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Chapter 15
Resistance of Mosquitoes 
to Entomopathogenic Bacterial-Based 
Larvicides: Current Status and Strategies 
for Management

Maria Helena Neves Lobo Silva-Filha

Abstract  The entomopathogenic bacteria Bacillus thuringiensis serovar. israelensis 
(Bti) and Lysinibacillus sphaericus have successfully been used to control insects of 
public health relevance, including those from the genera Aedes, Anopheles, Culex, 
and Simulium. These bacteria display a specific mode of action that relies on unique 
interactions which makes them the most selective agents currently available to con-
trol Diptera larvae. They produce crystalline insecticidal proteins that act on the 
larval midgut through their interaction with specific receptors. L. sphaericus pres-
ents a single major larvicidal factor, the binary (Bin) protoxin, whose action relies 
on the binding to one class of receptors, while Bti crystals contain four main protox-
ins (Cry4Aa, Cry4Ba, Cry11Aa, Cyt1Aa) which display interactions with a group 
of distinct midgut receptor molecules. The mode of action of L. sphaericus displays 
a greater potential for resistance selection, compared to Bti which has no record of 
insect resistance to date. These major mosquitocidal toxins and their interaction 
with midgut target sites, as well as resistance issues related to their utilization, are 
summarized in this chapter.

Keywords  Vector control • Bti • Cry toxins • Lysinibacillus sphaericus • Bin toxin 
• Receptors

Among the microbial control agents available, Bacillus thuringiensis serovar. israel-
ensis (Bti) and Lysinibacillus sphaericus have been employed for the production of 
biolarvicides aimed at the control of dipterans of medical importance (Lacey 2007). 
Some strains of these bacteria produce crystalline inclusions that contain protoxins 
with high and selective larvicidal action against some species of Diptera. These 
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protoxins act by ingestion and are processed into toxins in the midgut in order to 
target the epithelium through specific receptors. Bti was the first Bacillus thuringi-
ensis (Bt) serovariety characterized as active against Diptera (de Barjac 1978), 
among several described (http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/
Bt). Soon after its discovery and characterization, Bti was introduced in a large-scale 
program to control Simulium in the Onchocerciasis Control Program carried out in 
West Africa (Guillet et al. 1990), and its effectiveness led to Bti adoption in other 
programs worldwide (Regis et al. 2001). The major insecticidal factor in Bti-based 
biolarvicides is the crystal that contains both three-domain-type Cry toxins and cyto-
lytic or Cyt toxins. These crystals have high potency and a selective spectrum for 
Culicidae and also target some species of Simuliidae and Chironomidae (Lacey 
2007). The greatest limitation of Bti activity under field conditions is its degradation 
due to solar radiation and other environmental factors, and suitable formulations and 
application strategies are needed to achieve optimal field performance. L. sphaeri-
cus’ mosquitocidal properties were first described in 1965, in the K strain isolated in 
moribund Culiseta incidens larvae, by Kellen, followed by the discovery of the 
SSII-1 strain by Singer in 1973. However, both strains displayed low to moderate 
toxicity to larvae (Lacey 2007) and only in the 1980s were highly toxic strains (e.g., 
1593, 2362, 2297) identified, leading to the production of commercial biolarvicides 
(Charles et al. 1996). The powerful action of these strains is mainly associated with 
the production of crystals, during bacterial sporulation, that contain the binary (Bin) 
protoxin which remains the major insecticidal protein produced by L. sphaericus 
(Berry 2012). The spectrum of L. sphaericus action is more limited than Bti, and it 
targets only culicids. This chapter aims to summarize current knowledge of the inter-
action of these insecticidal toxins with the midgut receptors of mosquito larvae and 
the implications for the selection of resistance and management strategies.

15.1  �Mode of Action of Bacterial Toxins Employed 
for Mosquito Control

The larvicidal toxins produced by L. sphaericus and Bti can be defined as “bacterial 
disruptors of insect midgut membranes,” and they are classified as mode of action 
group 11 (Moa11), according to the Insect Resistance Action Committee (www.
irac-online.org). As described, these proteins take the form of protoxins enclosed in 
crystals, and, after ingestion and midgut processing by serine proteases, they are 
converted into toxins. These interact with specific receptors located on the midgut 
epithelium, leading to cytopathological alterations and larval mortality (Charles 
et al. 1996). L. sphaericus strains can produce mosquito-active toxins including the 
binary (Bin), the group of so-called mosquitocidal toxins (Mtx1, Mtx2, Mtx3, and 
Mtx4), a second binary Cry48Aa-49Aa toxin and the S-layer envelope protein 
(Berry 2012). This chapter will focus on the mode of action of the Bin protoxin 
crystal, since this is the active ingredient of all L. sphaericus-based biolarvicides 
currently available for mosquito control. The Bin spectrum of action is limited to 
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mosquito larvae and includes species from the genera Culex, Anopheles, Aedes/
Ochlerotatus, Psorophora, and Mansonia. The most susceptible are Culex spp., in 
particular those from the Culex pipiens complex, followed by Anopheles species 
(Arredondo-Jimenez et  al. 1990; Davidson 1989; Rodrigues et  al. 1999). In the 
Aedes genus the response varies, with some species susceptible (e.g., Ochlerotatus 
atropalpus, Aedes vexans) and others refractory to Bin toxin, such as Aedes aegypti 
(Berry et al. 1993). As previously described, Bti has a broader spectrum since it is 
active against Culicidae, Simuliidae, and Chironomidae species (Goldberg and 
Margalit 1978; Lacey 2007; Rodcharoen et al. 1991). Mosquito larvae susceptibility 
to L. sphaericus has been reviewed by Lacey (2007) and Silva-Filha et al. (2014).

15.1.1  �Bti Toxins

The protoxins found in Bti crystal are encoded by genes located on the pBtoxis 
megaplasmid (Berry et al. 2002), and the most common found are members of the 
Cry family, such as Cry4Aa (125 kDa), Cry4Ba (135 kDa), Cry11Aa (68 kDa), and 
a cytolytic toxin Cyt1Aa (28 kDa). Cry10Aa and Cyt2Ba toxins also exhibit activity 
against Diptera and can be detected in crystals produced by some strains. Cry and Cyt 
are pore-forming toxins, a family of bacterial toxins that are able to insert into the cell 
membrane of their hosts (de Maagd et al. 2003). Bti crystals have important larvici-
dal features, such as a diversity of Cry and Cyt protoxins, optimal ratio of toxins in 
crystals, and synergistic action of Cyt toxin, which can act as a surrogate receptor for 
the Cry toxins. The two toxin families display different features: Cry toxins interact 
with receptors to attain the pre-pore oligomeric form in order to insert themselves in 
cell membranes to form pores, while Cyt toxin has a cytolytic action and interacts 
directly with cell membranes (Soberón et al. 2007). Crystals containing both Cry and 
Cyt protoxins are characteristic of dipteran-active B. thuringiensis (Bt) strains.

The structure of Cry toxins shows three domains that have been characterized by 
crystallography and functional studies (Boonserm et  al. 2005; de Maagd et  al. 
2003). Functionally, loops from domains II and III are responsible for interaction 
with specific receptors, and domain I is involved in membrane insertion, oligomer-
ization, and pore formation (de Maagd et  al. 2003). Cyt toxin has a single α-β 
domain, and, as described, it has cytolytic activity, acting directly on cell membrane 
to form pores (Bravo et al. 2007). Toxins from the Bti crystal act in synergy, and the 
activity of the whole crystal is far more effective than that of any individual toxins, 
or their combination (Crickmore et al. 1995). The Bti mode of action involves inges-
tion and solubilization of crystals under alkaline midgut conditions, activation of 
protoxins into toxins, binding to receptors, and pore formation in the cell membrane 
resulting in a colloid-osmotic lysis (Bravo et al. 2007; Knowles and Ellar 1987). 
After proteolytic cleavage at the N- and C-termini of protoxins, active Cry toxins 
have the ability to interact specifically with midgut microvilli (Beltrão and Silva-
Filha 2007; Hofte and Whiteley 1989). Cyt toxin is able to insert itself into the cell 
membrane and synergizes the binding of Cry toxins, as described below.
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The general Cry toxin mode of action has been explained including the hypothesis 
that action is based on the toxin binding to receptors followed by pore formation and 
a second hypothesis in which the toxins are able to activate intracellular signaling 
pathways that lead to cell death (Pigott and Ellar 2007; Vachon et  al. 2012). A 
detailed outline of the Bt mode of action was presented in a previous chapter. Briefly 
the Bravo model, based on the action of Cry1A toxin in larvae of the lepidopteran 
Manduca sexta, showed that activated Cry toxins bind initially to GPI-anchored 
receptors such as alkaline phosphatases (ALPs) and N-aminopeptidases (APNs) 
with relatively low affinity, but toxins then bind with higher affinity to transmem-
brane cadherins (CADRs). Binding to CADRs promotes toxin oligomerization, 
which, under this conformational change, binds then to a second receptor, either 
APN or ALP again, but now with greater affinity (Bravo et al. 2004). After this bind-
ing step, Cry toxin can insert itself in the membrane and provoke pore formation. 
The Zhang model argues that Cry1A monomer toxin binding to the CADRs triggers 
a signaling mechanism that activates a cell death pathway (Zhang et al. 2006). It has 
been suggested that both mechanisms may occur simultaneously. CADRs, ALPs, 
APNs, and an α-amylase have been identified in Ae. aegypti and Anopheles larvae 
as Cry11Aa and Cry4Ba receptors (Bayyareddy et al. 2009; Likitvivatanavong et al. 
2011). Cyt1Aa is a strategic component of Bti crystal because it can also act as a 
Cry toxin receptor. Cry11Aa and Cry4B can bind specifically to Cyt1Aa, subse-
quently enhancing Cry toxin binding to midgut microvilli receptors and inducing 
the formation of the pre-pore structure, which is able to insert itself in membranes 
and form pores in cells (Bravo et al. 2007; Cantón et al. 2011; Pérez et al. 2005, 
2007). The two-receptor model proposed for Cry toxins active to Lepidoptera 
(Bravo et al. 2004) can also be applied to Bti Cry toxins. In this case, the Cyt toxin 
may play a role equivalent to that of a cadherin receptor, which is able to promote 
oligomer formation and lead to the subsequent binding step with high affinity to the 
GPI-anchored midgut receptors. Besides this set of midgut proteins that act as 
receptors (Likitvivatanavong et al. 2011), other molecules may also be involved in 
the mode of action of Bt toxins such as the immune defense involving the MAPK 
p38 pathway (Cancino-Rodezno et  al. 2010, Torres-Martinez et  al. 2016), ABC 
transporter proteins (Gahan et al. 2010), and other Cry-binding molecules that have 
been identified by proteomic approaches (Bayyareddy et al. 2009; Cancino-Rodezno 
et al. 2012; Stalinski et al. 2016). The Bti mode of action has been characterized by 
a complex set of events that do not favor the selection of resistance, as will be dis-
cussed in the next section.

15.1.2  �Lysinibacillus Sphaericus Binary Toxin

The binary (Bin) protoxin is a heterodimer composed of two subunits BinA (42 
kDa) and BinB (51 kDa) proteins which is produced during sporulation and depos-
ited as a parasporal crystalline inclusion within the exosporium (Kalfon et al. 1984). 
The subunits are produced in equimolar amounts and form a co-crystal in 
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sporulating L. sphaericus. The first selective step of L. sphaericus is the need for 
ingestion of crystals by larvae, followed by their solubilization in the alkaline envi-
ronment of the gut, and activation of the protoxin forms into toxins by proteolytic 
cleavage, mediated by midgut proteinases (Charles et al. 1996). The subunits BinA 
and BinB are converted into active polypeptides of 39 and 43 kDa, respectively, due 
to cleavage of residues from the N- and C-termini (Broadwell et al. 1990). The pro-
cessing and the presence of equimolar amounts of both subunits are essential factors 
in achieving optimal activity of this toxin (Nicolas et al. 1993). For C. pipiens lar-
vae, the BinB component of the toxin is responsible for binding to the receptor, 
while the BinAt subsequently binds to BinB or the BinB-receptor complex (Charles 
et  al. 1997). The functional domains of these subunits have been investigated 
through mutagenesis to identify regions and specific amino acids involved in bind-
ing to the Cqm1 receptor, binding between the two subunits and in vivo toxicity to 
larvae. N- and C-termini of BinA may be involved in the interaction of the BinB 
subunit (Kale et al. 2013; Oei et al. 1992). The N-terminal region of BinB (residues 
33–158) is needed for receptor binding, and some residues identified are critical for 
this interaction (Romão et al. 2011; Singkhamanan et al. 2013).

In highly susceptible species of the C. pipiens complex, Bin toxin displays a 
marked and regionalized binding to the gastric caeca and posterior midgut. In 
Anopheles gambiae larvae the binding pattern is less clearly defined, and for Ae. 
aegypti, which is refractory to Bin toxin, this interaction is rather nonspecific com-
pared to the two previous species (Davidson 1989). Quantitative binding assays 
between the Bin toxin and midgut microvilli of C. pipiens larvae have demonstrated 
high affinity (Kd 5–20 nM), while a lower affinity (Kd 30–110 nM) has been found 
for An. gambiae and An. stephensi, which are, overall, five- to tenfold less suscep-
tible (in vivo) than C. pipiens (Nielsen-Leroux and Charles 1992; Nielsen-Leroux 
et al. 1995, 2002; Silva-Filha et al. 1997). For the refractory Ae. aegypti larvae, only 
a very low level of specific Bin toxin binding to the midgut is detected (Nielsen-
Leroux and Charles 1992). Toxin binding to the midgut receptors of susceptible 
species leads to cytopathological alterations that have been described in Bin-treated 
C. pipiens larvae. These include disruption of microvilli, cytoplasmic vacuolization, 
mitochondria swelling, and breakdown of the endoplasmatic reticulum (Charles 
1987; de Melo et  al. 2008; Silva Filha and Peixoto 2003; Singh and Gill 1988; 
Tangsongcharoen et al. 2015). Other sites can also be affected as neural tissues and 
muscles (Singh and Gill 1988). The mode of action of the Bin toxin, following 
receptor binding, remains unclear, but there is evidence that the Bin toxin can form 
pores in the cell membranes, like the pore-forming toxins of B. thuringiensis and 
other bacteria (Pauchet et  al. 2005; Schwartz et  al. 2001). The vacuolization of 
target cells accompanied by the uptake of toxins into vesicles is also a marked effect 
of Bin intoxication (Davidson 1988). Bin toxin induces cell autophagy and displays 
a mechanism that prevents toxin degradation (Opota et al. 2011). The crystal struc-
ture of the BinB subunit has revealed features that support its action through pore 
formation, as proposed by previous studies (Srisucharitpanit et al. 2014). A recent 
study that revealed the BinAB structure suggests that BinA has the capacity to inter-
act with the complex of BinB bound to the receptor, for co-internalization (Colletier 
et al. 2016).
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The availability of midgut molecules that act as receptors for the Bin toxin is 
crucial for determining the susceptibility status of mosquito species for this toxin. 
Furthermore, Bin toxin resistance mechanisms found to date are associated with the 
failure of Bin toxin binding to those midgut receptors, as presented in Sect. 15.2. 
The receptors of the Bin toxin, which have been characterized in three susceptible 
species, are α-glucosidases bound to the midgut epithelium and named Cpm1 (C. 
pipiens maltase 1) (Darboux et al. 2001, Silva-Filha et al. 1999), Cqm1 (C. quinque-
fasciatus maltase 1) (Romão et al. 2006), and Agm3 (An. gambiae maltase 3) (Opota 
et al. 2008). Ae. aegypti displays the Aam1 protein (Aedes aegypti maltase 1), which 
is an ortholog with 74% identity to the Cqm1 receptor; however, Aam1 is not able 
to bind to the Bin toxin (Ferreira et  al. 2010, 2014). These α-glucosidases (EC 
3.2.1.20), belonging to the α-amylase family that plays a role in digestion, have the 
ability to hydrolyze α-1-4 links between glucose residues of carbohydrates (Krasikov 
et al. 2001). The Cpm1 α-glucosidase was the first receptor characterized for the Bin 
toxin in C. pipiens larvae (Darboux et al. 2001), and it shares 97% and 66% identity 
with the Cqm1 and Agm3 orthologs, respectively. These genes are organized in 
three exons and two introns, and their open reading frames encode the Cpm1/Cqm1 
and Agm3 proteins with 580 and 588 residues, respectively. They display four con-
served α-glucosidase domains, predicted consensus N-glycosylation sites, and a 
conserved sequence for a glycosylphosphatidylinositol (GPI) anchor (Darboux 
et al. 2001; Opota et al. 2008; Romão et al. 2006). The expression of the receptors 
as membrane-bound proteins is essential for the activity of Bin toxin, and mutations 
in their genes, which prevents the expression of these molecules as GPI-bound pro-
teins to the midgut, are the most important resistance mechanism found in C. pipi-
ens larvae. Ae. aegypti refractoriness seems to be based on the lack of ability of 
Aam1 to bind Bin toxin (Ferreira et  al. 2010), although this protein is correctly 
located in the midgut through a GPI anchor. Minor differences in the amino acids of 
the Cqm1 and Aam1 protein sequence seem to be responsible for their capacity to 
interact or not with the Bin toxin. The N-terminal segment of Cqm1 (S129–A312) 
is responsible for binding to the Bin toxin, and a group of six amino acids within 
this region is critical for the ability of Cqm1 to bind the Bin toxin. These amino 
acids are not conserved in Aam1 and may be responsible for the refractoriness of 
this species (Ferreira et al. 2010, 2014).

15.2  �Resistance Reports, Mechanisms, and Diagnosis

15.2.1  �Investigation of Bti Resistance

Bacillus thuringiensis (Bt)-based biolarvicides have been used for pest control since 
the 1960s (Bravo et al. 2011), and field resistance to Bt toxins has already been 
reported for some species (Bravo et al. 2011). On the other hand, resistance to Bti 
biolarvicides has not been recorded to date. In the 1980s, very soon after its discov-
ery, Bti was introduced for simulid and culicid control in a number of countries 
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(Margalit and Dean 1985). In some areas of Germany, Switzerland, and France, Bti 
has been employed, mainly for Aedes spp. control, for more than 30 years without 
reports of resistance as reviewed by Ferreira and Silva-Filha (2013). The screening 
of the susceptibility of mosquito populations to Bti, before the introduction of this 
biolarvicide, has also provided baseline data for the natural variations occurring in 
several areas. Culex pipiens populations, without previous Bti exposure, have shown 
susceptibility variations ranging from less than 3- to 12.5-fold (Vasquez et al. 2009; 
Wirth et al. 2001). Aedes aegypti, Aedes albopictus, and Aedes rusticus populations 
of different origins and never exposed to Bti showed a slight variation between 1.5- 
and 3.9-fold (Araujo et al. 2013; Kamgang et al. 2011; Liu et al. 2004; Loke et al. 
2010; Marcombe et al. 2011, 2014; Pocquet et al. 2014). The susceptibility of Bti-
treated populations, compared to laboratory colonies or untreated field samples 
used as references, was also similar to those observed in non-treated samples, con-
firming the lack of Bti resistance in those populations after exposure (Ferreira and 
Silva-Filha 2013). The only exception to these findings is the report of two C. pipi-
ens populations in New York State (USA), which had a history of Bti spraying and 
displayed resistance ratios (RR) at LC95 of 14- and 41-fold (Paul et al. 2005). In this 
study, data from the pretreatment period was not available, and it was not possible 
to conclude whether the decreased susceptibility found was a consequence of Bti 
treatments.

Selection studies using whole Bti crystals performed under laboratory conditions 
also failed to show significant susceptibility alterations. Several attempts showed a 
maximum increase of around threefold in the lethal concentration of Bti for the 
selected colonies, which was the same as the natural variation found among untreated 
populations, as previously described (Ferreira and Silva-Filha 2013; Wirth 2010). In 
conclusion, resistance to Bti crystals, which are the active ingredient of commer-
cially available biolarvicides, has not been reported to date. Although resistance to 
the whole Bti crystal has not been detected, larvae resistance to individual toxins 
from the crystal has been demonstrated by artificial selection assays using single Cry 
toxins (Cadavid-Restrepo et al. 2012, Georghiou and Wirth 1997, Paris et al. 2011). 
It was also demonstrated that an Ae. aegypti colony selected with Bti, but without 
decreased susceptibility to Bti, nevertheless displayed resistance ratios (RR) of 68-, 
9-, and 9-fold for Cry4Aa, Cry4Ba, and Cry11Aa, respectively (Tetreau et al. 2012). 
This result shows that the action of single toxins can be affected, although the syn-
ergy provided by the set of toxins is able to prevent the selection of resistance to the 
whole Bti crystal. In some Bti-selected colonies, molecules that act as receptors for 
Cry toxins, such as ALPs and APNs, have been shown to be under-expressed 
(Stalinski et  al. 2016). Alteration of these molecules may be responsible for the 
reduction of susceptibility to individual toxins found in this laboratory colony. 
However, as described, the synergy promoted by toxins, in particular the role of 
Cyt1Aa as a receptor for Cry toxins, is a key factor in overcoming failures related to 
alterations of Cry binding to midgut receptors. Data show that a decrease in suscep-
tibility to individual Cry toxins does not evolve to Bti resistance but these can be used 
as markers to access the level of selection pressure imposed on a certain population 
(Tetreau et  al. 2013b). The synergism of Bti toxins confers a great advantage 
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provided by their interaction with midgut cells, but other mechanisms of resistance 
unrelated to this step in the mode of action could potentially occur, although these 
have not yet been specifically recorded for Bti. These may include failures in proteo-
lytic processing and innate immune response, which are currently under study 
(Cancino-Rodezno et al. 2010; Tetreau et al. 2013a). To date, Bti is still the biolarvi-
cide available for mosquito control that has the most selective spectrum of action and 
lack of recorded field resistance, after decades of use. These major advantages are the 
result of the multiple set of toxins found in Bti crystals, the synergy of toxins, and the 
strategic role of Cyt toxin in overcoming failures occurring at the level of larvae 
midgut receptors, which has been the most important mechanism behind refractori-
ness to bacterial insecticidal toxins.

15.2.2  �Lysinibacillus Sphaericus Resistance

The insecticidal activity of L. sphaericus, unlike Bti, is based on the action of one 
toxin that targets a single class of receptors (Nielsen-Leroux and Charles 1992), and 
this is a critical factor for the selection of resistance. L. sphaericus displays a high 
larvicidal activity in combination with effective performance under field conditions, 
although the potential for selection of resistance to the Bin toxin remains its major 
disadvantage. This section will summarize the major resistance reports available in 
the literature and advances in its management. Bin toxin resistance has been reported 
in field populations of C. pipiens/C. quinquefasciatus exposed to this agent and also 
in colonies selected with L. sphaericus, under laboratory conditions. The first report 
was of a C. pipiens population from France exposed to L. sphaericus for about 5 
years that displayed high resistance levels (RR>20,000) (Sinègre et  al. 1994). 
Subsequently, resistance cases of C. quinquefasciatus or C. pipiens populations 
were recorded in India (Rao et al. 1995), China (Yuan et al. 2000), Tunisia (Nielsen-
Leroux et al. 2002), and Thailand (Mulla et al. 2003), along with a second resistant 
population (BP) in France (Chevillon et al. 2001; Nielsen-Leroux et al. 2002). There 
are also examples of L. sphaericus utilization for C. quinquefasciatus control pro-
grams in two urban areas in Recife and São Paulo city, in Brazil, which did not lead 
to resistance (Silva-Filha et al. 2008). It is likely that factors such as the interruption 
of treatment and/or rotation with Bti recorded in these areas may have disrupted the 
selection pressure. Selection performed under laboratory conditions using L. 
sphaericus has also confirmed that larvae may achieve high levels of resistance to 
the Bin toxin (RR ≈ 100,000) (Amorim et al. 2007; Pei et al. 2002; Rodcharoen and 
Mulla 1994; Wirth et al. 2000). The resistance reports available indicated that pro-
longed and intensive utilization of L. sphaericus, as the sole agent for control, may 
result in selection of high resistance in the treated populations.

The mechanism of resistance identified in some laboratory-selected and field-
derived C. pipiens colonies is caused by target site alteration. In such cases, previous 
studies have shown that protoxin from crystals can be correctly processed, but the 
activated Bin toxin fails to bind to the midgut epithelium, due to lack of functional 
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receptors (Darboux et al. 2002; Guo et al. 2013; Nielsen-LeRoux et al., 1995, 2002; 
Oliveira et al. 2004). There are only two cases reported to date, resistant SPHAE 
(France) and TUNIS (Tunisia) field-derived colonies, in which there are functional 
binding receptors on the midgut and the resistance mechanisms remain unknown 
(Nielsen-Leroux et al. 1997, 2002). To date, the lack of receptors in the larval mid-
gut is the major resistance mechanism for the Bin toxin (Silva Filha et al. 2014), and 
this occurs due to mutations in the cpm1/cqm1 genes that prevent the expression of 
these midgut-bound α-glucosidases. Resistance to L. sphaericus was found to be 
monofactorial and recessively inherited in all the cases studied to date (Amorim 
et al. 2007; Nielsen-Leroux et al. 1995, 2002; Oliveira et al. 2004).

The identification of the genes coding for the Cpm1/Cqm1 receptors in C. 
pipiens/C. quinquefasciatus (Darboux et al. 2001) opened the way for investigations 
of the molecular basis of resistance. Eight alleles from cpm1/cqm1 genes associated 
with Bin resistance have been characterized in populations from the USA, Brazil, 
France, and China (Chalegre et al. 2012, 2015; Darboux et al. 2002, 2007; Guo et al. 
2013; Menezes et al. 2016; Romão et al. 2006). Seven of these alleles (cpm1GEO 
from the USA; cqm1REC, cqm1REC-2, cqm1REC-D16, and cqm1REC-D25 from Brazil; 
cpm1BP from France; cqm1R from China) were characterized by mutations, as tran-
sitions or deletions that generate a premature stop codon in their open reading 
frames. As a consequence, their transcripts code for truncated proteins, without the 
GPI anchor which is located at the C-terminus of protein. The loss of the GPI anchor 
prevents the protein localizing to the midgut surface, and the Bin toxin can no lon-
ger bind to the epithelium in order to produce its toxic effect and larvae mortality. 
Only one allele was found in a resistant population from France; cpm1BP-del has a 
mutation that produces a different effect. In this case the mutant protein retained the 
predicted GPI anchor, but a 198 bp internal deletion, provoked by the insertion of a 
retrotransposon, generates an alternative splicing event, and the resulting transcript 
codes for a protein with internal deletion of 66 amino acids. This protein is unable 
to bind to the Bin toxin, despite being correctly located on the epithelium (Darboux 
et al. 2007). This mechanism prevents Bin interaction with the midgut epithelium, 
and it is responsible for the high level of resistance exhibited by larvae that are 
homozygous for the allele. Similarly, Ae. aegypti larvae are naturally refractory due 
to the lack of functional receptors in the midgut (Nielsen-Leroux and Charles 1992). 
Larvae express the Aam1 α-glucosidase, which is a Cqm1 ortholog that, although 
located in the midgut, does not have the ability to bind to the Bin toxin and thus 
prevents the toxic action of the Bin toxin on Ae. aegypti (Ferreira et al. 2010). The 
characterization of these mutations indicates that cpm1/cqm1 is a highly polymor-
phic gene and six mutations, of the eight described, are located in the same region. 
These mutations can have a high impact because, unlike those observed in resis-
tance genes of other insecticidal compounds (e.g., pyrethroids) which often cause 
only a reduction in their capacity to bind to the active ingredient (Du et al. 2013; 
Rinkevich et al. 2013), they generate full refractoriness, as seen in the case of Bin 
receptors, which become absent from the midgut.

Resistance to L. sphaericus needs be monitored, since the selection of homozy-
gous individuals can lead to serious operational failures. L. sphaericus resistance is 
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also likely to be associated with discrete biological costs rather than marked impact 
on the fitness of resistant individuals, as has often been reported in the literature 
(Anilkumar et al. 2008). Some L. sphaericus-resistant colonies, for instance, have 
been maintained for more than 200 hundreds generations, under laboratory condi-
tions (Chalegre et al. 2015). One direct consequence of L. sphaericus resistance in 
these insects is the potential lack of the Cpm1/Cqm1 α-glucosidase. However, C. 
quinquefasciatus larvae display a set of other α-glucosidases (Gabrisko 2013; Romão 
et  al. 2006), and hypothetically, the lack of Cqm1 may be compensated by other 
α-glucosidases expressed in the larvae midgut. The role played by Cqm1 and the 
other α-glucosidases in larvae physiology has not yet been elucidated, but the long-
term maintenance of these resistant colonies suggests that these insects could be 
successfully established which increases concerns about L. sphaericus resistance.

Monitoring the susceptibility of populations exposed to L. sphaericus is thus 
crucial for the effectiveness of this biolarvicide. Bioassays to determine the lethal 
concentrations of Bin toxin to larvae are the main tool used to evaluate susceptibil-
ity. However, L. sphaericus resistance is recessively inherited, and heterozygous 
individuals carrying r alleles are susceptible and can thus barely be detected by this 
tool. On the other hand, the identification of mutations of the cqm1 gene that confer 
resistance has enabled the development of PCR screens which have enhanced the 
capacity to directly monitor these recessive genes in population samples. Screening 
of these genes in C. quinquefasciatus populations in the city of Recife (Brazil) has 
revealed four of these alleles: cqm1REC, cqm1REC-2, cqm1REC-D16 and cqm1REC-D25 
(Chalegre et al. 2009, 2012, 2015). cqm1REC, which was primarily identified in a 
laboratory-selected colony, was found to occur in Recife city areas at a frequency in 
the order of 10−3 in samples of untreated populations, while a significantly higher 
frequency (≈0.05) was recorded in larvae samples from a L. sphaericus-treated 
area. Furthermore, although the four alleles were found in Recife city, cqm1REC was 
detected in all populations at a higher frequency, compared to the other alleles 
(Menezes et al. 2016). The dataset reported the frequency of these alleles in Recife 
populations and indicated that cqm1REC may be a marker for the surveillance of 
resistance in C. quinquefasciatus populations from those areas. The frequency of 
other L. sphaericus resistance alleles in the geographical areas in which they were 
originally detected, or abroad, has not been studied.

15.3  �Management Strategies to Prevent L. sphaericus 
Resistance

The L. sphaericus resistance recorded in exposed populations from different coun-
tries highlights the need to design strategies to manage resistance to this agent. One 
of the most important approaches is the use of multiple strategies to reduce the 
density of mosquitoes. This is crucial for reducing insecticide use and hence the 
corresponding selection pressure that is caused by its use (Becker et al. 2003). It is 
highly recommended that environmental strategies be introduced to reduce the 
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number of active breeding sites and to keep larvicide application at the minimum 
level possible, in order to prevent the onset of resistance. However, if resistance is 
detected in an exposed population, the interruption of L. sphaericus treatment is the 
primary measure to be taken. Mosquitoes are r-strategists, and populations can 
recover rapidly after interruption of the control interventions. The interruption of 
treatments, per se, allows the immigration of susceptible individuals from surround-
ing areas and leads to the dilution of resistance alleles. Reversal of L. sphaericus 
resistance is facilitated by the recessive inheritance of this phenotype (Amorim 
et al. 2007, 2010; Chevillon et al. 2001, Nielsen-Leroux et al. 1995, 1997, 2002; 
Oliveira et al. 2004). In a Chinese field population, a high resistance level (22,000-
fold) was recorded, and, 6 months after stopping treatment, the resistance ratio 
decreased to sixfold (Yuan et al. 2000). The second strategy to be implemented is 
the replacement of L. sphaericus by other insecticides with different modes of 
action. Among the commercially available agents to be used in association with L. 
sphaericus, Bti-based biolarvicides are considered the most promising option 
because their toxins and mode of action are unrelated to the Bin toxin, as described 
previously in this chapter. Other dipteran-active Bacillus thuringiensis (Bt) strains 
also produce toxins that do not display cross-resistance to Bin toxin, such as those 
from Bacillus thuringiensis serovar. medellin (Btmed) and Bacillus thuringiensis 
serovar. jegathesan (Btjeg), although commercial products are not available to date. 
There are also other mosquitocidal toxins produced by L. sphaericus, that are effec-
tive on Bin-resistant mosquito strains, such as the Mtx and Cry48–49 toxins (Berry 
2012). However, the expression of these toxins in native strains has limitations in 
terms of optimal amounts and stability. Further biotechnological development is 
needed for the production of biolarvicides based on these toxins. Recombinant L. 
sphaericus strains containing Bti toxins have been developed, and these have been 
shown to be active against larvae from Bin-resistant colonies. However, these modi-
fied strains showed low expression and/or instability of Bti proteins (Federici et al. 
2010; Gammon et al. 2006). The integration of the Bin toxin into Bti strains has also 
been performed, and the recombinant constructs successfully produced Bti and Bin 
toxins with improved toxicity (Park et al. 2005). Products based on such recombi-
nant bacteria have not been developed for field utilization but are a promising pros-
pect (Federici et al. 2010).

Nowadays, it is strongly recommended that Bti be used in combination with L. 
sphaericus, since Bti commercial products are already available, are effective in 
overcoming Bin-resistance, and have a long history of successful field utilization. 
Bti can be used in rotation or mixed with L. sphaericus, and this strategy can be 
introduced for prevention or reversal of L. sphaericus resistance. Both rotation and 
mixtures may be effective, but mixtures may be more efficient in delaying the onset 
of resistance (Zahiri and Mulla 2003). Based on this successful association of the 
complementary features of L. sphaericus and Bti, commercial products containing 
a mixture of crystals produced by each agent in a single product have been devel-
oped (Anderson et al. 2011). These aim to target a wider range of mosquito species 
in a variety of settings. Successful trials have been carried out to control Culex and 
Aedes species that colonize typical breeding sites in urban areas and to control other 
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mosquito species that occur in wetlands in environmentally sensitive areas 
(Anderson et al. 2011; Cetin et al. 2015; Dritz et al. 2011). These multi-toxin prod-
ucts have shown promising results and can be used in mosquito control programs as 
a safe tool with a low potential for resistance selection. In a broader view, other 
agents may also be considered for use in management of L. sphaericus resistance, 
and these may include biological control agents such as predators (fish, aquatic 
insects), entomopathogenic fungi, and nematodes (Hurst et al. 2006; Keiser et al. 
2005; Lacey 2007; Lingenfelser et al. 2010). Spinosins are another group of larvi-
cides that have been recently introduced for mosquito control, and field trials 
showed successful results (Hertlein et  al. 2010). Synthetic insecticides, such as 
insect growth regulators, are another category to be considered, since these have a 
mode of action distinct from L. sphaericus and a relatively safe spectrum of action 
(Giraldo-Calderon et al. 2008, Guidi et al. 2013). In conclusion, resistance can be 
counteracted, and L. sphaericus is an effective component to be employed in asso-
ciation with other control measures in integrated programs in order to reduce mos-
quito populations.
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