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Novel Mutations Associated with Resistance to Bacillus sphaericus in a
Polymorphic Region of the Culex quinquefasciatus cqml Gene
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Bin toxin from Bacillus sphaericus acts on Culex quinquefasciatus larvae by binding to Cqm1 midgut-bound receptors, and dis-
ruption of the cqm1I gene is the major cause of resistance. The goal of this work was to screen for a laboratory-selected resistance
cqm1 i allele in field populations in the city of Recife, Brazil, and to describe other resistance-associated polymorphisms in the
cqml gene. The cqm1 - allele was detected in the four nontreated populations surveyed at frequencies from 0.001 to 0.017, and
sequence analysis from these samples revealed a novel resistant allele (cqm1 g p;6) displaying a 16-nucletotide (nt) deletion
which is distinct from the 19-nt deletion associated with cqmI . Yet a third resistant allele (cqm1 ¢ p»5), displaying a 25-nt
deletion, was identified in samples from a treated area exposed to B. sphaericus. A comparison of the three deletion events re-
vealed that all are located within the same 208-nt region amplified during the screening procedure. They also introduce equiva-
lent frameshifts in the sequence and generate the same premature stop codon, leading to putative transcripts encoding truncated
proteins which are unable to locate to the midgut epithelium. The populations analyzed in this study contained a variety of al-
leles with mutations disrupting the function of the corresponding Bin toxin receptor. Their locations reveal a hot spot that can

be exploited to assess the resistance risk through DNA screening.

he utilization of biolarvicides based on Bacillus sphaericus re-

quires monitoring strategies which can predict or prevent po-
tential resistance selection among exposed mosquito populations.
The binary (Bin) crystal toxin, which is the major active insecti-
cidal factor found in commercial B. sphaericus strains, acts on
mosquito larvae after ingestion, processing and binding to specific
receptors located on the midgut epithelium (5, 24). Bin toxin dis-
plays high activity against larvae of the Culex pipiens complex and
B. sphaericus has an excellent persistence under field conditions,
which make this an effective biolarvicide for controlling these spe-
cies in urban areas (17). However, the mode of action of Bin toxin
relies entirely on its binding to a single class of midgut receptors
which are glycosylphosphatidylinositol (GPI)-anchored a-gluco-
sidases named Cpm1 and Cqm1 for Culex pipiens and Culex quin-
quefasciatus, respectively (7, 29, 30). Failure of toxins to bind to
their midgut receptors has been described, in a wide range of tar-
get insects, as the primary resistance mechanism to insecticidal
proteins from entomopathogenic bacteria (11, 16, 25). In the case
of B. sphaericus, this is a critical aspect since resistance cases have
also been reported after laboratory selection or field exposure (2,
25,27, 36, 38, 44).

Investigation of the B. sphaericus resistance mechanisms has
confirmed the essential role for the binding of Bin toxin to its
receptors, since mutations within the cpm1/cqm1l genes, which are
recessively inherited, are the major causes leading to the absence
of functional receptors in the midgut and consequent high re-
sistance levels (36). Resistance cases unrelated to receptor
binding failure were reported; however, the mechanisms in-
volved were not elucidated to date (25). On the other hand,
molecular characterization of resistance linked to cpml/cqml
genes, performed in two laboratory-selected colonies and one
field population, revealed four distinct alleles associated with
this phenotype: cpmI ;5o and cgml g, laboratory-selected alleles
in California (GEO colony) and in Recife, Brazil (CqRL1/2362
colony), respectively, and cpm1 g and cpml gp-del, both character-
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ized in a field population from the south of France (6, 8, 29). Each
allele displays distinct resistance-associated mutations which re-
sult in potential transcripts for truncated soluble proteins lacking
the GPI anchor (cpmlgpo, cqmlpgpe, cpmlyp) or for truncated
GPI-anchored proteins which are still unable to bind Bin toxin
due to the loss of 66 amino acids (cpm1 gp-del). The CqQRL1/2362
colony, derived from eggs collected in the Recife Metropolitan
Area (RMA; Brazil) and laboratory selected, displays high levels of
resistance (resistance ratio [RR], >100,000) due to the failure of
Bin toxin binding to microvillus receptors, and larvae from this
colony were found to be homozygous for the cgmI . allele (26,
27). Characterization of this allele showed a 19-nucleotide (nt)
deletion which changes the frame of the protein coding sequence
and originates a premature stop codon. The resulting predicted
protein coded by this allele lacks part of its C-terminal end, in-
cluding the GPI-anchor site. As a consequence, in individuals
found to be homozygous for the cgmI g allele, no functional
polypeptide is present as a midgut membrane-bound receptor, a
condition essential for Bin toxin binding (29). The characteriza-
tion of this mutation allowed the development of a PCR amplifi-
cation assay, which upon screening for cqm1 gz in larva samples
from RMA field populations, showed the presence of the associ-
ated deletion in a frequency on the order of 107> and 1072 in
nontreated and treated areas, respectively (4).

Utilization of B. sphaericus biolarvicides in RMA has been an
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important tool for controlling C. quinquefasciatus, which is the
exclusive vector of the nematode Wuchereria bancrofti in Brazil
(32). In view of the strategic role of this biolarvicide in RMA and
the advantage provided by the knowledge available on the molec-
ular basis of resistance, the goal of this work was to provide data on
the frequency of the cgmI e allele through DNA screening, as
well as to describe novel polymorphisms of the cqgm1 gene which
can disrupt the expression of the Cqm1 protein as a target site for
Bin toxin. The search for new resistance-mediating events is a key
step for the development and continuous improvement of molec-
ular methods for resistance monitoring, since most alleles identi-
fied are recessively inherited and cannot be directly tracked
through bioassays.

MATERIALS AND METHODS

Mosquito colonies. Three colonies were used in this study: CqSF, a Culex
quinquefasciatus colony susceptible to Bacillus sphaericus that was estab-
lished from egg rafts collected in the Recife Metropolitan Area (RMA) in
Brazil; CqRL1/2362, a C. quinquefasciatus colony derived from CqSF and
laboratory selected with B. sphaericus strain 2362 that displays a high level
of resistance (>100,000-fold) to this entomopathogen (27); and RecLab,
an Aedes aegypti colony established from egg samples also collected in
RMA (21). Colonies have been maintained in the insectarium of the Cen-
tro de Pesquisas Aggeu Magalhdes (CPqAM-FIOCRUZ), under con-
trolled conditions, for at least 8 years. Larvae were reared in dechlorinated
tap water and fed with cat biscuits. Adults were fed on 10% sucrose solu-
tion, and females were also fed with chicken blood. Insects were main-
tained at 26 = 1°C, 70% humidity, and a photoperiod of 12 h of light and
12 h of darkness.

Culex quinquefasciatus population. Four nontreated populations
and one treated population from RMA were investigated. Nontreated
areas were Ipojuca (IPO) and Jaboatdo (JAB), located 60 and 20 km from
Recife, respectively, and Roda de Fogo (ROD) and Azeitona (AZE), dis-
tricts within the city. Samples from IPO and JAB consisted of egg rafts,
collected in 2010, using around 30 oviposition traps (3) randomly placed
in households within each area. Samples from ROD and AZE, consisting
of larva batches collected directly from breeding sites in these areas in
1999, were stored at —70°C. The treated area of Agua Fria (AGU) has been
exposed to B. sphaericus since 2003 (32), and egg rafts were collected in
2010 according to the methodology described above. Eggs were used to
establish subcolonies maintained under laboratory conditions, and larvae
from F1 or F2 progenies were stored at —70°C until use.

Bioassays. Multiple concentration bioassays were performed to estab-
lish the lethal concentrations of the B. sphaericus 2362 lyophilized powder
SPH-88 (Institut Pasteur), after 48 h, for 50% (LCs,) and 90% (LC,,) of
exposed larvae according to the standard procedure (35). Lethal concen-
trations were determined through probit analysis using the software SPSS
10.0 for Windows. Diagnostic dose bioassays were performed to discrim-
inate susceptible and highly resistant individuals based on the exposure of
individual fourth-instar larva samples to a high concentration of B. sphae-
ricus 2362 for 48 h (1). Briefly, larvae were treated with 125 mg/liter of the
biomass sample (sample no. 0448/09; CPqAM-FIOCRUZ) stored at
—20°C, at a concentration more than 1,000-fold higher than the LC,, to
the CqSF-susceptible colony, in a final volume of 2 ml of distilled water in
24-well plates. This high diagnostic dose was chosen based on the fact that
all cgm1 resistance alleles already characterized confer total refractoriness
to Bin toxin (25, 27, 38, 44).

AS-PCR. For DNA isolation, individual fourth-instar larva samples
were homogenized in DNAzol (Invitrogen), as recommended by the
manufacturer, followed by precipitation with ethanol and DNA recover-
ing in Tris-EDTA buffer. Allele-specific PCR (AS-PCR) was performed
using specific primers, described in Chalegre et al. (4), and reactions were
carried out for 35 cycles with an annealing temperature of 60°C using a
Biometra thermocycler. Amplification products were separated by elec-
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TABLE 1 Toxicity of B. sphaericus strain 2362 against larvae”

LCs LCop
No.of Mean (95% fiducial Mean (95% fiducial
Sample larvae  limits) RR  limits) RR
CqSF 360 0.004 (0.003-0.005) 1.0 0.029 (0.019-0.049) 1.0
PO 1,480 0.013 (0.010-0.017) 3.3  0.029 (0.022-0.044) 1.0
JAB 1,480 0.017 (0.013-0.020) 4.3  0.026 (0.023-0.049) 0.9
AGU 1,140 0.024 (0.021-0.028) 6.0  0.050 (0.042—0.059) 1.7

@ Larvae were fourth-instar Culex quinquefasciatus from a susceptible laboratory colony
(CqSF), two nontreated populations (IPO, JAB), and one treated population exposed to
B. sphaericus (AGU). Shown are lethal concentrations (mg/liter) for 50% (LCs,) or 90%
(LCyy) of larvae after 48 h. RR, resistance ratio; LC for the population tested/LC for the

CqSF reference colony.

trophoresis on 2.5% agarose gels, and each assay included no-DNA sam-
ples and A. aegypti DNA samples as negative controls. All AS-PCR prod-
ucts potentially amplified from the cgml - allele (fragments of less than
208 bp were expected due to the 19-nt deletion) and some fragments
amplified from cgm1 (standard fragments of 208 bp) were subjected to
automatic sequencing in an ABI Prism 3100 genetic analyzer (Applied
Biosytems) to confirm their identity.

Cloning and sequencing of cqm1 alleles. Genomic DNA from fourth-
instar larvae was extracted as described, and PCRs were carried out with
primers flanking the full-length coding sequence of cqgm1 (see Table S1 in
the supplemental material) using Platinum Taq high-fidelity DNA poly-
merase (Invitrogen). To obtain the partial sequence of the cqmlzpc pos
allele described in this study, a second set of primers were also used (see
Table S1). PCR products were purified with the GFX DNA and gel band
purification (GE Healthcare) kits. They were then ligated into the vector
pGEM-T Easy (Promega) and subsequently transformed into the One
Shot TOP10 chemically competent Escherichia coli cells (Invitrogen).
Twelve clones from each sample were subjected to minipreparations in
Luria-Bertani medium supplemented with ampicillin (100 pg/ml) and
further purified with the QIAprep spin miniprep kit (Qiagen). After pu-
rification, the DNA samples were quantified and submitted for automatic
sequencing. Alignment and assembly of the resulting nucleotide and
amino acid sequences were performed with the DNASTAR software pack-
age, and manual refinement was done when needed.

RESULTS

Available data on the frequency of resistance alleles in field popu-
lations without a history of previous spraying remain scarce, and
the lack of baseline information is one of the most limiting factors
to evaluate resistance selection and to introduce management
strategies. For this reason, an AS-PCR assay for the detection of
cqml g, designed and evaluated previously (4), was applied to
identify genotypes of C. quinquefasciatus larvae from nontreated
populations of RMA. First, B. sphaericus susceptibility was inves-
tigated in field populations from IPO and JAB using in vivo bio-
assays. Multiple dose-response assays showed that larvae from
both samples were susceptible since only a discrete increase in the
LC;,, with a resistance ratio (RR) around 3- and 4-fold for IPO
and JAB, respectively, was observed and the LC,, showed similar-
ities with the reference colony (Table 1). Diagnostic dose bioassays
were also performed in an attempt to identify larva survivors from
a high concentration of B. sphaericus that could potentially be
homozygous-allele-resistant individuals. Samples of 1,680 and
720 larvae for IPO and JAB, respectively, were individually ex-
posed, and there was no detection of survivors from these bioas-
says. Full mortality was already achieved after 24 h of B. sphaericus
exposure in the treated groups, while the nontreated larvae from
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TABLE 2 Frequency of cqgm1 alleles determined by PCR”

Molecular Basis of Bin Toxin Resistance

No. of larvae with genotype and frequency of each allele

Total no. of cqml cqmlppc qmlrpc-pis cqmlgpc.pos
Sample Yr larvae SS SR RR F SR RR F SR RR F
1IPO 2010 501 498 3 0 0.003 0 0 0 0 0 0
JAB 2010 510 507 1 0 0.001 1 1 0.003 0 0 0
ROD 1999 230 222 8 0 0.017 0 0 0 0 0 0
AZE 1999 240 236 1 0 0.002 3 0 0.006 0 0 0
AGU 2010 269 252 14 2 0.033 0 0 0 1 0 0.002

“ Frequency of cqm1 alleles in Culex quinquefasciatus larvae from four nontreated populations (IPO, JAB, ROD, AZE), as well as one treated population exposed to B. sphaericus
(AGU). SS, homozygous for cgm1; SR and RR, heterozygous or homozygous for one of the resistance (r) alleles, respectively; F, allele frequency.

the control groups showed 2.9 and 1.7% mortality for IPO and
JAB, respectively, after the standard period of 48 h of exposure.
ROD and AZE larva susceptibilities were not analyzed since these
samples were collected in 1999 and stored at —70°C without fur-
ther evaluation.

The AS-PCR performed in this study is based on the fact that
according to the size of the DNA fragment amplified, using two
primers flanking the 19-nt deletion which characterizes the
cqml g allele, it is possible to identify fragments derived from
either cqm1 or the cqgml g resistant allele, corresponding to 208
or 189 bp, respectively (4). Here we define cqm 1 as all alleles other
than cqgm1l gy, taking into account that it is not possible to exclude
the existence of unknown resistance mutations which are located
outside the region under evaluation or do not alter the size of the
amplified fragment. All populations analyzed here, which had no
history of B. sphaericus spraying, nonetheless showed the presence
of the cqgm1 - allele. Frequencies of 0.003, 0.001, and 0.002 were
detected in IPO, JAB, and AZE, respectively, whereas ROD
showed a higher frequency of 0.017 (Table 2). In these popula-
tions, the cqm1p allele was always found in heterozygous indi-
viduals, whereas most individuals were homozygous for the cqm1
allele (Fig. 1; Table 2).

Screening for the cgm I - allele involved sequencing of all am-
plified diagnostic fragments (<208 bp) potentially corresponding
to this allele in order to confirm their identity. The analysis of the
resulting sequences revealed not only the targeted cqml zg- 19-nt
deletion but also a second deletion located in the same region
encompassed by the amplified fragment. The new polymorphism
found in these nontreated populations consists of a 16-nt deletion

100

FIG 1 Fragments amplified from alleles of the Culex quinquefasciatus cqml
gene. PCR produces profiles of homozygous for cqgm1l (lane 1), heterozygous
for cqmlyge (lane 2), homozygous for cqgmlyg. (lane 3), heterozygous for
cqmlgpe.pis (lane 4), homozygous for cqml gy ;6 (lane 5), and homozygous
for cqmlgpc_pos (lane 6). No fragments were amplified from samples with
Aedes aegypti DNA (lane 7) or without DNA (lane 8). Molecular size markers
(molecular weight [MW]) in base pairs are shown on the left.
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(nt 1306 to 1321), located 12 nucleotides downstream of the
cqml g deletion (nt 1276 to 1294), and this allele was denomi-
nated cqmlIgpe pe (Fig. 2). Visual inspection of diagnostic frag-
ments provided by AS-PCR does not allow a reliable distinction
between products amplified from cqml g or cqmlzpe g alleles
(Fig. 1). The cqm1 gpc_pys allele was detected in both JAB and AZE
samples. In JAB, its frequency of 0.003 was based on the finding of
one heterozygote and one homozygote larva sample for this allele
detected among 510 individuals analyzed, whereas in AZE, its fre-
quency was 0.006, carried by only one heterozygous larva sample
found among 240 larva samples (Table 2). The frequency of each
cqml gpcor cqml gpepis allele in 1,481 larva samples from all non-
treated populations was 0.004 or 0.002, respectively, while the
frequency of both was 0.006.

The DNA segment where the two deletions described above
were found may be a hot spot for these kinds of mutations since a
third deletion was detected in individuals from AGU, a treated
area exposed to B. sphaericus. Resistance ratios for AGU larvae
were 6- and 1.7-fold at LCs, and LCy,, respectively. The AS-PCR
screening based on a sample of 269 larvae showed a frequency of
0.033 for cqml g, and this allele was carried by heterozygous and
homozygous larvae. The sequence analysis of the set of smaller-
sized diagnostic fragments amplified from this AGU sample
showed, besides the fragments containing the 19-nt deletion, one
heterozygous individual for an allele containing a 25-nt deletion
encompassing the 19-nt deletion for the cqmI g allele, plus the
six subsequent bases (Fig. 2). The allele presenting this new dele-
tion, comprising nucleotides 1276 to 1300, was denominated
cqml gpe_pos and visual inspection of the corresponding fragment
generated by AS-PCR also does not allow a reliable distinction
compared to alleles containing the cqml e or cqmlzpe. i dele-
tion (Fig. 1).

The DNA extracted from larvae carrying the cqgmlgpc pis
allele was used for cloning and sequencing of the entire cqml
coding sequence in order to confirm its identity and analyze the
whole sequence. For this purpose, 45 clones from 5 larva sam-
ples were analyzed, and among them, 21 were positive for the
cqml gpe.pis allele. The final sequence from the individuals car-
rying such a copy contained the two known introns of 50 and
55 bp, with an open reading frame of 1,727 bp in length. A total
of 43 other single nucleotide differences were found through-
out the sequence. Among them, 7 led to amino acid substitu-
tions in the deduced protein (see Table S2 in the supplemental
material); however, none of these is known to be associated
with the capacity of Cqml to bind Bin toxin. The full-length
sequence of the cqmI zpc_ .5 allele could not be amplified from
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A Exon 1 Intron 1 Exon 2 Intron % Exon 3
5-UTR 7777/ | 3-UTR
269 bp 1,8 kb
B Primer 1

- - -gaggtagccatgcaggacttcaaagaggctcagcagttegacaaccgagatcegaace

acgccgatgcalgtgggactcgtegace 1310

agtgccgggticagtaccaacacc aacacctggctccgagttcatccggactacgctcggtacaacg@acgtg atgcagaagaatcca 1400

Primer 2

caaagtaccttccaccacttecagcatctgaccaagettegacggeaccggacgatgecagagtggtgagtacgtgecacaagacggte. .. 1490

FIG 2 Representation of the cqgm1 gene encoding the Cqm1 receptor in Culex quinquefasciatus larvae (GenBank accession number DQ333335). (A) Full-length
sequence of 1,848 nucleotides (nt) containing two introns of 50 nt (nt 1169 to 1218) and 55 nt (nt 1655 to 1709). (B) Nucleotide sequence from the region (nt
1221 to 1490) encompassing the polymorphisms found in alleles from Recife populations are indicated as follows: deletion of 19 nt corresponding to the cqm1 z -
allele is underlined; the six extra bases corresponding to the cqml ;. 5,5 are boxed; and the 16-nt deletion from the cqm1l g p, allele, located 11 bases beyond
the 19-nt deletion, is in italics and shaded in gray. Deletions start with a CGA trinucleotide motif in bold. The premature translation stop codon originating from
the deletions described here is boxed in bold. For the allele-specific PCR, primers 1 and 2 were used for the 5" and 3" ends, respectively. These deletions were
identified based on the sequencing of one strand of multiple DNA clones, which yielded identical results.

the same larva genomic DNA which originally generated the
PCR fragment of 183 nt containing the 25-nt deletion. Despite
extensive trials using the primers available for amplifying the
full-length sequence, and even additional primers designed for
this purpose (see Table S1 in the supplemental material), only
the wild-type cqgml sequences without any deletions were
found after analyzing the sequences of over 100 clones. Never-
theless, PCR assays using yet another set of primers (see Table
S1, primers F4 and R4) resulted in the amplification of an
889-nt fragment whose sequence contained the 25-nt deletion.
This sequence corresponded to about 50% of the full-length
gene (positions 506 to 1419) and included the first intron; how-
ever, contrary to the sequence established for the cgmIzpc pis
allele, single nucleotide polymorphisms compared to the pre-
viously described cqgmI sequence (GenBank accession number
DQ333335) were not found. Despite the high conservation of
this 889-bp fragment, the failure to amplify a full-length copy
of the cqmlygpc_pos allele suggests the existence of polymor-
phisms in other regions of its sequence which would prevent
annealing of the available primers.

The two deletion events found in the cqmlgpc s and
cqmlgpe_pos alleles change the reading frame of the succeeding
amino acids, and both originate a premature stop codon at posi-
tion 1362, which is also the same stop codon created by the 19-nt
deletion from the cqm1 - allele (Fig. 2). The resulting sequence
from cqmlppepie and cqmlpe pos alleles potentially encodes a
truncated (437 amino acids long) protein. Both the 16- and 25-nt
deletions can confer resistance, in homozygous individuals for any
of these alleles, since they will not code for full GPI-anchored
Cqm1 proteins, available in the midgut epithelium for the Bin
toxin to bind. Comparative analysis of the three deletion events
affecting the cqm1 gene highlighted the fact that while the 19- and
25-nt deleted segments share the same initial insertion point in the
sequence (at nucleotide 1276), all three also start with a common
CGA trinucleotide motif.

DISCUSSION

In this study, a DNA screening was performed to detect the
cqml ygc allele in populations of C. quinquefasciatus from the Re-
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cife Metropolitan Area (RMA). Susceptibility to B. sphaericus in
two nontreated populations of IPO and JAB showed that RR val-
ues at the LC,, were similar to that of the reference colony, and the
slight variations in RRs found at the LCs,, are comparable to pre-
vious RRs reported for other nontreated mosquito populations,
which have demonstrated the existence of natural variations in
their B. sphaericus susceptibilities (4, 20, 34, 36, 37). The status of
two other nontreated populations of ROD and AZE could not be
analyzed; nevertheless, they were expected to be susceptible since
B. sphaericus had not been used in these areas and they were also
geographically isolated from the only two exposed areas in RMA at
the time the samples were collected (28, 31). The cqmlzp allele
was found in all nontreated populations analyzed, despite being
originally identified in a laboratory-selected colony (4, 29), high-
lighting the strategic importance of monitoring for this allele in
RMA. This result contrasts with those observed for laboratory-
selected cadherin alleles associated with CrylAc resistance and
whose screening in field populations has not led to a positive de-
tection (13, 33). The frequency of the cgm1 x5 allele found among
the populations analyzed, which was on the order of 10~ (0.001
to 0.003), is consistent with the previous screening of two non-
treated RMA populations (4) and with studies on Bacillus thurin-
giensis (Bt) resistance genes in Lepidoptera that have estimated the
initial frequency of such alleles in nonexposed populations as
0.0015 (15). However, the higher frequency observed for the ROD
population indicates that variations in pretreatment frequency
can occur and should be taken into account for evaluating the
resistance risk prior to spraying. Recent surveys of Bt resistance
genes in lepidopteran field populations from Bt cotton areas in
China also showed a wide range of frequencies from 10™* to 10~"
(14, 18, 19, 40, 45), with the latter being considered the first sub-
stantial increase in resistance gene frequency among the areas un-
der study. The treated population of AGU evaluated here showed
a higher cqm1 g frequency than those from the nontreated pop-
ulations, which is consistent with B. sphaericus exposure in that
area. However, this frequency has not increased compared to pre-
vious screenings performed in AGU (4, 32), suggesting that the
selection pressure might be low. This could be related with the
introduction of Bacillus thuringiensis serovar israelensis (B. thurin-
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giensis subsp. israelensis) to replace B. sphaericus in certain stages
of this control program (C. M. F. Oliveira, personal communica-
tion). Considering that B. thuringiensis subsp. israelensis does not
display cross-resistance with B. sphaericus and it is able to elimi-
nate resistant genotypes (27, 36, 43), this could be one reason for
reducing the selection pressure in that area.

Molecular biology-based methods can be useful for monitor-
ing early selection of resistance in field populations since known
resistance alleles carried by heterozygous individuals can be di-
rectly identified. Screening performed in this study revealed two
novel polymorphisms in the cgmI gene, 16- and 25-nt deletions
found at the same region which encompasses the 19-nt deletion
originally found in cqgm1 . The finding of one homozygous larva
sample for cqmlgpc 6 in the JAB population was not expected,
considering its status of being a nontreated population, since data
from a previous screening of B. sphaericus and Bt resistance alleles
have shown such alleles only in heterozygous individuals under
such conditions (4, 42,45). The resistance phenotype conferred by
cqmlgpe.prs and cqml gpe_pos alleles could not be experimentally
confirmed; nevertheless, the functional effect of these deletions on
larva susceptibility is likely similar to that of cqm1 g, since they all
provoke frameshifts and introduce the same premature stop
codon in the sequence, which prevents the expression of full-
length GPI-anchored proteins (6, 8, 29). Regardless of the fact that
the Bin binding epitope on the Cqm1 protein is still unknown, the
loss of the GPI anchor prevents its location on the midgut epithe-
lium and, consequently, its function as the Bin toxin receptor.

A comparable situation, involving a wide range of polymor-
phisms, has been investigated in Lepidoptera cotton pests which
display multiple cadherin alleles associated with CrylAc toxin re-
sistance (12, 22, 45). To date, 12 cadherin alleles were found to be
genetically linked to CrylAc toxin resistance, one from a labora-
tory-selected strain of Heliothis virescens, three from Pectinophora
gossypiella, and eight alleles detected in Helicoverpa armigera (the
last two species are from field populations) (12, 22, 23, 39, 42, 45).
From the functional point of view, many of them are considered
null alleles since they are disrupted by events which result in the
generation of premature stop codons or aberrant splicing events
in their sequences, expected to encode truncated proteins lacking
toxin binding sites or the transmembrane domain (39, 42, 45). In
these cases, the final result is an inability of the toxin to bind to its
target tissue in a fashion similar to that observed for the cqml
resistance alleles described here (10, 45). In terms of monitoring
tools, DNA screening of cadherin alleles has been considered a
complex task due to the diversity and multiple locations of events
found over genes that can be as large as 16 kb, as was seen for H.
armigera (41). In contrast, the cgm1 gene is around 1.8 kb (29), a
size which facilitates its amplification and sequencing and allows
DNA screening of coexisting, resistance-linked alleles in field pop-
ulations.

The finding of novel events in the cqmI gene associated to B.
sphaericus resistance and mapped to the same region where other
resistance mutations have been identified suggests the existence of
a hot spot for such events. Aside from the polymorphisms re-
corded in RMA in Brazil, the same gene region is also the target of
the mutations which characterize the cpm1gp and cpml gp-del re-
sistance alleles, which were found to coexist in a C. pipiens popu-
lation from France (6). Overall, five of six resistance alleles char-
acterized in cpm1/cqml genes have mutations located within this
region, and only a single nonsense mutation (T1706A), from the
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cpml ggp allele (California), is mapped outside (8). From the evo-
lutionary point of view, further studies are needed in order to
clarify the mechanisms responsible for the rise of such events in
this specific region of the cqm1 gene, as well as the impact of these
alleles on the biological performance of the targeted insects. Al-
though resistance in individuals from the CqRL1/2362 colony was
related to a discrete reduction of some biological parameters (9),
this colony has been maintained in the laboratory for more than
10 years and recent data have shown that the cgm 1z allele is able
to compete with cqm1I, at least under laboratory conditions (1).
Similarly, cadherin genes, in view of null alleles found associated
with CrylAc resistance, do not seem to be essential for the survival
of H. virescens, P. gossypiella, and H. armigera (12, 22, 45). In
conclusion, the findings from this work indicate a diversity of
polymorphisms for the ¢qml gene which can lead to a loss of
function as the receptor for the B. sphaericus Bin toxin. The events
behind these polymorphisms, detected in individuals from field
populations of RMA, are nevertheless located in a specific region
of the cqm1 gene, which allows for easy screening of the multiple
events and is useful for assessing the resistance risk.
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