk insecticides, such as dinotefuran and boric acid, on non-target organisms 

was evaluated in several trials and the results suggest very low impact on pollinators and 

close to no effect on predatory insects (Khallaayoune et al., 2013; Revay et al., 2014; Qualls 

et al., 2014).

This first successful field study of a commercial ATSB formulation, with garlic oil 

encapsulated in beta-cyclodextrin as the active ingredient, provides a strong indication that 

this method could be very effective at controlling vector mosquitoes such as Ae. albopictus. 

The ATSB method differs from traditional control methods, which focus on indoor-feeding 

and resting mosquitoes, because it is effective in outdoor habitats, it kills all physiological 

states of females, and also kills male mosquitoes.
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Fig. 1. 
Landing rates of Ae. albopictus ± SE on human bait at the control and experimental sites 

before and after treatment.
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