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Mosquitocidal Bacterial Toxins: Diversity, Mode of Action
and Resistance Phenomena

Jean-Francois Charles*, Christina Nielsen-LeRoux
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Bacteria active against dipteran larvae (mosquitoes and black flies) include a wide variety of
Bacillus thuringiensi@and B. sphaericustrains, as well as isolates drevibacillus laterosporuasnd
Clostridium bifermentanghll display different spectra and levels of activity correlated with the nature
of the toxins, mainly produced during the sporulation process. This paper describes the structure and
mode of action of the main mosquitocidal toxins, in relationship with their potential use in mosquito
and/or black fly larvae control. Investigations with laboratory and field colonies of mosquitoes that
have become highly resistant to tBBesphaericuBin toxin have shown that several mechanisms of
resistance are involved, some affecting the toxin/receptor binding step, others unknown.
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The control of mosquitoes and black flies is activity had been reported previousiBre-
part of the prevention of important vector borrvibacillus laterosporusand Clostridium
diseases like malaria, yellow fever, dengue, anbifermentans
filariasis, including onchocerciasis. The intensive All strains isolated have been characterized for
use of chemical insecticides led to the developmettieir level of mosquitocidal activity and specificity.
of resistant insect populations, resulting in &or most of these bacteria, the factors responsible
reduced control and often to a negative impact dior the insecticidal activity have then been
various non-target organisms and on théentified and characterized, and main toxicity is
environment in general. Therefore, alternativelue to the presence of protein inclusion bodies
control measures including microbial control havesroduced during sporulation of the bacteria. These
been developed. Particularly, naturally occurringoxic factors are named Cry and Cyt toxinsBor
bacteria are successfully used against the larvahd Bin toxins foBsp
stages of mosquitoes and black flies. Bacillus thuringiensisstrains

DIVERSITY OF MOSQUITOCIDAL BACTERIAL N . .
TOXINS Q The diversity of toxin produced is the reason

. . . for the high specificity of these bacteria. However,
Entomopathogenic bacteria, nam@gcillus gy covers the largest activity spectra covering
thuringiensigBY), have been known from the earlyjgae from many Culicidae (mosquito) genera:
190()’5 but the contro_l of dlpteran'speues has be‘%fhlex AedesandAnopheleswith a higher activ-
envisaged only since the discovery Bf v o the two formerBti crystals are also toxic
thuringiensisserovarisraelensis(Bti) in 1977 ,qqingt Simuliidae (Undeen & Nagel 1978). In con-
(Goldberg & Margalit 1977) and a highly toxic straing ot ' they have no effect on vertebrates and non-
of B. sphaericugBsp strain 1593 (Singer 1974).  5rq6t invertebrates (Miura et al. 1980). However,
Since that time, several screening programmegy o, sojubilisation, the crystals display non-spe-

the goal of which was to isolate a number of nesic cytolytic and haemolytic activities (Thomas &
mosquitocidal strains, have been developed. Thegg,, 1983).

resulted in the identification of a wide variety of gy jncjysions are composed of four major
Gram-positive bacteria, including bdandBsp  yrsteins with molecular weight of 135, 125, 68, and
isolates and other bacteria, for which no |nsect|C|d§8kDa_ Since the discovery Bfi, several otheBt
strains displaying mosquitocidal activity have been
isolated. These strains, differing frdti by either
their serotype, mosquitocidal activity or polypep-
tide composition, can be classed into three groups.
E-mail: jcharles@pasteur.fr Class 1 jncluqle;s strains with larvicidal and
Received 7 August 2000 haemolytic activities as well as crystal polypep-
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strains which are nearly as toxicBtsbut produce adjacentto the spore (Montaldi & Roth 1990). Re-
different polypeptidesB. thuringiensisserovar cently, two strains — 16-92 (isolate 921) and LATO06
jegathesan(Btjeg) (Delécluse et al. 1995) afdl (isolate 615) have been identified — that are highly
thuringiensisserovamedellin(Btmed (Orduz et toxic for mosquitoes (Orlova et al. 1998). These two
al. 1998). Class 3 includes a number of strainstrains are more toxic for the mosquitoes in the spe-
which synthesise polypeptides different from thoseiesAe. aegyptandA. stephensiand less active
found inBti, but are only weakly active. againsiC. pipiens Both produce crystalline inclu-
TheBtjeginclusions are composed of six majorsions of various shapes and sizes (Smirnova et al.
proteins with molecular weight of 80, 74-70, 65, 37.996) responsible for the toxicity. Purifidl
26 and 16kDa (Ragni et al. 1996). Genes encodingterosporus$15 crystals are as toxic as those from
the 80, 74-70, 65, and 26kDa polypeptides have beBti, to Ae. aegyptandA. stephensiThe natures of
cloned. The 80kDa protein is 58% identical to théhe crystal components responsible for this activ-
Bti Cryl1Aa, and has therefore been designatety have not yet been elucidated.
e e S Clostridum biermentans
from ;ar tlhe highr()a/st mé)sqluiltocidal ac\?i/vilty Th\é ' Screenjng programs, aimed to identify new
26kDa protein is 66% identical to Cyt2Ba frati strains of insecticidal bacteria, led to the descrip-

tipn, in 1990, of the first anaerobic isolate, CH18,
érihdlgg%been therefore named Cyt2Bb (Cheong ving a high mosquitocidal activity. This strain was

Inclusions ofBtmedare composed of four isolated from a mangrove swamp soil from Malaysia
different and major proteins of 94, 70-68, 30 an nd identified a€. bifermentanserovamalaysia

. (Cbm de Barjac et al. 1990). More recently, a new
28kDa (Restrepo et .""l.' 19%7).' Th‘? 94kDa protei osquitocidalC. bifermentanstrain was reported,
named Cryl1Bb (as itis 83% identical to Cry11Ba) bifermentanserovar.paraiba (Cbp), isolated
is the most toxic component, whatever the MoSqUIDym 5 secondary forest floor in 1997 (Seleena et al.
species is, with a level of activity comparable t

= 1997). The insecticidal spectrum of both

g‘gt. oftCryhglngéggdl#é e;zl. 12???&2%”??&% . bifermentanstrains is similar and their toxicity
Vity und y W " 'comparable t8ti strains, although the toxic factor(s)
proteins (Cry29A and Cry30A, respectively), but "Gre not the same as Bti; for these reasons they

cannot be excluded that they interact with othel,corpie class-B thuringiensisstrains. Both
Btmedcrystal components to enhance their activé X :

ity (A Delécluse, pers. commun.), trains are characterized by a high toxicittoph-

eleslarvae followed, in order of increasing larval
Bacillus sphaericusstrains susceptibility, byAedesand Culex Simuliumsp.

The binary toxin (Bin) is the most important ofare also susceptible @mwhole cultures, butin a
the Bsp toxins owing to its predominant role in much less extent than the other Culicidae species.
determining the overall toxicity of strains. All high- Clostridiumis a very diverse group of bacteria that
toxicity strains produce binary toxin as a part ofncludes some human pathogenic species. For this
their mosquitocidal arsenal. This crystal toxin igeason, special considerations were undertaken to
composed of two separate proteins BinA (42kDajetermine the safety of tizbmstrain as a potential
and BinB (51kDa). Genes encoding binary toxin obioinsecticide. All tests conducted with non-target
highly toxic strains are grouped in four typesinvertebrates and vertebrates confirmed the
Several studies have shown that, when producéthocuity of this isolate (Thiéry et al. 1992).
in Escherichia coli both BinA and BinB are Little is known concerning the insecticidal com-
required for toxicity to mosquito larvae and that aponents of eitheC. bifermentansstrain and, at
equimolar ratio of both proteins yields the greategiresent, only th€bmstrain has been extensively
toxicity (Broadwell et al. 1990). It is interesting tostudied, with some controversial results. First, and
note however, that the 42kDa (BinA) producedn contrast tdBt, B. sphaericu®r B. laterosporus
alone in recombinarB. thuringiensiss toxic to  strains, theCbm isolate does not produce
mosquitoes (Nicolas et al. 1993). During the vegparasporal bodies or any other morphological phe-
etative stage other mosquitoacidal toxins are praotype that could be associated with toxicity. Amor-
duced, called Mtx1 (100kDa; Tanabalu et al. 1991phous structures are observed close to the spores
Mtx2 and Mtx3 (Liu et al. 1996), the activity of which and it was suggested that they could be respon-
are lower than the crystal proteins. sible for toxicity (de Barjac et al. 1990). Toxicity is
greatly reduced or inactivated by physical or chemi-
cal treatments. In addition, treatment of crude
tgporulated cell extracts with proteinases or with
gntibodies raised against a crude extradClofn

Brevibacillus laterosporus

B. laterosporusformerlyBacillus laterosporus
is a spore-forming bacterium characterized by i
ability to produce canoe-shaped lamellar bodie
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cells leads to a total inactivation of theto the receptor, while BinA had a very low affinity
mosquitocidal activity (Nicolas et al. 1990), indi-for the receptor (Charles et al. 1997). Recently, the
cating a proteinaceous origin of the toxic factor(sxeceptor was identified as a 60kDa protein attached
In this way, and by comparison of the crude exto the cell membrane by a glycosyl-
tracts of one non-mosquitocid@l. bifermentans phosphatidylinositol (GPI) anchor (Silva-Filha et
strain and th€bmstrain, four major proteins were al. 1999). Microsequencing indicated that this mol-
identified. Those putative toxins include a doublegcule had a strong homology with insect maltases,
of 66-68kDa and two other small proteins of 18 andnd enzymatic activity suggested that it could be a
16kDa (Nicolas et al. 1993). The genes encoding-glucosidase (Silva-Filha et al. 1999). After clon-
those four proteins have already been cloned amly and sequencing, this was recently confirmed (I
sequenced (Barloy et al. 1996). PCR and westebarboux, C Nielsen-Le Roux, J-F Charles, D Pauron,
blotting analysis, showed that those four gends preparation).

are also present and functional in tBlep strain After binding on the receptor, cytopathological
but have not yet been cloned. The doublet afvents such as appearance of large vacuoles (and/
66-68kDa belonged to the Cry family, but clonedr cytolysosomes) i€. pipiensmidgut cells and
proteins expressed Bt were not toxic for mos- mitochondria swelling, may suggest that the toxin

quito larvae. might exert its effects at the cell membrane itself.
MODE OF ACTION OF MOSQUITOCIDAL BAC-  1he electrophysiological effects of the native Bin
TERIAL TOXINS toxin and its individual components, BinA and

BinB, have been investigated in cultuf@dipiens
cells using the patch clamp technique (Cokmus et
al. 1997). The authors reported a reduction in whole-
Il membrane resistance, suggesting that the toxin
eate pores or channels in the cell membrhme.
tro assays using electrophysiological mea-
urements in planar lipid bilayers and
ermeabilisation measurements in liposomes have

Among all these various toxins, very little is
known about the mode of action. &t the only
thing which has been demonstrated is the bindi
of the toxins on the midgut brush border membrangr
after ingestion and protoxin activation within theVi
mosquito larval midgut. Charles and de Barja
(1981, 1983) showed that the histopathologicaﬁ

gh?:rr]gsetsalonrgt]:ig&%wgféizﬁi'lgﬁ%ﬁgg%%ﬁ d confirmed that the Bin toxin forms channel in
y crystalp artificial phospholipid membranes, mainly due to

in Lepidoptera. This was an indication that the modﬁﬁe BinA component, although BinB may also, to a
of action of thed-endotoxins could be uniform lesser extent, cause channel formation (J-L Schwartz,

irespective th&t subspecies and the order of the, £ o4 e 'C Berry, G Menestrina, in preparation),
target insect. Nevertheless, even if some receptors ' ' '

have been identified in caterpillars for lepidopteranRESISTANCE PHENOMENA

active Cry toxins, nothing has been found for mos- |t was thought that development of insect
quito-active Cry or Cyttoxins. _ resistance againgspandBti would not appear,
DespiteBti having been the first mosquitocidal due to possible multi-site interactions between the
organism studied, some steps of the mode of agathogens and their targets. Indeed, no records of
tion of BspBin toxin has been investigated with afield resistance have been foundti because of
better success. Evidence that a specific recept@fe presence of the four different toxins with
was involved in binding of the toxin to midgut api-putative different modes of action. F@sp the Bin
cal cell membranes was provided by Nielsenxin has to be considered as an one site-acting
LeRoux and Charles (1992), in experiments with ramolecule, because of the single receptor interaction
diolabelled Bin toxin and isolated brush bordefyith BinB component (at least i@. pipien$. For
membrane fractions (BBMF) €. pipiensSimilar  Bspcases of resistance have been recorded during
experiments witthe. aegyptia naturally resistant the last four years, iBrazil (10 fold-resistance;
species, gave no specific binding, whereas a spgilva-Filha et al. 1995), in India (150 fold; Rao et al.
cific receptor was also shown to be preserin 1995) and in France o@. pipiens (10,000 fold;
gambiaeandA. stephensspecies (Silva-Filha et Sinégre et al. 1994). More recently, two other reports
al. 1997).In vitro binding assays seem to confirmfrom China (25,000 fold) and Tunisia (ca. 2,000 fold;
that blndlng affinity is correlated with the vivo Z Yuan, G SinégrE, pers. Commun_), confirmed that
susceptibility of larvae: the affinity of binding to resistance t@®sp may develop in the field when
BBMF is higher forC. pipienslarvae than foA.  this bacteria is used intensively. Before records of
gambiagand the affinity of BBMF binding is higher field resistance tBsp active laboratory selections
for A. gambiaehan forA. stephendarvae (Silva- for resistance had been done in two different
Filha etal. 1997). I€. pipiendarvae, it was shown |aboratories in California (>100,000 fold, Georghiou
that BinB was mainly responsible for the bindinget al. 1992; about 37 fold, Rodcharoen & Mulla 1994).
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In order to understand, and eventually preverdccurred faster in closed breeding sites (interior
resistance t@sp studies on mode of action andunderground cellar). This was also the case in
the related mechanisms of resistance have be@anis, meaning that in such breeding sites only
done on some of the populations. low migration of susceptiblgulexindividuals from
Mechanisms of resistance t8sp non-treated areas could occur. In Recife (Brazil),

In vitro binding investigations between thethe 10-fold resistant population was found in open

toxin and midgut BBMF (brush-border membranéjrains and covered cesspitts in a small area where
fractions) from three resistafitulex populations all breeding sites were treated during a two year

gave some knowledge about the mechanisms ?I’iod with a total of 37 treatments. In Cochin (In-
resistance. For the high-level resistant Iab-selectgﬂa) resistance occurred in different kinds of open

colony, no binding was found, meaning that th reeding sites after aboqt two years (35 treatments)
receptor was not functional (Nielsen-LeRoux et aﬁlgd IPg%O#ng?r:]Jar?t (Chlra) a:te_lrhelgh'ittyearﬁqwlthh i
1995). For the high-level resistant population fronf 20U eatments per year. then, It seems ha

France and the low-level resistant population frorﬁey elements for appearance of resistance are the

Brazil (both field-selected), no changes were foungC | cction pressure in time and in dose, and the ge-
in binding kinetics (Silva-Filha et al. 1997). Further-"€tC background of the populations.
more, the gut juice proteases from this colony wer€ross-resistance tBsp
able to proteolyse the protoxins to the activated Inthe above mentioned treated areas only three
forms. Then, if theBspcrystal toxin has selected differentBspstrains were used, 2362, 1593 and C3-
highly resistant individuals possessing a mutatiodl, all belonging to serotype H5a5b, which express
influencing the initial toxin-binding in one case, inthe same crystal toxin (identical amino acid
the other case the same toxin selected highly resempositions; Berry et al. 1989, Z Yuan, pers.
tant individuals expressing their resistance at awommun.). These strains are used in most commer-
other level of the intoxication process. However, itial Bspformulations.
is not excluded that the receptor molecule could Investigations on the level of cross-resistance
also be involved in the resistance from France, baimongnatural Bsp strains have been done by
at another site than the binding site. This indicatdesting the toxicity of several highly actigsp
that different genes can be involved in the resistrains on some of the above mentioBsdesistant
tance toBs depending on various factors like theCulex colonies. For the laboratory-selected
origin of Culexpopulations, the frequency of thelow-level resistant colony from California, cross-
resistance genes and the conditions of selectiofiesistance was found to strain 2297 (Rodcharoen
. . & Mulla 1996). This was also the case for the
Inheritance of resistance tsp field-selected population from India (Poncet et al.

The genetically basis d@spresistance have ;997) However, among five oth&sp strains
been investigated on the two high-level resistant,|ated from Ghana and Singapore, we have found
populations, from France and from California, by,t east two strains, which seem to confer only a
crossing homozygous resistant colonies witQery ow level of cross-resistance. These strains
susceptible homozygous and backcross exye presently under investigation (Nielsen-LeRoux
periments between,Fand the resistant colonies.gt 3. unpublished data). There is no cross-
This indicated that resistance was due to one majiisistance ta@ti within the populations resistant
gene, sex linked for the colony from France buf Bs and there is even evidence for an increased
autosomal for the colony from California (Nielsen-sysceptibility tcBti (Rao et al. 1995, Silva-Filha et
LeRoux et al. 1995, 1997, Wirth et al. 2000) In Otheé| 1995, Z Yuan, pers. Commun_)_ Thisisin agree-
populations such as the low-level Brazilian onement with the finding that the crystal toxin from
resistance is also supposed to be recessive, Bspand the crystal toxins frofti do not compete
cause of the fast decline in resistance wBsp for the same binding sites.
treatments were interrupted (Z Yuan, pers
commun.).

Although resistance is recessive in all studied There is evidence for development of resistance
cases, high-level resistance may constitute a majrany bacterial toxin, as soon as its mode of action
threat to the future use Biptoxins for mosquito implies only one toxin, or toxins with identical mode
control. However, it seems that in some areas, evéi action (binding on the same receptdsp
with intensively field applications (e.gn belongs to this category. This microbial insecticide
Cameroon, Tanzania, Brazil and India), decrease ftas therefore to be used in a reasonable way in
susceptibility has not occurred. In southern Franc#)tegrated control program. Monitoring of the
Bsphad been used for eight years from March teusceptibility of the treated mosquito populations
October with 1-2 treatments per month. Resistand¥efore and during treatments is necessary. Other

CONCLUSIONS AND PERSPECTIVES
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measures to be taken are to multiply the control 4230-4235. _
methods and/or the insecticides. For examptie, Cokmus C, Davidson EW, Cooper K 1997. Electrophysi-
could be an alternative in certain conditions and ological effects oBacillus sphaericusinary toxin
formulations. In addition, otheBsp strains or on cultured mosquito cells. Invertebr Pathol 69
recombinanBspexpressing additional toxins from 197-204.

ther m itocidal bacteria have to b nsider 8eorghiou GP, Malik JI, Wirth M, Sainato K 1992.
other mosquitocidal bacteria have (o b€ CONSICEred.  ~ o cterization of resistance 6ilex quin-

Neverthele_ss, thereis a r'5k_ inintroducingBse ) quefasciatugo the insecticidal toxins dBacillus
crystal toxin genes alone into natural mosquito  sphaericug(strain 2362). University of California,
larval food (e.gCyanobacteria), because this would  Mosquito Control Research, Annual Report 1992
expose the larvae to a continuous selection p. 34-35.
pressure. Besides to this, further understanding @vldberg LH, Margalit J 1977. A bacterial spore
the mode of action, on the receptor identification demonstrating rapid larvicidal activity against
for other mosquito species and on the putative Anopheles sergentii, Uranotaenia unguiculata, Culex
intracellular activity of thdspcrystal toxin, may m\\//vl;a%%séegse; aegypndCulex pipiensMosq
O e e eCh ATl 33 Poter AG.Wee Y. Thanabal T 158, New
’ " gene from nin®acillus sphaericustrains encoding
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