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Abstract

The microbial larvicides Bacillus thuringiensis var. israelensis (Bti) and Bacillus sphaericus (Bs) 

(Bacillales: Bacillaceae) are well known for their efficacy and safety in mosquito control. In order 

to assess their potential value in future mosquito control strategies in western Kenya, the current 

study tested the susceptibility of five populations of Anopheles gambiae complex mosquitoes 

(Diptera: Culicidae), collected from five diverse ecological sites in this area, to Bti and Bs under 

laboratory conditions. In each population, bioassays were conducted with eight concentrations of 

larvicide (Bti/Bs) in four replicates and were repeated on three separate days. Larval mortality was 

recorded at 24 h or 48 h after the application of larvicide and subjected to probit analysis. A total 

of 2400 An. gambiae complex larvae from each population were tested for their susceptibility to 

Bti and Bs. The mean (± standard error of the mean, SEM) lethal concentration values of Bti 
required to achieve 50% and 95% larval mortality (LC50 and LC95) across the five populations 

were 0.062 (± 0.005) mg/L and 0.797 (± 0.087) mg/L, respectively. Corresponding mean (± SEM) 
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values for Bs were 0.058 (± 0.005) mg/L and 0.451 (± 0.053) mg/L, respectively. Statistical 

analysis indicated that the five populations of An. gambiae complex mosquitoes tested were fully 

susceptible to Bti and Bs, and there was no significant variation in susceptibility among the tested 

populations.

Keywords

Anopheles arabiensis; Anopheles gambiae sensu stricto; Bacillus sphaericus; Bacillus 
thuringiensis var. israelensis; larval bioassays

Introduction

The microbial larvicides Bacillus thuringiensis var. israelensis (Bti) and Bacillus sphaericus 
(Bs) have gained a positive reputation in recent decades as a result of their effectiveness in 

controlling mosquito vectors and their limited impact on non-target organisms. The unique 

mode of action of Bti and Bs allows a high level of selective toxicity to target only a variety 

of insects, mainly mosquitoes and black flies (Lacey, 2007). Both Bti and Bs are considered 

important tools for integrated vector management and have the potential to control both 

indoor and outdoor biting mosquito vectors (Walker & Lynch, 2007). Further, their use may 

represent an important strategy that extends the useful life of chemical insecticides by 

reducing the selection pressure that results in the development of resistance. Both Bti and Bs 
are manufactured in various formulations such as wettable powders, a variety of granules 

(water-dispersible granules, corn cob grits and sand granules), flowable concentrates, slow-

release tablets and briquettes (Lacey, 2007). The slow-release formulations are designed to 

offer flexibility in application and relatively high levels of persistence to overcome the 

previous operational constraints of conventional products (Afrane et al., 2016; Zhou et al., 
2016).

Because of combination of complement toxins and unique mode of action, the development 

of resistance to Bti in target vectors was previously suggested to be unlikely (Lacey, 2007; 

Wirth, 2010). Field studies with repeated applications of a full complement of Bti toxins 

over several years did not observe the development of resistance in the target vectors 

(Becker & Ludwig, 1993; Wirth et al., 2001), but other studies using fewer than four 

complement toxins of Bti indicated that resistance may develop in target vectors (Georghiou 

& Wirth, 1997). Of particular concern, a high level of Bti resistance in a field population of 

Culex pipiens (Diptera: Culicidae) was reported from New York (Paul et al., 2005). The 

development of resistance in mosquito larvae after the use of Bs has also been reported (Rao 

et al., 1995; Nielsen-Leroux et al., 2002; Mulla et al., 2003). Although no resistance to Bti 
and Bs in malaria vectors has been reported, it has been suggested that the persistence of Bti 
and Bs toxins in the environment may impose continuous selection pressure on mosquito 

populations and hence increase the risk for the evolution of resistance (Tilquin et al., 2008; 

Paris et al., 2011).

Several environmental factors and the prolonged use of chemical insecticides have been 

associated with the development of insecticide resistance in mosquito vectors. Thus, 

exposure to agrochemicals and urban pollutants has been linked to the evolution of 
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insecticide resistance in malaria mosquito vectors (Djouaka et al., 2007; Nkya et al., 2012; 

Tetreau et al., 2014). The spread of pyrethroid resistance has reached unprecedented levels, 

with the rapid development of cross-resistance affecting other classes of insecticide [World 

Health Organization (WHO), 2017]. Cross-resistance between chemical and microbial 

larvicides has not been established in the field to date. However, as for most agents applied 

to control mosquito vectors, prolonged use of Bti and Bs may increase the risk for the 

development and spread of resistance. This may be further amplified by the advent and use 

of longlasting formulations which potentially offer the sustained release of Bti and Bs toxins 

over prolonged periods of time compared with short-lived conventional products.

To design effective resistance management options, it is crucial to establish the natural 

susceptibility of mosquito vectors to candidate insecticides before their widespread use. This 

information is important for detecting changes in the sensitivity of the target population so 

that alternative control measures can be implemented well before resistant traits spread 

(Wirth et al., 2001). Although Bti/Bs resistance in malaria vectors has not been established 

in field interventions, there is no guarantee that resistance will not develop under a strategy 

of continuous use for target vector control in the future. Hence, there is a need to maintain 

regular monitoring of the susceptibility of malaria vectors in interventions deploying either 

chemical or microbial larvicides. The current study monitored the level of susceptibility of 

larvae of Anopheles gambiae complex mosquitoes to Bti and Bs in diverse ecological 

settings in western Kenya to inform a programme proposed for the control of malaria 

transmission using longlasting microbial larvicides based on Bti and Bs.

Materials and methods

Study area

The study was conducted in five different locations in western Kenya, namely Ahero 

(0.13862°S, 34.94173°E), Kisian (0.08709°S, 34.68099°E), Chulaimbo (0.03525°S, 

34.61929°E), Iguhu (0.16176°N, 34.76160°E) and Bungoma (0.63255°N, 34.39565°E). 

Ahero, Kisian and Chulaimbo are in Kisumu County, and Iguhu and Bungoma are in 

Kakamega and Bungoma Counties, respectively (Fig. 1, Table 1). Anopheles vectors at these 

sites have developed various levels of resistance to several major insecticides that are 

commonly used for malaria vector control or for agricultural pest control (Wanjala et al., 
2015a). Details on the topography, weather conditions, human settlements and agricultural 

activities of the study sites have been reported elsewhere (Petrarca et al., 1991; Githeko et 
al., 2006; Bukhari et al., 2011; Kweka et al., 2012; Ochomo et al., 2013; Zhou et al., 2013; 

Degefa et al., 2017; Ngugi et al., 2017). In brief, Ahero is located about 22 km east of 

Kisumu City and has a well-developed irrigation scheme mainly used for rice cultivation. Its 

annual rainfall ranges from 1000 mm to 1800 mm. Malaria transmission occurs through-out 

the year. Anopheles gambiae sensu stricto, Anopheles arabiensis and Anopheles funestus are 

the main vectors.

Kisian is a lowland village located on the shores of Lake Victoria, about 10 km west of 

Kisumu City. It is characterized by a semi-urban to rural setting and the local population is 

engaged in formal and informal economic activities including subsistence agriculture and 

livestock keeping. Annual rainfall averages 1000–1500 mm; there is a long rainy season 
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from March to May and a relatively shorter one from September to November. Malaria is 

holoendemic and transmitted by An. gambiae s.s., An. arabiensis and An. funestus. 

Chulaimbo is a small town located about 19 km west of Kisumu City along the Kisumu–

Busia road. Its average annual rainfall is 1352 mm. The area is densely populated and most 

inhabitants are small-scale subsistence farmers. Brick making is an important economic 

activity and the pits left after soil has been excavated for bricks create important breeding 

habitats for malaria mosquitoes.

By contrast with the lowland sites, Bungoma and Iguhu are located in the western Kenyan 

highlands. Bungoma has both urban and rural areas. The main economic activities in the 

rural areas (where most malaria transmission occurs) are small-and large-scale farming and 

livestock keeping. The area has two rainy seasons (annual average: 2488 mm), with the long 

rains occurring from March to May and the short rains from October to December. Iguhu is 

a densely populated, malaria epidemic-prone village in the western Kenyan highlands. Its 

topography is characterized by hills and valleys in which human habitations are sited and 

farming is conducted. The inhabitants practise subsistence farming and livestock keeping. 

Small-scale gold mining is also practised in the valley bottom and pits left by miners provide 

favourable breeding habitats for malaria mosquitoes. Iguhu has been the site of intensive 

entomological studies and interventions. Mosquito larvae control interventions implemented 

in this village between 2010 and 2012 included the application of two rounds of non-

residual Bti (CG formulation, VectoMax; Valent BioSciences Corp., Libertyville, IL, 

U.S.A.) and one round of a longlasting microbial larvicide formulation that combined both 

Bti and Bs (FourStar™; Adapco, Inc., Sanford, FL, U.S.A.) (Zhou et al., 2013; Afrane et al., 
2016). During the current study, Iguhu village was under preparation for the implementation 

of a malaria transmission control strategy using longlasting microbial larvicides (Zhou et al., 
2016).

Larvae collections

Anopheles gambiae complex larvae were collected from different habitats in the five study 

sites using 350-mL mosquito dippers. Searches were conducted in typical An. gambiae 
complex larval habitats (small, clear, temporary water bodies exposed to direct sunlight). A 

sub-sample of fourth instars from each collection were re-examined subsequently to confirm 

their species identity in the laboratory based on morphological criteria. Efforts were made to 

collect larvae from a variety of anopheline larval habitats at different points in each of the 

collection sites in order to expand the gene pool of the samples collected. Upon collection, 

larvae were transferred to the insectary, sorted by larval instars and maintained by following 

recommended standard mosquito rearing techniques (Benedict, 2007). Larvae were fed on 

TetraMin® fish food (Tetra Holding, Inc., Blacksburg, VA, U.S.A.) before and during 

bioassays. Standard insectary-reared larvae of An. gambiae s.s. (Kisumu strain), a colony 

that had been maintained for several generations at the insectary of the Kenya Medical 

Research Institute, Kisumu, were used for the purposes of comparison. The Kisumu strain of 

An. gambiae s.s. is a reference strain susceptible to all insecticides and has been used 

extensively in bioassay experiments across Africa (Chandre et al., 1999). Efforts were made 

to include only third instars in subsequent microbial larvicide bioassays.
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Preparation of test larvicides

Microbial larvicides Bti [potency: 7000 international toxic units (ITU)/mg] and Bs (potency: 

1000 ITU/mg), both sourced from Becker Microbial Products, Inc. (Parkland, FL, U.S.A.), 

were used in larval bioassays. Stock solutions of Bti and Bs were prepared by dissolving 200 

mg of powder of the respective microbial larvicide in 20 mL of distilled water. The resultant 

10-mg/mL stock solution was kept frozen in 2-mL aliquots until use. On the day of the 

experiment, one aliquot of stock solution of either Bti or Bs was thawed and serially diluted 

in distilled water as recommended (WHO, 2005). In brief, a 10-fold dilution series was 

prepared by first transferring 2 mL of stock solution to 18 mL of distilled water to make a 

1.0-mg/mL concentration. This procedure was subsequently repeated by transferring 2 mL 

of the most recent solution to 18 mL of distilled water to make 0.1-mg/mL, 0.01-mg/mL and 

0.001-mg/mL concentrations of the respective Bti or Bs larvicide. The last three dilutions 

(0.1 mg/mL, 0.01 mg/mL and 0.001 mg/mL) were used in subsequent larvicide bioassays. 

Distilled water was used in control test cups.

Larval Bioassays

For each of the five selected study sites, two larval bioassays that tested the susceptibility of 

wild populations of An. gambiae complex mosquito larvae to Bti and Bs, respectively, were 

conducted. Two additional bioassay experiments testing Bti and Bs against a susceptible 

reference laboratory strain (An. gambiae s.s., Kisumu strain) were conducted for the 

purposes of comparison. Each larval bioassay (with either Bti or Bs) involved the testing of 

eight larvicide concentrations (including a negative control) in four replicates and was 

repeated on three different days. At the beginning of the experiments, 25 third instars were 

transferred from the larvae rearing pans to labelled disposable styrofoam test cups (Hotpack 

Packaging Ind. LLC, Dubai, UAE) containing 100 mL of rainwater using disposable Pasteur 

pipettes. Using pipettes with disposable tips, and starting with the lowest concentration, 

appropriate volumes (0.2–1.0 mL) of each of the three last dilutions of Bti/Bs (0.1 mg/mL, 

0.01 mg/mL and 0.001 mg/mL) were added to the experimental cups (with mosquito larvae) 

to give final concentrations of 0.0 (control), 0.005, 0.01, 0.03, 0.05, 0.1, 0.2/0.3 and 1.0 parts 

per million (p.p.m.; equivalent to mg/L). The last three dilutions were selected after a series 

of bioassays conducted to establish mortality in test larvae ranged from 0% to 100%. The 

test cups were maintained at 28 °C and under an LD 12 : 12 h photoperiod. In Bs 
experiments, which were run for 48 h, test larvae were provided with larval food at 24 h 

after the onset of each experiment. Larval mortality was recorded at 24 h and 48 h after the 

addition of Bti and Bs, respectively.

Data analysis

Data were entered into Excel and subsequently transferred to text file (Notepad) for analysis. 

The concentrations of the larvicides Bti and Bs that caused 50% and 95% mortality (LC50 

and LC95, respectively) in test larvae, and lethal concentration ratios including 95% 

confidence limits, were calculated using the probit/logit analysis program PoloPlus 

(Robertson & Preisler, 2003).
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Results

To examine the degree of variation in the susceptibility of An. gambiae complex larvae to 

Bti and Bs, larval collections from five sites with varying ecological characteristics were 

bioassayed with the two larvicides in 2016 and 2017 (Table 1). From each collection site, a 

total of 2400 (2100 subjects and 300 control larvae) third instars of An. gambiae complex 

larvae were tested for their susceptibility to each larvicide.

For Bti, overall LC50 and LC95 values for all five tested sites ranged from 0.052 mg/L to 

0.081 mg/L and from 0.544 mg/L to 1.014 mg/L, respectively. Based on LC95 values, 

Chulaimbo had the least and Kisian the most susceptible larvae (Table 2). The mean (± 

standard error of the mean, SEM) LC50 and LC95 values for Bti across the five tested sites 

were 0.062 (± 0.005) mg/L and 0.797 (± 0.087) mg/L, respectively. The LC50 and LC95 

values for the susceptible laboratory strain (An. gambiae s.s.,Kisumu strain) bioassayed 

alongside the wild-collected larvae were 0.054 mg/L and 0.584 mg/L, respectively (Table 2).

For Bs, the overall LC50 and LC95 values for all five tested sites ranged from 0.046 mg/L to 

0.070 mg/L and from 0.353 mg/L to 0.628 mg/L, respectively. Based on LC95 values, 

Chulaimbo had the least and Bungoma the most susceptible larvae (Table 2). The mean (± 

SEM) LC50 and LC95 values for Bs across the five tested sites were 0.058 (± 0.005) mg/L 

and 0.451 (± 0.053) mg/L, respectively. The LC50 and LC95 values for the susceptible 

laboratory strain (An. gambiae s.s., Kisumu strain) bioassayed alongside the wild-collected 

larvae were 0.056 mg/L and 0.545 mg/L, respectively (Table 2). Examination of the 95% 

confidence limits for LC50 and LC95 values in the five populations of An. gambiae complex 

mosquitoes showed extensive overlaps, indicating a lack of significant variation in 

susceptibility to both Bti and Bs.

To further examine whether there was any variation in the susceptibility of An. gambiae 
complex larvae from the five populations to Bti and Bs, lethal concentration ratios were 

calculated by comparing the wild-collected larvae with the reference laboratory strain (Table 

3). For Bti, lethal concentration ratio values at LC50 and LC95 for all five An. gambiae 
complex populations ranged from 0.667 to 1.035 and from 0.576 to 1.074, respectively. For 

Bs, these values ranged from 0.818 to 1.213 and from 0.792 to 1.546, respectively (Table 3). 

For both Bti and Bs, lethal concentration ratios at LC50 and LC95 were < 2.0 at all tested 

sites, thus confirming a lack of significant variation in the susceptibility of larvae to the 

microbial larvicides tested (Table 3).

Discussion

Despite widespread insecticide resistance, the control of malaria vectors still relies heavily 

on the use of chemical insecticides applied indoors in the form of longlasting insecticidal 

nets (LLINs) and indoor residual spraying (IRS). However, the application of larvicide, 

preferably using microbial agents, has been shown to complement indoor-based 

interventions. It also has the potential to delay the development of resistance and to control 

both indoor and outdoor biting vectors. The current study monitored the level of 

susceptibility of An. gambiae complex larvae collected from five sites with diverse 
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ecological characteristics relevant to the evolution and spread of insecticide resistance. The 

sites included an area known for pyrethroid resistance, a rice-growing agricultural 

ecosystem, an area characterized by the use of indoor insecticide and microbial larvicide, an 

area without history of microbial larvicide use, and a semi-urban area predisposed to urban 

pollutants (Table 1).

In the current study, wild An. gambiae complex larvae collected from five study sites were 

tested for their level of susceptibility to Bti and Bs under laboratory conditions. The lethal 

concentration values (especially LC90 or LC95) obtained in laboratory bioassays represent 

the minimum effective dosages from which field application concentrations are derived, 

usually as multiple concentrations of LC90 or LC95 (WHO, 2005). The LC95 values recorded 

in this study compare fairly well with concentrations (amount of active ingredient per 

surface area in kg/ha) achieved in field interventions to control malaria vectors in African 

settings (Fillinger & Lindsay, 2006; Fillinger et al., 2008). The larvae tested were found to 

be fully susceptible to Bti and Bs when compared with a reference susceptible laboratory 

strain. The findings also showed that An. gambiae complex larvae from the five tested sites 

had limited and insignificant variation in their levels of susceptibility to Bti and Bs at both 

LC50 and LC95. The slight variation in lethal concentration values (LC50 and LC95) observed 

at the five different test sites most likely represented a natural biological variability in 

susceptibility, which has also been reported in other bioassay studies (Becker & Ludwig, 

1993; Wirth et al., 2001; Vasquez et al., 2009).

The susceptibility of larvae of the An. gambiae complex to Bti and Bs at the site with a 

history of repeated applications of microbial larvicides (Iguhu) did not differ significantly 

from that at the site at which no microbial larvicides had been used (Chulaimbo). 

Interestingly, the lethal concentration values (LC50 and LC95) for both Bti and Bs were 

slightly higher in Chulaimbo than in Iguhu, but the difference was not statistically 

significant. This may reflect the fact that no Bti or Bs resistance has been reported in An. 
gambiae complex mosquitoes following repeated applications, although resistance has been 

reported in Cx. pipiens and Culex quinquefasciatus (Rao et al., 1995; Nielsen-Leroux et al., 
2002; Mulla et al., 2003; Paul et al., 2005). This particular finding corroborates that of 

Becker & Ludwig (1993), who reported a lack of variation in susceptibility between Bti-
treated and untreated field populations of Aedes vexans (Diptera: Culicidae). In the same 

study, the population from treated areas was found to be even more susceptible to Bti than 

untreated populations (Becker & Ludwig, 1993).

Of particular relevance to the control of malaria vectors, larvae collected in a site with a high 

level of pyrethroid insecticide resistance (Bungoma) were fully susceptible to Bti and Bs. 

The lethal concentration values recorded in samples from this site were comparable with 

those in samples from the other four tested sites, which had been reported to have low to 

moderate resistance (Ochomo et al., 2013; Wanjala et al., 2015a, 2015b). Although 

pyrethroid insecticides are known to select and confer cross-resistance to multiple classes of 

insecticide used in mosquito control (Kulkarni et al., 2006; Protopopoff et al., 2013), this 

phenomenon has not been reported to occur with the microbial larvicides Bti and Bs. Studies 

conducted elsewhere have shown a lack of cross-resistance between chemical insecticides 

and microbial larvicides (Vasquez et al., 2009; Araújo et al., 2013). On the other hand, 
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larvae collected from the rice irrigation ecosystem (Ahero) and the semi-urban area (Kisian) 

were fully susceptible to Bti and Bs. The susceptibility of larvae populations from these two 

sites did not differ significantly from that at the remaining three tested sites. These findings 

suggest that, at least for now, the sensitivity of An. gambiae complex larvae to Bti and Bs 
has not been affected by agricultural activities and urban pollutants present in the study 

areas. Agricultural activities and urban pollutants are known to contribute to the evolution of 

resistance to chemicals used in mosquito control or agricultural activities (Djouaka et al., 
2007; Nkya et al., 2012; Tetreau et al., 2014).

The susceptibility of mosquito larvae to microbial larvicides has been found to be influenced 

by a range of biotic and abiotic factors (Becker et al., 1992, 1993; Lacey, 2007). Of 

relevance to the current study, the species of the target mosquito is among the factors 

reported to affect the activity of Bti and Bs. In this study, the susceptibility of larvae from 

sites at which An. gambiae s.s. is the predominant species (Iguhu, Bungoma and Chulaimbo) 

did not differ significantly from that of larvae from sites at which An. arabiensis 
predominates (Kisian and Ahero). A previous study reported a lack of variation in 

susceptibility to Bti between An. gambiae s.s. and An. arabiensis at LC50, but the former 

was found to be significantly more susceptible at LC90 (Ketseoglou et al., 2011). However, 

comparisons of susceptibility between An. gambiae s.s. and An. arabiensis in this study 

should be interpreted with caution as some degree of the co-occurrence of the two sibling 

species in any one of the test sites is possible (Table 1). As comparisons between bioassay-

based studies have been discouraged in view of variations in test conditions and 

formulations (Skovmand et al., 1998; Otieno-Ayayo et al., 2008), the present findings 

suggest a lack of significant variation in susceptibility to Bti and Bs in the populations of 

An. gambiae s.s. and An. arabiensis tested.

Conclusions

Mosquito larvae bioassays are crucial for detecting resistance in the early stages of a control 

strategy, before the widespread use of larvicides, and for monitoring future changes in 

susceptibility. The five populations of An. gambiae complex mosquitoes tested were fully 

susceptible to Bti and Bs and no significant variation in susceptibility between the tested 

sites was recorded. The present findings suggest that the microbial larvicides Bti and Bs can 

still be used in areas in which insecticide resistance has been recorded, in areas with a 

previous history of microbial larvicide use, in areas predisposed to urban pollutants and in 

areas with intensive agricultural activities.
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Fig. 1. 
Location of study sites in western Kenya.
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