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A B S T R A C T

Bacterial larvicides Bacillus thuringiensis var. israelensis (Bti) and Bacillus sphaericus (Bs) have been used extensively
for mosquito control. However, their efficacy varies greatly mainly due to factors related to target mosquitoes,
larval habitat conditions, and inherent larvicide properties. We evaluated the efficacy of Bti (Bactivec®) and Bs
(Griselesf®) for control of Anopheles gambiae complex, Culex quinquefasciatus and Aedes aegypti larvae under
laboratory and semi-field conditions in northeastern Tanzania. Laboratory bioassays were conducted with five to
six different concentrations of Bti and Bs, replicated four times and the experiment repeated on three different
days. Larvae mortality was recorded at 24 or 48 h after the application of larvicide and subjected to Probit
analysis. Laboratory bioassays were followed by semi-field trials to establish initial and residual activity of Bti and
Bs. Semi-field trials were conducted in artificial larval habitats in the open sunlit ground and in “mosquito
spheres”. These artificial larval habitats were colonized with mosquito larvae, treated with Bti and Bs, and the
impact of treatments on mosquito larvae was monitored daily. Lethal concentration values that caused 50% and
95% mortalities of test larvae (LC50 and LC95) showed that An. gambiae complex and Cx. quinquefasciatus tested
were highly susceptible to Bti and Bs under laboratory conditions. Likewise, larvae of Ae. aegypti were highly
susceptible to Bti, with LC95 value as low as 0.052 mg/l. However, Ae. aegypti larvae were not susceptible to Bs
under practical doses of laboratory settings. In semi-field trials, all treatment dosages for Bti provided 91.0–100%
larval mortality within 24 h whereas Bs resulted in 96.8–100% larval mortality within the same time-frame. Bs
had a more prolonged residual activity, with pupal reductions range of 55.7–100% for 9 days at all application
rates while the corresponding pupal reduction with Bti was 15.4–100% for 5 days. Due to the low residual activity
of Bti and Bs tested, weekly application at a maximum label rate would be appropriate to reduce mosquito larvae
in natural larval habitats. Based on laboratory findings, Bs product tested would not be recommended for use in
the control of Ae. aegypti.
1. Background

Mosquito-borne diseases pose a major threat to the health of human
populations in tropical and subtropical areas of the world (Tolle, 2009).
Over the past decades, the burden of more traditional mosquito-borne
diseases such as malaria and lymphatic filariasis (LF) has been com-
pounded by emerging and re-emerging mosquito-borne arboviruses like
).
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yellow fever, dengue, chikungunya and Zika (Benelli, 2016; Huang
et al., 2019). The distribution of these diseases has expanded and
caused epidemics in different parts of the world. In recent years, out-
breaks of one or more mosquito-borne arboviruses have been reported
in the Pacific and America (Musso et al., 2018; Paix~ao et al., 2018;
Espinal et al., 2019), Asia (Gautam et al., 2017), and the African region
(Weetman et al., 2018). The impact of mosquito-borne arboviruses has
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also been felt in other regions beyond endemic areas (Gautam et al.,
2017). Unlike malaria and LF which are responsive to chemotherapy,
control of mosquito-borne arboviruses relies mainly on the prevention
of mosquito bites and good clinical care to the infected individuals.
Except for yellow fever, vaccines for other emerging mosquito-borne
arboviruses are in different phases of development (Jentes et al.,
2011; Gautam et al., 2017).

Prevention of mosquito bites has remained an important strategy to
reduce mosquito-borne diseases. Efforts to control mosquitoes,
particularly malaria vectors have relied mainly on the use of long-
lasting insecticide-treated bednets (LLINs) and/or indoor residual
spraying (IRS). However, these insecticide-based mosquito control
interventions are threatened by development and widespread insecti-
cide resistance and behavioral adaptations by the vectors (Kleinsch-
midt et al., 2018; Protopopoff et al., 2018). On the other hand, Culex
quinquefasciatus, an important nuisance, and filarial mosquito vector
remained largely unaffected by insecticides applied for malaria vector
control (Magesa et al., 1991). Moreover, insecticide resistance has
emerged in Aedes aegypti mosquito populations worldwide (Vontas
et al., 2012).

Integrated mosquito control interventions have a proven record of
lowering mosquito-borne disease transmission and even eradication of
mosquitoes (see examples in Killeen et al., 2002a). It has been shown
that, unlike adult mosquitoes, larvae cannot change their behavior to
avoid a control intervention targeted at larval habitats (Killeen et al.,
2002b). Moreover, larval control strategies also serve to extend the
useful life of insecticides against adult mosquitoes and the strategy is
equally effective in controlling both indoor- and outdoor-biting
mosquitoes. Integrating larviciding with adult mosquito control in-
terventions like LLINs and/or IRS has been considered to be a highly
effective strategy to control malaria (Fillinger et al., 2009). Larviciding
with chemical agents was historically an important component of ma-
laria vector control in endemic countries (Shousha, 1948; Killeen et al.,
2002a). However, due to significant adverse effects on other non-target
species, preference has been shifted to the use of microbial larvicides,
Bacillus thuringiensis var. israelensis (Bti) and Bacillus sphaericus (Bs),
which selectively kill mosquito larvae with negligible effect on
non-target organisms (Mittal, 2003; Walker & Lynch, 2007). However,
the efficacy of Bti and Bs has also been reported to vary greatly, mainly
due to factors related to target mosquitoes, larval habitat conditions,
and inherent larvicide properties (Mulla et al., 1990; Lacey, 2007;
Walker & Lynch, 2007). Due to this heterogeneity of their activity, the
efficacy of a particular microbial larvicide product needs to be validated
against the natural mosquito population in different ecological settings
of endemic areas before their widescale application.

Mosquito larval control by applying Bti and Bs has been widely
practiced in different ecological settings in Tanzania (Ragoonanansingh
et al., 1992; Fillinger et al., 2008; Geissbühler et al., 2009; Magesa
et al., 2009; Kramer et al., 2014; Msellemu et al., 2016; Mazigo et al.,
2019). In the control areas, bacterial larvicide interventions were found
to be effective in controlling malaria vectors, safe to non-target or-
ganisms (Magesa et al., 2009), accepted by the general community
(Magesa et al., 2009; Mboera et al., 2014; Mazigo et al., 2019), and
their cost compared fairly well with those of other malaria vector
control measures practiced in sub-Saharan Africa (Worrall & Fillinger,
2011; Maheu-Giroux & Castro, 2014; Rahman et al., 2016). With an
ambitious goal to eliminate lymphatic filariasis and the recent out-
breaks of mosquito-borne arboviruses in the country, the government
has expanded the larviciding programmes to target also Cx. quinque-
fasciatus and Ae. aegypti. However, before the large-scale application of
larvicides, it is important to establish baseline information on the sus-
ceptibility status of the target mosquito vectors. This information is
useful for monitoring changes in the susceptibility of the target mos-
quito vectors in the future (Wirth et al., 2001). The present study
evaluated the efficacy of locally produced microbial larvicides
2

Bactivec® (Bti) and Griselesf® (Bs) against mosquito larvae under lab-
oratory and semi-field conditions.

2. Materials and methods

2.1. Study area and design

The study was conducted at the compounds of the Amani Medical
Research Centre in Muheza, Tanga, north-eastern Tanzania (�5.1638�S,
38.7932�E) from June to August 2019. Laboratory bioassays were con-
ducted at the institute’s insecticide testing facility whereas semi-field trials
were conducted at open ground and in the “mosquito spheres” (a simulated
field test facility) at the institute’s premises previously described (Kitau
et al., 2010). Mosquito larvae for laboratory bioassays and “mosquito
spheres” trials were collected from different ecological settings in Muheza
and Tanga City, north-eastern Tanzania. Anopheles gambiae complex larvae
were collected from a variety of larval habitats including hoof prints, rice
fields, ponds, and roadside canals. Larvae of Cx. quinquefasciatus and Ae.
aegypti were collected from urban areas of Tanga City and around Muheza
town, respectively (Fig. 1). Culex quinquefasciatus larvae were sampled
from drainage canals, small pools, and polluted marshes near human
habitats, whereas Ae. aegypti larvae were mostly collected from abandoned
car tires. Upon collection, larvae were transferred to the “mosquito
spheres”, sorted by larval instars, and maintained following recommended
standard mosquito rearing techniques (Benedict, 2007). The collected
larvae were not subjected to larval bioassay for at least 12 h to allow them
to adjust to the change of the environment (acclimatization).

2.2. Laboratory trials

Susceptibility of field-collected An. gambiae complex, Cx. quinque-
fasciatus and Ae. aegypti to Bti and Bs were compared to standard
insectary-reared larvae of the respective species, namely An. gambiae
(sensu stricto) (Kisumu strain), Cx. quinquefasciatus (Tropical Pesticides
Research Institute, TPRI strain) and Ae. aegypti (London School of Hy-
giene and Tropical Medicine, LSHTM strain). The standard reference
colony of An. gambiae (s.s.) (Kisumu strain) had been maintained for
several generations at the insectary facility of the Amani Medical
Research Centre whereas Cx. quinquefasciatus (TPRI strain) and Ae.
aegypti (LSHTM strain) were generously provided by the Pan-African
Malaria Vector Control Consortium (PAMVEC) test facility at Kili-
manjaro Christian Medical University College in Moshi, Tanzania.

2.3. Test biolarvicides preparation

Tested bacterial larvicides Bactivec® (Bti) and Griselesf® (Bs) contain
spores and endotoxin crystals of Bacillus thuringiensis var. israelensis (sero-
type H-14, strain 266/2; biopotency � 1200 international toxic units
(ITU)/mg) and Bacillus sphaericus (strain 2362, potency 268 ITU/mg) as
active ingredients, respectively. The two biolarvicide products were sup-
plied by Tanzania Biotech Products Limited located in Kibaha, Tanzania.
According to the product label, the concentration of Bti and Bs was 6 g/l
and 5 g/l, respectively. Manufacturers recommended dosage (label rate)
for field application was 2–5 ml/m2 for Bti and 5–10 ml/m2 for Bs.

To prepare a stock solution, 2 ml aliquots of ready-to-use Bti and Bs
were measured and stored in a refrigerator at 2–8 �C until use. On the test
day, a 2 ml aliquot stock solution for either Bti or Bs was serially diluted
in distilled water as previously recommended (WHO, 2005). For Bti, a
10-fold dilution series was prepared by first transferring 2 ml of stock
solution to 18ml of distilled water to make 0.6 mg/ml concentration, and
then by subsequently repeating this procedure by transferring 2 ml of the
latest solution to 18 ml of distilled water to make 6� 10�2, 6� 10�3 and
6 � 10�4 mg/ml. Following the same procedure, 10-fold serial dilution
for Bs gave 5 � 10�1, 5 � 10�2, 5 � 10�3 and 5 � 10�4 mg/ml. The last
three dilutions (Bti: 6 � 10�2, 6 � 10�3 and 6 � 10�4 mg/ml; Bs:



Fig. 1. Location of study sites in Tanga, northeastern Tanzania. Abbreviations: Ang., Anopheles gambiae complex; Cx þ Ang, Culex þ An. gambiae complex; Cx, Culex.
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5 � 10�2, 5 � 10�3 and 5 � 10�4 mg/ml) were used in the subsequent
larvicide bioassays.

2.4. Larval bioassay experiments

Larval bioassay experiments with An. gambiae complex, Cx. quinque-
fasciatus and Ae. aegypti were run on separate days. For each species, two
separate larval bioassay experiments testing the susceptibility of wild
populations to Bti and Bs were conducted. Two additional bioassay ex-
periments, each testing Bti and Bs against a susceptible reference labo-
ratory strain of the respective species were conducted for comparison. In
each larval bioassay (with either Bti or Bs), five to six biolarvicide con-
centrations (including a negative control) were tested in four replicates
and repeated on three different days (Fig. 2). At the start of each
3

experiment, 25 third-instar larvae were transferred from the larval
rearing pans to the labeled disposable paper cups with 100 ml of non-
chlorinated tap water by use of disposable Pasteur pipettes. They were
then observed for 1 h to identify and replace any larvae not showing a
normal vigor. Using a pipette with disposable tips, and starting with the
lowest concentration, appropriate volumes established in range finding
bioassays (1.0–0.1 ml) of each of the three last dilutions of Bti/Bs were
then added to the experimental cups (with mosquito larvae in 100 ml of
tap water). In control test cups, distilled water was used instead. The test
cups were held at an average ambient temperature of 28.1 �C and pho-
toperiods of 12 h light followed by 12 h of darkness. For Bs experiments,
which were run for 48 h, test larvae were provided with larval food after
24 h from the onset of each experiment. Larval mortality was recorded at
24 and 48 h after the addition of Bti and Bs, respectively, by counting the



Fig. 2. Study design.
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live larvae remaining. Larvae were considered dead when they sunk at
the bottom of the test cups and were incapable of rising to the surface or
floating on the surface but could not be induced to move when probed
with a pipette tip or when the water is disturbed. Before and during
bioassays, larvae of An. gambiae complex were fed Aquafin® fish food
(China) while Cx. quinquefasciatus and Ae. aegypti were fed Whiskas® cat
food (Mars Africa, South Africa).

2.5. Semi-field trials

Semi-field trials were conducted with two approaches, namely open-
field and “mosquito spheres” (simulated field) trials. The open-field trials
were conducted following the method of Fillinger et al. (2003). In brief,
twenty plastic tubs (0.4 m in diameter) were buried into the open sunlit
ground in 4 lines of 5 tubs (1 m apart) at Amani Research Centre com-
pounds (Figs. 2 and 3). Soil and mud from active An. gambiae complex
breeding habitats were added to each tub (one-third of its volume) to
Fig. 3. Open-field trials site and set-up of the artificial larval habitats.
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provide suitable biotic and abiotic conditions for mosquitoes. Tubs were
subsequently filled with water (to a depth of 0.14 m) from known An.
gambiae complex breeding habitats and left to allow natural oviposition
by malaria vectors. Natural oviposition was recorded about 3 days after
setting the tubs and included both Anopheles and culicine larvae. Care
was taken not to allow adult mosquitoes to emerge, by removing pupae
from all tubs once a day. Mosquito oviposition did not occur in all tubs,
and hence larval density in tubs was matched by transferring larvae to the
tubs with fewer or no larvae so that control and treatment tubs had
relatively similar densities at the start of biolarvicide application.

Treatment and control tubs were assigned randomly using a web-
based randomization tool (http://www.randomization.com). For Bti ex-
periments, five tubs served as controls, whereas five each of the
remaining 15 tubs were treated with minimum label rate (2 ml/m2),
maximum label rate (5 ml/m2), and twice the maximum label rate
(10 ml/m2). Similarly, for Bs experiments, five tubs served as controls,
whereas five each of the remaining 15 tubs were treated with minimum
label rate (5 ml/m2), maximum label rate (10 ml/m2), and twice the
maximum label rate (20ml/m2). Bti and Bswere applied using a 2-l hand-
held sprayer (Shifachem limited, Mombasa, Kenya) with a fixed volume
(250 ml) per tub and sprayed evenly over the entire water surface.
Thereafter, all tubs were examined daily and the number of immature
mosquitoes was estimated using a standard 350 ml capacity mosquito
dipper (BioQuip Products, CA, USA) by taking five dips per tub, four from
the periphery and one from the center. Immature mosquitoes were
classified into three categories: early instars (first and second stage
larvae); late instars (third and fourth stage larvae); and pupae. All larvae
were counted, classified to the genus and development stage, recorded,
and then returned to their respective sites. Pupae were counted, recor-
ded, removed from the tubs and reared to adults for morphological
identification.

In addition, “mosquito spheres” trials were conducted with the same
set-up as that of the open-field trials to complement the open-field trials
that depend entirely on the natural oviposition cycle of wild mosquitoes
and had a mixture of both Anopheles and culicine species. In these trials,

http://www.randomization.com
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25 third-instar larvae of field-collected An. gambiae complex were added
to each experimental tub. They were then treated with the two bacterial
larvicides and larvae mortality scored as explained for the open-field
trials. In this set-up, the residual effect of Bti and Bs was assessed by
adding a new batch of 25 An. gambiae complex larvae in each of the
biolarvicide-treated and control tubs (Figs. 2 and 4).

2.6. Identification of mosquitoes

A sub-population of field-collected larvae of An. gambiae complex, Cx.
quinquefasciatus and Ae. aegypti were reared to adults for subsequent
morphological identification. Moreover, pupae that emerged from the
offspring of mosquitoes that oviposited in the experimental tubs (open-
field trials) were also reared to adults for further identification. Morpho-
logical identification was conducted using relevant keys to identify An.
gambiae complex (Gillies & Coetzee, 1987), Cx. quinquefasciatus (Edwards,
1941) and Ae. aegypti (Huang, 2004). A previous study conducted near the
sampling sites identifiedAn. gambiae (s.s.) andAn. arabiensis sibling species
of theAn. gambiae complex to be prevalent, with former species accounting
for 96.5% of the population (Kabula et al., 2016).

2.7. Data analysis

Data were entered in Excel and subsequently analyzed separately for
the laboratory and semi-field trials. For laboratory trials, an experiment
was considered valid if larval mortality in the control was less than 5%.
The concentration of Bti and Bs that caused 50% and 95% mortality of
test larvae (LC50 and LC95) were calculated by the Probit/Logit analysis
programme PoloPlus (Robertson & Preisler, 2003). The percentage
reduction in larval densities was calculated using the formula developed
by Mulla et al. (1971) and estimated as: Percentage reduction ¼ 100 –

(C1/T1 � T2/C2) � 100, where C1 and C2 are the average numbers of
larvae in the control tubs pre- and post-treatment, respectively, and T1
and T2 are the average numbers of larvae in the tubs treated with
Fig. 4. “Mosquito spheres” trials and set-up of the simulated field experiments
in artificial larval habitats: exterior (A) and interior (B) views of “mos-
quito spheres”.
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experimental formulations pre- and post-treatment, respectively. The
average number of early instars, late instars, and pupae in the control and
treatment tubs were compared daily by non-parametric Kruskal-Wallis
multiple-comparison Z-value tests using STATA 16.0 (Stata Corp LP,
College Station, Texas, USA). P-value < 0.05 was considered statistically
significant.

3. Results

3.1. Laboratory trials

Laboratory bioassays with Bactivec® (Bti, � 1200 ITU/mg) against
third-instar larvae of field-collected An. gambiae complex showed that
after 24 h of exposure, concentrations of 0.029 mg/l and 0.096 mg/l
caused 50% and 95% mortality of the test larvae, respectively. The same
level of mortality was obtained after 24 h for the laboratory strain (An.
gambiae (s.s.) Kisumu strain) at concentrations of 0.023 mg/l and
0.063 mg/l, respectively. Laboratory bioassays with Griselesf® (Bs, 268
ITU/mg) showed that after 48 h of exposure, concentrations of
0.022mg/l and 0.071mg/l caused 50% and 95%mortality of third-instar
larvae of field-collected An. gambiae complex, respectively. The same
level of mortality was obtained after 48 h for the laboratory strain (An.
gambiae (s.s.), Kisumu strain) at concentrations of 0.029 mg/l and
0.086mg/l, respectively. The 95% confidence intervals (95% CI) for LC50
and LC95 of the laboratory strain and field-collected An. gambiae complex
showed extensive overlaps, indicating a lack of significant variation in
susceptibility of tested mosquitoes for both Bti and Bs (Table 1).

Laboratory trials with Cx. quinquefasciatus showed that after 24 h of
exposure, Bti concentrations of 0.028 mg/l and 0.123 mg/l caused 50%
and 95% mortality of third-stage larvae (the offspring of the first gen-
eration (F1) adults of the field-collected Cx. quinquefasciatus larvae),
respectively. LC50 and LC95 for the susceptible reference laboratory strain
of Cx. quinquefasciatuswere 0.026mg/l and 0.106mg/l, respectively. For
Bs experiments, after 48 h of exposure, the LC50 and LC95 of third-stage
larvae (the offspring of the F1 adults of the field-collected Cx. quinque-
fasciatus larvae) were 0.021 mg/l and 0.054 mg/l, respectively. LC50 and
LC95 for the susceptible reference laboratory strain of Cx. quinquefasciatus
were 0.017 mg/l and 0.040 mg/l, respectively. Examination of 95% CI
indicated a lack of significant variation in susceptibility between field-
collected and susceptible reference laboratory strains (Table 1).

Bioassay experiments with Ae. aegypti revealed that 50% and 95%
mortality of test larvae was obtained after 24 h of exposure of third-stage
larvae (the offspring of the F1 adults of the field-collected Ae. aegypti
larvae) to Bti at 0.037 mg/l and 0.099 mg/l concentrations, respectively.
LC50 and LC95 for the susceptible reference laboratory strain of Ae. aegypti
were 0.018 mg/l and 0.052 mg/l, respectively (Table 1). The larvae of
Ae. aegypti tested were found to be not susceptible to Bs under practical
doses of laboratory settings.

3.2. Semi-field trials

In the open-field settings, both Anopheles and culicines oviposited in
the experimental tubs. In both Bti and Bs trials, species of the Culicinae
were themajority of larvae seen at the beginning of the experiment; these
progressively declined in Bti trials but predominated in Bs trials (Fig. 5).
Culicines observed in the experimental tubs were mainly Cx. quinque-
fasciatus, Cx. tigripes and Ae. aegypti whereas all Anopheles species
belonged to the An. gambiae complex. Results for Anopheles and culicines
were pooled during analysis.

The mean number and percentage reduction of early instars, late in-
stars, and pupae following one round of Bti application in the open-field
trial are shown in Table 2. Bti treatment resulted in 91.0–100% larval
mortality within 24 h at all treatment dosages. Considering late instars
alone, a reduction rate of 78.6–100% was observed up to 4 days post-
treatment at all application rates. The residual activity of Bti was found
to be low, indicated by a continuing re-colonization of the treated tubs



Table 1
Laboratory bioassay results for Bacillus thuringiensis var. israelensis (Bactivec®) and Bacillus sphaericus (Griselesf®) treatments against larvae of Anopheles gambiae
complex, Culex quinquefasciatus and Aedes aegypti

Mosquito species (strain) Biolarvicide No. testeda LC50
b (95% CI) LC95

b (95% CI) Slope � SE χ2 (df) Heterogeneityc

An. gambiae (s.s.) (laboratory) Bti 1800 0.023 (0.022–0.025) 0.063 (0.056–0.072) 3.814 � 0.186 2.789 (3) 0.930
Bs 2100 0.029 (0.021–0.040) 0.086 (0.058–0.188) 3.491 � 0.159 38.974 (4) 9.743

An. gambiae complex (wild) Bti 1800 0.029 (0.020–0.042) 0.096 (0.061–0.244) 3.167 � 0.146 23.728 (3) 7.909
Bs 2100 0.022 (0.013–0.034) 0.071 (0.042–0.292) 3.204 � 0.153 67.020 (4) 16.755

Cx. quinquefasciatus (laboratory) Bti 1800 0.026 (0.015–0.047) 0.106 (0.056–0.633) 2.709 � 0.108 54.817 (3) 18.272
Bs 1800 0.017 (0.013–0.022) 0.040 (0.028–0.099) 4.386 � 0.227 28.194 (3) 9.398

Cx. quinquefasciatus (wild) Bti 1800 0.028 (0.020–0.038) 0.123 (0.079–0.267) 2.548 � 0.100 19.956 (3) 6.652
Bs 1800 0.021 (0.013–0.036) 0.054 (0.033–0.486) 3.980 � 0.192 58.924 (3) 19.641

Ae. aegypti (laboratory) Bti 1800 0.018 (0.012–0.027) 0.052 (0.032–0.265) 3.545 � 0.175 41.277 (3) 13.759
Ae. aegypti (wild) Bti 1800 0.037 (0.033–0.041) 0.099 (0.083–0.124) 3.859 � 0.166 4.519 (3) 1.506

Abbreviations: Bti, Bacillus thuringiensis var. israelensis; Bs, Bacillus sphaericus; CI, confidence interval; SE, standard error; df, degrees of freedom.
a 1500 subjects and 300 controls in all tests except for Bs experiments with An. gambiae complex where there were 1800 subjects and 300 controls (control mortality

did not exceed 4% in any experiment).
b mg/litre at 24 and 48 h for Bti and Bs, respectively.
c Definition: heterogeneity in the context of bioassay is the value of Chi-square divided by the degrees of freedom, a factor used to measure how well the values

predicted by the model compared with the actual value observed in bioassay.
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with early instars. All application rates tested were effective up to 5 days
post-treatment for reducing late instars and pupae (Table 2). Comparison
of larval density between Bti treated and control tubs revealed a pro-
gressive decline in immature stages of mosquitoes in treated tubs. A sig-
nificant reduction of late instars of Anopheles and culicines was recorded
for up to 4 days post-treatement at all application dosages (Table 3).

The effect of a single application of Bs on larval density and the
corresponding percentage reductions are shown in Table 4. Bs applica-
tion resulted in 96.8–100% larval mortality within 24 h at all application
rates. Bs had a more prolonged residual activity, with pupal reductions
ranging from 55.7 to 100% for 9 days at all application rates (Table 4). By
using a manufacturer’s recommended dosage of 10 ml/m2, Bs caused a
significant reduction of pupae of combined Anopheles and culicines for up
to 8 days post-treatment when compared to untreated tubs (Table 3).
Fig. 5. Proportion of Anopheles and culicine mosquitoes in control tubs surveyed
at the start (Day 0), middle (Day 5) and the end (Day 10) of monitoring in the
open-field trials. A Bti trials. B Bs trials.
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The effect of a single application of Bti on mortality of third-instar
field-collected larvae of An. gambiae complex in “mosquito spheres” tri-
als is shown in Table 5. In the initial batch of larvae introduced, treat-
ment with Bti resulted in 96.1–100% larval mortality within 24 h at all
application rates. Irrespective of the application rate, a relatively low
residual effect of Bti was detected with the subsequent introduction of a
new batch of larvae in the treated tubs (Table 5).

For Bs, the effect of a single application on mortality of third-instar
larvae of field-collected An. gambiae complex is shown in Table 6. At
all application rates, treatment with Bs resulted in 98.4–100% larval
mortality within 24 h. Following three subsequent introductions of a new
batch of larvae in the treated tubs, Bs showed a relatively higher residual
effect producing larval mortality ranging from 60.6 to 100% for up to 7
days at all application rates (Table 6).

4. Discussion

Larvae source management (LSM) by targeting immature stages of
mosquitoes in their natural breeding habitats has the potential to
effectively control mosquito-borne diseases and is the only proven
method for control of arboviruses transmitted by Ae. aegypti and Ae.
albopictus (WHO, 2009). When integrated with adult mosquito control
interventions, LSM has been shown to provide an important supple-
mentary role in mosquito-borne disease control (Fillinger et al., 2009).
Despite the potential role of LSM in mosquito vector control, the inter-
vention has not been widely deployed, particularly in sub-Saharan Af-
rica where malaria and other mosquito-borne diseases are more
prevalent (Fillinger & Lindsay, 2011). However, the emergence and
widespread insecticide resistance and behavioral adaptation by mos-
quito vectors threaten the efficacy of adult mosquito control in-
terventions. This calls for integrated mosquito control interventions
targeting all stages of the mosquito life-cycle to control and eventually
eliminate mosquito-borne diseases.

The findings of the laboratory trials showed that at low dosage rates,
field-collected larvae of An. gambiae complex and Cx. quinquefasciatus
were fully susceptible to Bti and Bs when compared to their respective
standard susceptible reference laboratory strains. However, larvae of Ae.
aegyptiwere found to be susceptible to Bti but not to Bs.When considering
LC95 values (which represent the minimum effective dosages for field
application), the testedAn. gambiae complex andCx. quinquefasciatuswere
found to be equally susceptible to Bti and Bs. Laboratory studies previously
conducted across sub-Saharan Africa have shown high levels of efficacy of
different formulations of Bti and Bs against malaria mosquito vectors
(Derua et al., 2019). Findings of reduced susceptibility of Ae. aegypti to Bs
recorded in the present study corroborates previous studies conducted
elsewhere (Lacey et al., 1988; Davidson, 1995; Monnerat et al., 2004).



Table 3
Comparison of density of immature mosquito stages between control and treated tubs in open-field trials: P-values calculated by non-parametric Kruskal-Wallis multiple-
comparison Z-value test

Larvicide Daya Effect of treatment compared to control

Early instars Late instars Pupae

T1 T2 T3 T1 T2 T3 T1 T2 T3

Bti 1 ns 0.0013 0.0041 0.0041 0.0041 0.0181 ns ns ns
2 0.0192 ns 0.0457 0.0113 0.0010 0.0175 ns 0.0225 0.0225
3 ns 0.0221 ns 0.0013 0.0066 0.0173 ns ns ns
4 ns 0.0382 ns 0.0013 0.0013 0.0173 ns 0.0225 0.0225
5 ns ns ns ns 0.0410 0.0330 0.0225 0.0225 0.0225
6 ns ns ns 0.0410 ns ns ns 0.0225 0.0225
7 ns ns ns 0.0010 0.0260 0.0260 ns ns ns
8 ns ns ns 0.0100 0.0040 ns ns ns ns
9 ns 0.004 ns ns 0.0120 0.0280 ns ns ns
10 ns ns ns 0.0220 0.0281 0.0070 ns ns ns

Bs 1 0.0032 0.0032 0.0032 0.0032 0.0032 0.0106 ns ns 0.0144
2 0.0342 0.0318 0.0032 0.0032 0.0032 0.0032 0.0363 0.0363 0.0363
3 ns ns ns 0.0318 ns 0.0106 ns 0.0363 0.0363
4 ns ns ns 0.0382 0.0032 0.0032 0.0363 0.0363 ns
5 ns ns ns ns ns ns 0.0363 0.0363 0.0363
6 ns ns 0.0267 0.0224 ns ns 0.0363 0.0363 0.0363
7 ns ns ns 0.0295 ns ns ns 0.0363 0.0363
8 ns ns ns 0.0106 0.0032 0.0451 ns 0.0363 ns
9 ns ns ns ns 0.0106 ns ns ns ns
10 ns ns ns ns ns ns 0.0091 ns ns

Abbreviations: T1, minimum label rate; T2, maximum label rate; T3, twice the maximum label rate for the respective Bti and Bs trials; ns, not significant (P > 0.05).
a Days post-treatment.

Table 4
Effects of Bacillus sphaericus (Griselesf®) on densities of immature stages of mosquitoes (Anopheles and culicines combined) and percent reduction in open-field settings
during three subsequent treatments (T) with varying doses

Day Average number per dip Percentage reduction

Early instars Late instars Pupae Early instars Late instars Pupae

C T1 T2 T3 C T1 T2 T3 C T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3

0a 1.8 1.5 3.2 1.8 2.1 3.5 4.1 4.1 1.2 2.2 2.4 3.8 – – – – – – – – –

1 1.5 0.0 0 0 1.6 0 0 0.1 3.2 2.6 1.6 3.8 100 100 100 100 100 96.8 55.7 75.0 62.5
2 4.1 0.7 0.6 0 0.8 0 0 0 2.8 0 0 0 79.5 91.8 100 100 100 100 100 100 100
3 2.0 0.6 1.5 1.5 0.5 0.6 0.8 0.1 2.0 0.4 0 0 64.0 57.8 25.0 28.0 18.0 89.8 89.1 100 100
4 4.6 1.0 1.4 3.1 0.6 1.5 0 0 3.4 0 0 0.2 73.9 82.9 32.6 0 100 100 100 100 98.1
5 3.2 1.6 1.3 1.6 1.4 0.5 1.2 0.9 0.4 0 0 0 40.0 51.3 50.0 78.6 48.6 67.1 100 100 100
6 2.4 1.2 0.5 0.4 2.3 0.3 1.2 1.0 1.0 0 0 1.6 40.0 88.3 83.3 92.2 73.3 77.7 100 100 100
7 0.5 0.4 0.5 0.9 0.2 0.5 0.6 0.8 1.6 0.2 0 0 4.0 43.8 0 0 0 0 93.2 100 100
8 1.3 1.7 0.3 0.8 0.2 0.1 0 0.3 0.8 0.2 0 0.4 0 87.0 38.5 70.0 100 23.2 86.4 100 84.2
9 0.3 0.3 0.4 0.7 0.4 0.4 0.1 0.5 2.8 2.2 1.6 2.0 0 25.0 0 40.0 87.2 36.0 57.2 71.4 77.4
10 0.3 0.5 0.2 1.1 0.1 0.3 0.8 0.4 2.2 3.4 1.2 1.4 0 62.5 0 0 0 0 15.7 72.7 79.9

Abbreviations: T1, minimum label rate (5 ml/m2); T2, maximum label rate (10 ml/m2); T3, twice the maximum label rate (20 ml/m2); C, control.
a Day of application.

Table 2
Effects of Bacillus thuringiensis var. israelensis (Bactivec®) on densities of immature stages of mosquitoes (Anopheles and culicines combined) and percent reduction in
open-field trials during three subsequent treatments (T) with varying doses

Day Average number per dip Percentage reduction

Early instars Late instars Pupae Early instars Late instars Pupae

C T1 T2 T3 C T1 T2 T3 C T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3

0a 5.0 5.1 2.8 3.0 2.4 5.2 5.5 3.2 3.0 3.0 2.8 3.2 – – – – – – – – –

1 6.1 0.5 0 0.1 4.6 0.1 0.1 0.9 2.6 1.2 1.6 2.2 92.0 100 98.4 99.0 99.0 91.0 53.8 38.5 15.4
2 5.3 1.5 0.7 2.1 2.8 0.2 0 0.8 5.6 0.2 0 0 72.3 76.4 34.0 96.7 100 78.6 96.4 100 100
3 0.9 0.5 0.4 4.6 2.9 0 0.2 0.3 5.2 2.6 0.8 1.0 45.5 20.6 0 100 97.0 92.2 50.0 83.5 82.0
4 4.4 4.7 0.8 4.5 2.0 0 0 0.3 5.0 0.8 0 0 0 67.5 0 100 100 88.8 84.0 100 100
5 1.8 3.6 0.9 3.4 1.0 1.3 0.4 0.5 3.2 0 0 0 0 10.7 0 40.0 82.5 62.5 100 100 100
6 2.4 3.6 1.2 1.7 0.3 0.4 0.5 0.6 0 2.8 0 0 0 10.7 0 38.5 27.3 – – – –

7 3.5 2.6 0.1 0.8 0.6 0 0.4 0.3 1.6 3.2 0.4 0.8 27.2 94.9 61.9 100 70.9 62.5 0 73.2 53.1
8 0.7 1.3 0.9 0.8 0.5 0.4 0.1 1.8 0.8 2.0 0.4 0.8 0 0 0 63.1 91.3 0 0 46.4 6.3
9 1.1 0.5 0.1 0.7 0.6 0.5 0.5 0.3 1.6 1.0 0.6 0.4 55.4 83.8 0 61.5 63.6 62.5 37.5 59.8 76.6
10 0.8 0.6 1.0 1.8 1.0 0.4 0.3 0.2 0.6 4.0 1.6 2.2 26.5 0 0 81.5 86.9 85.0 0 0 0

Abbreviations: T1, minimum label rate (2 ml/m2); T2, maximum label rate (5 ml/m2); T3, twice the maximum label rate (10 ml/m2); C, control.
a Day of larvicide application.
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Table 6
Effects of Bacillus sphaericus (Griselesf®) on densities of late instars of An. gambiae
complex and percent reduction in “mosquito spheres” trials during three subse-
quent treatments (T) with varying doses

Day Average number per dip Percentage reduction

Late instars Late instars

Control T1 T2 T3 T1 T2 T3

0a 25.0 25.0 25.0 25.0 – – –

1 12.6A 0.2B 0B 0B 98.4 100 100
3 11.6A 3.2B 0B 0.4B 72.4 100 96.6
5 22.6A 3.2B 2.0B 0B 85.8 91.2 100
7 18.8A 4.6A 7.4A 3.0A 75.5 60.6 84.0

Notes: In each row, larval density figures sharing the same superscript letter do
not differ significantly.
Abbreviations: T1: minimum label rate (5 ml/m2); T2: maximum label rate
(10 ml/m2); T3: twice the maximum label rate (20 ml/m2).

a The first batch of 25 An. gambiae complex larvae were introduced in the
treatment tubs and application of Bs; a new batch of 25 larvae were introduced on
days 2, 4 and 6 (not shown).

Table 5
Effects of Bacillus thuringiensis var. israelensis (Bactivec®) on densities of late instar
of An. gambiae complex and percent reduction in “mosquito spheres” trials during
three subsequent treatments (T) with varying doses

Day Average number per dip Percentage reduction

Late instars Late instars

Control T1 T2 T3 T1 T2 T3

0a 25.0 25.0 25.0 25.0 – – –

1 15.4A 0.6B 0B 0B 96.1 100 100
3 5.8A 4.6A 3.6A 5.0A 20.7 37.9 13.8
5 20.2A 10.0A 15.6A 12.0A 50.5 22.8 40.6
7 18.4A 14.4A 12.6A 15.4A 21.7 31.5 16.3

Note: In each row, larval density figures sharing the same superscript letter do not
differ significantly.
Abbreviations: T1, minimum label rate (2 ml/m2); T2, maximum label rate (5 ml/
m2); T3, twice the maximum label rate (10 ml/m2).

a The first batch of 25 An. gambiae complex larvae were introduced in the
treatment tubs and application of Bti; a new batch of 25 larvae were introduced
on days 2, 4 and 6 (not shown).
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Results from the open-field trials with Bti indicated that a maximum
label rate of 5 ml/m2 (equivalent to the surface application of 5 litres/ha)
was sufficient to suppress late instars and the resulting pupae of Anoph-
eles and culicines for up to 5 days. The low residual effect of Bti recorded
in open-field trials was also observed in the “mosquito spheres” trials
where field-collected larvae were added to the larvicide-treated tubs at
regular intervals. The relatively low residual activity of the Bti formula-
tion tested corroborates other evaluations of Bti-based products con-
ducted elsewhere in sub-Saharan Africa (Karch et al., 1991; Fillinger et
al., 2003; Majambere et al., 2007; Nartey et al., 2013). On the other hand,
open-field trials with Bs at the maximum label rate of 10 ml/m2

(equivalent to the surface application of 10 liters/ha) provided a signif-
icant reduction of Anopheles and culicine pupae for up to 8 days. The
residual larvicidal activity of Bs achieved compares fairly well with Bs
water-dispersible granules (WDG) formulation evaluated in different
ecological settings in sub-Saharan Africa (Fillinger et al., 2003; Majam-
bere et al., 2007; Baffour-Awuah et al., 2014). When compared to Bti, Bs
had a relatively greater residual activity observed in open-field trials and
this was also confirmed in the “mosquito spheres” trials against larvae of
the An. gambiae complex. It has been reported that Bs-based products
provide greater residual larvicidal activity because of the longer persis-
tence of the spores in the environment and their recycling potential in the
gut of exposed larvae after dying (Becker et al., 1995).

The findings of the present study show that both Bti and Bs for-
mulations tested were effective against larvae of mosquito vectors in
8

the laboratory and semi-field settings. However, the formulations
tested were found to exhibit low residual activity in the open-field and
“mosquito spheres” trials. Based on these findings, and the results of
bacterial larvicide evaluations undertaken in different ecological set-
tings in sub-Saharan Africa (Derua et al., 2019), weekly application
cycles for either Bti or Bs formulations at the maximum label rate are
appropriate for the control of mosquito vectors. Furthermore, due to
the relatively low residual activity of the Bti formulation, this product
would be more suitable for application during the heavy rainy season
where the residual effect cannot be achieved even with larvicide with
higher residual activity due to continuous dilution and washing of the
larval habitats away by rain (Fillinger & Lindsay, 2006). Moreover,
the application of Bti at regular intervals will delay the risk of resis-
tance development in larval populations as resistance has been
recorded in Bs interventions (Rao et al., 1995; Nielsen-Leroux et al.,
2002; Mulla et al., 2003). Since the residuality of Bti and Bs is believed
to be enhanced by repeated application as previously reported (Karch
et al., 1990, 1991; Fillinger & Lindsay, 2006), monitoring of persis-
tence of the larvicide product will help inform control programmes
on appropriate re-treatment regimens as the larvicide intervention
matures.

The empirical results reported in this study should be considered in
the light of some limitations. In laboratory bioassays, due to insufficient
number of field-collected larvae, third-stage larvae of the laboratory
strains of Cx. quinquefasciatus and Ae. aegypti were compared with the
offspring of the first generation (F1) adults of the field-collected larvae.
On the other hand, in the open-field settings, a mixture of Anopheles and
culicine mosquitoes oviposited in the experimental tubs and a relatively
low density of larvae in the tubs did not permit meaningful analysis of
larval reduction by species. In this regard, Anopheles and culicine mos-
quito larvae were pooled during the analysis of the biolarvicide treat-
ment effects as supported by other studies (Fillinger et al., 2003;
Majambere et al., 2007). Furthermore, the findings revealed that the
efficacy and persistence of Bti and Bs in pooled data were fairly compa-
rable to those of simulated field studies in the “mosquito spheres” trials
where only An. gambiae complex was tested. Since coexistence between
Anopheles and culicine mosquitoes is common in the natural larval hab-
itats (Mwangangi et al., 2008; Kweka et al., 2011), the findings of this
study suggest that Bti and Bs work fairly well in controlling co-existing
larvae of mosquito vectors. Despite the limitations, the efficacy of Bti
(Bactivec®) and Bs (Griselesf®) recorded in this study agrees with those
conducted elsewhere in sub-Saharan Africa (Derua et al., 2019) and
hence provide guidance in their application in similar settings in
Tanzania and possibly beyond.

5. Conclusions

The present study showed that at low concentrations, the Bti (Bacti-
vec®) formulation tested caused significant mortality of An. gambiae
complex, Cx. quinquefasciatus and Ae. aegypti larvae. Moreover, the tested
mosquito larvae were highly susceptible to Bs (Griselesf®) except those of
Ae. aegypti. However, due to the low residual activity of Bti and Bs
observed in the semi-field trials, weekly application cycles at the
maximum label rate will be required for the effective control of tested
mosquitoes in natural larval habitats. The findings of the laboratory trials
indicated that the Bs product tested is not effective against Ae. aegypti and
would not be recommended for use in its control.
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