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ABSTRACT: Retrotransposon-mediated disruption of tBHR-4 gene encoding thédeliothis virescens
cadherin-like protein (HevCaLP) is linked to high levels of resistance in the YHD2 strain to CrylAc
toxin from Bacillus thuringiensisThis suggests that HevCaLP functions as a CrylAc toxin receptor on
the surface of midgut cells in susceptible larvae and thaBtRe4gene disruption eliminates this protein

in resistant larvae. However, CrylAc toxin binding to HevCalLP is yet to be reported. We used the
polymerase chain reaction and immunoblotting as tools to discriminate between indididviegscens

larval midguts from susceptible (YDK) and resistant (CXC, KCBhyb, and YHD2-B) strains according to
their BtR-4 gene disruption genotype and phenotype. This approach allowed us to test the correlation
betweerBtR-4gene disruption, lack of HevCalP, and altered Cry1A toxin binding. Toxin-binding assays
using brush border membrane vesicles revealed that a wildByiRet allele is necessary for HevCalLP
production and CrylAa toxin binding, while most of Cry1lAb and CrylAc binding was independent of
the BtR-4genotype. Moreover, toxin competition experiments show that KCBhyb midguts lacking HevCalLP
are more similar to midguts of the original YHD?2 strain than to the current YHD2-B strain. This resolves
discrepancies in published studies of CrylA binding in YHD2 and supports our earlier suggestion that a
separate genetic change occurred in YHD2 after appearance of the cadherin disruption, conferring even
higher resistance in the resulting YHD2-B strain as well as a large reduction in CrylAb and CrylAc
binding.

Effectiveness of transgenic plants producing Cry proteins infestation account for up to 60% of the cotton grown in the
from the bacteriunBacillus thuringiensigBt)! has led to southern U.S. Laboratory selection experiments are useful
an increase in their use for insect pest conttpl To maintain to understand what mechanisms insects may evolve to cope
utility of this technology, the potential for evolution of pest with Cry toxins. This information can then be used to design
resistance needs consideration. Although resistance to Btand implement specific measures to delay or detect evolution
spray formulations has appeared in open-field populations of insect resistance to Cry toxins in the field.
of the diamondback mott), no episodes of insect resistance  agter ingestion by the insect, crystalline Cry proteins are
to Bt crops in the field have been reported. However, results go|ypjlized and processed by the midgut juice to an active
from insect selection in the laboratory demonstrate that the ioxin core. Active toxins bind to receptors on the brush
genetic potential for resistance to Cry toxins exists in many porder membrane and oligomerize to form pores that result
lepidopteran pests3), including the tobacco budworm iy ce|l lysis, gut paralysis, and insect deat). (Although
(Heliothis viresceng. It is estimated that cotton plants  any variation in a step of the Cry toxin mode of action can
expressing Cry1Ac toxin (Bt cotton) to contrdl virescens  potentially result in decreased susceptibility, alteration of

toxin—receptor interactions is the most reported resistance
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membrane vesicle; HevCal Rgliothiszirescenscadherin-like protein; — H. virescenslarvae ). One binding site (receptor A) was
PCR, polymerase chain reaction; APNsaminopeptidase; HvVALP, shared by CrylAa, CrylAb, CrylAc, CrylFa, and CrylJa

Heliothis virescensalkaline phosphatase; dNTP deoxyribonucleoside ; ; i ; ;
triphosphate; BSA, bovine serum albumin; PVDF, polyvinylidiene toxins (6). Primarily on the basis of ligand blot results,

difluoride Q; HRP, horseradish peroxidase; SEFAGE, sodium receptor A was proposed to ComprisbamiHOD?ptid?-§eS
dodecyl! sulfate-polyacrylamide gel electrophoresis. (APNs) of 170, 130, and 110 kD&@+<9) and an unidentified
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210-kDa protein9). Binding of Cry1Ac to the 110-kDa APN  YDK larvae (18). In contrast, after selection with CrylAc,
seems to be irrelevant for toxicityLQ), while the 170-kDa YHD2 larvae developed a 10 000-fold resistance to CrylAc
APN has been shown to promote both high-affinity CrylAc but only low levels of cross-resistance to Cry2ABL)
binding and pore formation when reconstituted on phospho- Subsequent selection with Cry1Ac resulted in even higher
lipid vesicles {). A 130-kDa protein binding both CrylAb  levels of resistance; here, we refer to this later descendant
and Cry1Ac has been proposed to constitute receptor B, whileof YHD2 as YHD2-B. Our earlier binding studies were
several proteins of less than 100-kDa in size specific for conducted on YHD2-B not YHD2 as reported4j. All
CrylAc have been suggested to constitute recepto8)C ( insects were reared in the laboratory using an artificial diet

In the Cry1Ac-selected YHD2 strain &f. viresceng11), as previously described 1).
resistance was associated with greatly decreased CrylAa DNA Isolation.Following dissection of the larval midgut,
binding, while Cry1Ab and Cry1Ac binding were unaffected each carcass (i.e., larval body after the midgut was removed)
(12). Disruption of a cadherin-superfamily gerigtR-4 that ~ was placed separately in a microfuge tube with DNA
resulted in the absence of a potential toxin-binding cadherin- isolation buffer (50 mM Tris at pH 8.0, 10 mM EDTA, 0.2
like protein (HevCaLP) in midguts from YHD2 larvae was M NaCl, and 2% SDS). Tissue was homogenized using a
proposed as the main mechanism of resistance in this straifRetsch MM300 Mixer Mill. Homogenates were spun at
(13). After continuous selection with Cry1Ac, YHD2 larvae  1300@ for 5 min before adding 1 volume of phenol (pH
developed higher levels of resistance to CrylAc, which 8.0). Samples were mixed by inversion and allowed to stand
correlated with greatly decreased Cry1Ab, CrylAc, and overnight. After centrifugation at 130Q0for 5 min, the
Cry1Fa toxin binding 14) and reduced levels of a midgut ~aqueous layer was removed to a clean microfuge tube and
alkaline phosphatase proteifi5j. Although CrylA toxin extracted with chloroform. Genomic DNA was precipitated
binding to HevCaLP has not been demonstrated, cadherin-from the aqueous layer using*Ao volume d 2 M NaCl
like proteins homologous to HevCalLP function as receptors and 2 volumes of absolute ethanol. After a spin for 15 min
for Cry toxins in other insectslg, 17). at 1300@, the pellet was air-dried for 10 min before

Another resistanH. virescensstrain, KCBhyb, that was ~ dissolving in TE buffer (10 mM Tris, and 1 mM EDTA at
sequentially selected with Cry1Ac and Cry2A, developed a pH 8.0). ) , ) .
pattern of toxin binding 18) similar to the one previously Detection of BtR-4 Disruption by PCRCR reactions
observed in BBMVs from YHD2 larvael@). A separate  contained 10 mM Tris (pH 8.4), 50 mM KCl, 2.0 mM MgCll

strain, CXC, selected with the same regime, did not develop 0.2 mM dNTPs, 0.2uM Rint SF1 primer (5ATAC-
any changes in toxin binding. These observations led to the CAGCTGACGACACGCTGGGAGA-3, 0.2uM Rint SR2

hypothesis that a similar mechanism of resistance existed inPfimer 3-TCTGAGCGTAGGAGGTGTGTTGTTGATGTC-
larvae from both YHD2 and KCBhyb strain§). 3), 0.2uM Rint RR3 primer (5GCGCGATGTGACAGTC-
CGGAACAG-3), 0.5 units of AmpliTaq DNA polymerase
(Applied Biosystems), and 16200 ng of genomic DNA.
PCR cycling conditions were 1 cycle at 9& for 5 min
followed by 30 cycles at 95C for 30 s, 60°C for 30 s, and
72 °C for 40 s. Electrophoresis of PCR products was
performed on 2.5% Metaphor agarose (BioWhittaker Mo-

in the absence of HevCaLP from BBMVs, we investigated lecular App"‘?"?‘“or?s) using Tris-borate-EDTA (TBE) _buffer.
the correlation between the lack of HevCalLP, alteration of . ISI%M(;/fPurlf;%ar;upn.tIS B:VIVS were dprepgt:eg frlom T}gguts
toxin binding, and resistance. Qualitative and quantitative isolated from fifth instar larvae as described elsewh28 (

binding assays demonstrated that the lack of HevCalLP result§ riefly, 6—8 individual .mld.guts with the samdiR-4

in greatly reduced CrylAa binding to BBMVs, while Cry1Ab genotype were homogenized in SET buffer [250 mM sucrose,
and CrylAc binding were almost unaffected. These results 17 .”.W' Tris _(pH 7'.5)’ ° mM EG_TA].’ and BBMVs were
are evidence for HevCaLP as a key component of receptorpu”f'ed by differential centrifugation in the presence of 12

A and for the important role of this protein in Cry1A toxicity. mM .MgC|2 (f'n.al. concgntratlon). Measurements of amino-
peptidase activity using-leucine p-nitroanilide as the

MATERIALS AND METHODS substrate were used to monitor BBMV enrichment. APN
activity in the BBMV samples was-710-fold the activity
Insect Strains. H.virescens strains used have been detected in the initial midgut homogenates. After protein
previously described. Strain YDKL1Q) is an unselected quantification 23) using bovine serum albumin (BSA) as
susceptible strain, while CXAQ9), YHD2 (11), and KCBhyb the standard, BBMVs were kept a80 °C until used.
(18) were generated after selection with CrylAc in the  Immunodetection of H&€aLP.A 367 amino acid region
laboratory. Both CXC and KCBhyb originated from back- of HevCalLP, including ectodomain 7 of this protein, was
crossing moths from resistant strains (CP73-3 and KCB, cloned and expressed as a His-tagged pepti@samnerichia
respectively) to susceptible adults to counteract the negativecoli using pET30A (Novagen). Expressed peptide was
effects of inbreeding, followed by reselection. Parental purified using a nickel-affinity resin and used to produce
CP73-3 and KCB strains were selected with CrylAc and rabbit antisera following previously described methadt#.(
evolved cross-resistance to Cry2A20( 21). After back- BBMV proteins (15ug) were separated by electrophoresis
crossing, resulting CXC and KCBhyb larvae were selected and transferred to polyvinylidiene difluoride Q (PVDF)
with Cry2Aa to increase resistance to this toxin. Both CXC membrane filters (Millipore). After blocking in PBS buffer
and KCBhyb larvae were resistant to CrylAc (2(BDO- (135 mM NaCl, 2 mM KCI, and 10 mM N&PO, at pH
fold) and Cry2Aa (more than 250-fold) when compared to 7.5) containing 0.1% Tween-20 (PBST) and 3% BSA, filters

To test this hypothesis and the role of HevCaLP in toxin
binding and toxicity, we have used discriminative polymerase
chain reaction (PCR) and immunodetection to establish the
BtR-4 genotype and HevCaLP phenotype of midguts from
susceptible (YDK) and resistant (YHD2-B, KCBhyb, and
CXC) H. virescendarvae. BecausBtR-4disruption resulted
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Ficure 1: Detection oBtR-4gene disruption in DNA from individual larvae (A) and of HevCaLP in BBMVs from isolated midguts (B).
Primers were designed to align with regions flanking the insertion point and internally to the left long terminal repeat of the Hel-1
retrotransposon (A) in a mutant allele. PCR products were separated by 2.5% agarose gel electrophoresis (B). Wild-type susceptible (S)
alleles produced fragments of 99 bp, while alleles with the retrotransposon insertion (R) were detected as fragments of 71 bp. Both fragments
were detected in heterozygotes. Immunodetection of HevCaLP in blots of BBMV proteins (B) was done using antiserum against HevCalLP.
Blots were visualized by enhanced chemiluminescence and then stained with amido black to detect protein loads (C).

were probed with a 1:5000 dilution of polyclonal serum For29-Cry1A binding saturation assays, BBMVs (2§
against HevCalLP for 1 h. After the blots were washed with of protein/mL) were incubated with increasing amounts of
PBST containing 0.1% BSA, they were probed with anti- 129-CrylA toxin for 1 h atroom temperature in binding
rabbit serum (Sigma) conjugated to horseradish peroxidasebuffer. Binding reactions were stopped by centrifugation, and
(HRP) and developed using enhanced chemiluminescencepellets were washed as mentioned above. Activity of the
(ECL, Amersham Biosciences). Controls with preimmune resulting pellets was counted in a Beckman model 4900
sera did not detect any BBMV protein (data not shown).  detector. Nonspecific binding was determined by addition

Toxin Purification and Labeling. Bacillus thuringiensis of homologous unlabeled toxin at a concentration 100-fold
strains HD-37 and HD-73, producing CrylAa and CrylAc, greater than the highest radioligand concentration tested.
respectively, were obtained from tBacillus Genetic Stock Binding affinity and concentration of receptors for each toxin
Collection (Columbus, OH). Production and purification of were calculated through nonlinear regression using the KELL
Cry1Ab from inclusion bodies produced in &n coli strain software (BIOSOFT, Cambridge, U.K.).

carrying the Bt NRD-1ZrylAbtoxin gene were the same Competition of'23-Cry1Ab and23-Cry1Ac binding to
as those described elsewhe2)( CrylAa and CrylActoxin 25 ,g/mL of BBMV proteins by increasing concentrations

describedZ6). Fractions containing pure toxin [a single band  gescribed in Jurat-Fuentes and Adasy (

on sodium dodecy! sulfatepolyacrylamide gel electrophore-
sis (SDS-PAGE)] were pooled and stored &80 °C until RESULTS
used. Protein concentrations were determined for BBMVs.
Purified Cry1A toxins (1Q:g) were radiolabeled with 0.5 Detection of BtR-4 Disruption Genotype and d@aLP
mCi 29 using either iodo-beads (Pierce) following the PhenotypePCR reactions with specific primers to the regions
instructions of the manufacturer (CrylAa and CrylAb) or flanking the Hel-1 retrotransposon insertion in Bt®-4gene
the chloramine-T method (CrylAc labeling) as described (Figure 1A) allowed us to investigate the existence of the
elsewhereZ7). We calculated bindability of labeled CrylAa susceptible (not disrupted) and resistant (containing retro-
and CrylAc samples (percentage of labeled CrylA toxins transposon insertBtR-4 alleles in DNA from individual
that were able to specifically bind to BBMVSs) according to larvae. As previously reported for the YDK and YHD2
the method of Schumacher and von Tschar@8y. Specific strains (L3), PCR products from susceptible (S, wild-type)
activities based on this method were:8i/ug for CrylAa, BtR-4alleles were 99 bp, while resistant alleles (R, disrupted
16 uCilug for CrylAb, and 1&Ci/ug for CrylAc. gene) yielded a 71-bp PCR product (Figure 1A). Data
129-Cry1A Toxin-Binding Assayfualitative binding of obtained from the PCR reactions of larvae from fotir
129-Cry1A toxins to BBMVs fromH. virescensstrains was virescensstrains with different susceptibility to Cry1A toxins
measured as previously describdd)( BBMVs (20 ug of are summarized in Table 1. It is important to note that only
protein) were incubated with 1 n®#43-Cry1A toxins in 0.1 BtR-4 gene alterations related to Hel-1 retrotransposon
mL of binding buffer (PBS at pH 7.5 and 0.1% BSA) for 1 insertion could be detected by our PCR reaction and that
h at room temperature. Binding reactions were stopped bythe symbols R and S refer specifically to alleles of BiR-4
centrifugation for 10 min at 161@)and pellets were washed gene. All tested individuals from the YHD2-B strain were
once with 1 mL of ice-cold binding buffer before solubili- homozygous for the retrotransposon insertioBiR-4(RR
zation and electrophoresis in 10% SBBAGE gels. After genotype). In larvae from the KCBhyb strain, similar
the run, gels were dried and exposed to photographic film numbers of homozygous susceptible (SS), homozygous
at —80 °C to detect the presence of BBMV-bound radio- resistant (RR), and heterozygous (SR) individuals for the
labeled toxins. BtR-4gene disruption were detected. No RR individuals were
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FiIGURE 2: Qualitative analysis of?9-CrylA binding to BBMVs
from YDK-SS (lane 1), YHD2-B-RR (lane 2), CXC-SS (lane 3),
KCBhyb-SS (lane 4), KCBhyb-SR (lane 5), and KCBhyb-RR (lane
6) strains. BBMVs were incubated witht3-CrylAa (A), 123-
CrylAb (B), or'23-CrylAc (C) for 1 h. Reactions were stopped
by centrifugation, and pellets were washed before 10% -SDS
PAGE. Bound toxin was detected by autoradiography.

Table 1: Classification of IndividuaH. virescensLarvae from
Different Strains According to TheBtR-4 Genotype as Obtained
from PCR Reactions

BtR-4genotype

strain SS SR RR unknown total
YDK 46 9 0 3 58
YHD2-B 0 0 40 0 40
CXC 55 4 0 3 62
KCBhyb 15 25 20 4 64

detected in larvae from the CXC or YDK strains. Most CXC
and YDK individuals were SS, but we found a low
proportion of RS individuals in both strains.

To investigate the HevCalLP phenotype of the different
BtR-4 genotypes, we performed immunodetection of Hev-
CaLP in blots of BBMV proteins. Antiserum to HevCalLP
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FiIGURE 3: Saturation of'?4-CrylAa (A) and?3-CrylAc (B)
binding to BBMV proteins from different. virescensstrains.
BBMV proteins from YDK-SS @), YHD2-B-RR (©), KCBhyb-

SS (v), KCBHyb-SR (), KCBhyb-RR @), or CXC-SS {0) were
incubated with increasing amounts of labeled Cry1Aa or CrylAc.
Binding reactions were stopped by centrifugation, and pellets were
washed before counting their activity. Specific binding calculated
as the difference between the total and nonspecific binding is shown.
Bars denote the standard deviation from the mean calculated from
at least two independent experiments done 3 times.

vesicles from larvae with SS or SBR-4genotypes (parts

B and C of Figure 2). Therefore, binding of CrylAa to
BBMVs was dependent on the existence of at least one wild-
type BtR-4allele, while Cry1Ab and CrylAc binding seemed
independent of th&tR-4 genotype.

Quantitative parameters for CrylA toxin binding were
obtained from toxin-binding saturation assays witfi-
CrylAa and?3-CrylAc (Figure 3). We did not perforrtd-
CrylAb saturation binding assays because of limited insect
materials. Binding affinities Kcom) and concentration of
receptorsBmay) calculated from the binding saturation curves
(Table 2) were in agreement with previous reports of toxin
binding to BBMVs from YDK, CXC, and KCBhyb larvae
(6, 18).

In agreement with qualitative binding assays, BBMVs with
SS or SRBtR-4 genotypes bound?3-CrylAa and'?3-
CrylAc toxins specifically and saturably (Figure 3). CrylAa-

detected seven proteins ranging in size from 110 to 200 kDa binding affinities were similar between KCBhyb-SS, KCBhyb-

in BBMVs from larvae with SS or SRBtR-4 genotypes

SR, and CXC-SS vesicles, while YDK-SS had a slightly

(Figure 1B). Conversely, no proteins were detected by lower binding affinity and higher concentration of the binding

HevCalLP antiserum in BBMVs from RR larvae.

123-Cry1A Toxin-Binding Assayklsing qualitative binding
assays, we detected CrylAa, CrylAb, and CrylAc toxin
binding to BBMVs from larvae that were SS or SR for the
BtR-4gene disruption (Figure 2). BBMVs from larvae that
had bothBtR-4alleles disrupted (RR), did not bind CrylAa.
As previously reportedld), BBMVs from YHD2-B (all of
which we found to be RR) did not bind Cry1Ab or CrylAc
toxins. Unexpectedly, Cry1Ab and CrylAc bound to BBMVs
from KCBhyb-RR comparably to the binding detected for

sites. All of these strains bound CrylAc with a similar
affinity and concentration of the binding sites. As expected
from the toxin-binding model, all of the strains binding
CrylA toxins had a higher concentration of CrylAc than
CrylAa-binding sites.

BBMVs with the RR BtR-4 genotype, whether from
YHD2-B or KCBhyb, did not bind?3-Cry1Aa toxin, even
at the highest ligand concentration tested. Additionally,
BBMVs from the YHD2-B strain did not bind?3-CrylAc
specifically, even at the highest ligand concentration tested
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Table 2: Dissociation Constant&4m, in NM Units) and Concentration of ReceptoBix in pmol/mg of BBMV Protein Units) Calculated
from 129-Cry1A Toxin-Binding Saturation Assays with BBMVs from YDK, YHD2-B, CXC, and KCBhih virescensstrains with different

BtR-4 genotypes

CrylAa CrylAc
H. virescensstrain BtR-4genotype Kcom % €r1ror Bmax £ error Keom % €rror Bmax £ error
YDK SSs 0.56+0.11 2.17+0.23 0.56+ 0.20 9.75+ 2.98
YHD2-B RR NB? NB NB NB
CXC SS 0.26+ 0.04 0.53+ 0.05 0.57+0.27 10.57+ 4.16
KCBhyb SS 0.24+ 0.06 0.42+ 0.06 0.44+0.38 5.28+ 2.34
KCBhyb SR 0.29+ 0.05 1.00+ 0.09 0.49+0.22 6.07+ 2.72
KCBhyb RR NB NB 0.96+ 0.81 9.54+ 6.56
aNB = no binding detected.
(10 nM). Binding of Cry1Ac to BBMVs from KCBhyb-RR g 120
suggested that disruption BtR-4did not have a detectable 3 100
effect on CrylAc binding. These results were evidence that _'g 80 |
BtR-4 gene disruption resulted in reducééll-CrylAa <
binding but not'?3-Cry1Ac binding. S 60 1
Heterologous Binding Competition with CrylA&ur e 401
quantitative binding results with KCBhyb-RR were similar ?_ 20
to those of Lee et al1@), who reported that YHD2 showed ©
a marked reduction of specific CrylAa binding but not & 00 ] 10 100 1000
Cryl1Ab or CrylAc binding, in comparison to YDK. More- nM competitor
over, they found a weaker competition of CrylAb and
CrylAc binding by unlabeled CrylAa when comparing o 120
BBMVs from YHD2 and YDK larvae. Thé&tR-4gene and § 100
HevCaLP protein were unknown at the time of that study. o )
To investigate whether this weaker competition effect was < 801 \
dependent on thBtR-4genotype, we performed heterologous 8 60 1 \
competition of *29-Cry1Ab and '?4-CrylAc binding by = 401 x
CrylAa in BBMVs containing (KCBhyb-SS, KCBhyb-SR, ° M
and YDK-SS) or lacking (KCBhyb-RR) HevCaLP (Figure s 21 R "
4). From Lee et al.12) and the toxin-binding model, we T e
0 1 10 100 1000

predicted that the absence of HevCalLP would affect the
ability of CrylAa to competé?3-Cry1Ab and?3-CrylAc
binding.

Cry1lAa competed about 50% &f-Cry1Ac binding and
60% of 23-Cry1Ab binding to BBMVs from YDK-SS,
KCBhyb-SS, or KCBhyb-SR larvae. In contrast, only 20%
of 24-CrylAc or *239-CrylAb binding to BBMVs from
KCBhyb-RR larvae was competed by the highest CrylAa
concentration tested. No differences'fi-Cry1Ab or 129-
Cry1Ac homologous binding competition assays were found
between BBMV populations (Figure 4).

DISCUSSION

Cadherin-like proteins function as receptors for CrylA
toxins in Manduca sextg29, 30) and Bombyx mori(17).
Cadherin-like proteins frorPectinophora gossypielléBT-

R,) andH. virescengHevCalLP) have been hypothesized as
Cry1A toxin receptors involved in resistande(31). In this
paper, we investigated the effect of HevCaLP knockout for
CrylA toxin binding compared to known CrylAc and
Cry2Aa toxicity. Using PCR with specific primers, we were
able to detect and classify individuHl. virescensmidguts
according to theirBtR-4 genotype. Immunodetection of
HevCaLP confirmed the previous hypothedi8)(that at least
one wild-typeBtR-4allele is necessary for expression of full-
length HevCaLP. We classified individual midguts as being
SS, SR, or RR for the disruption of tl&tR-4 gene. This

nM competitor

Ficure 4: Homologous and heterologous CrylAa competition of
129-Cry1Ab (A) and*?3-Cry1Ac (B) binding to BBMVs. BBMV
proteins from YDK-SS @), KCBhyb-SS #), KCBhyb-SR (),

or KCBhyb-RR () were incubated with'?3-CrylAb or 13-
CrylAc in the presence of increasing concentrations of unlabeled
competitor. Binding reactions were stopped by centrifugation, and
pellets were washed before counting their activity. The amount of
labeled toxin bound in the absence of the competitor was considered
as 100% binding. Bars denote the standard deviation of the mean
based on two independent experiments done 2 times. Also included
are the homologous competition of CrylAb (A) and CrylAc (B)
binding to BBMVs from YDK-SS ¢), KCBhyb-SR ®), and
KCBhyb-RR Q) larvae.

retrotransposon insertion and not other alterations in the
BtR-4 gene that may prevent expression of a full-length
protein. For example, cadherin-gene deletions have been
reported in resistant strains Bf gossypiellgd31). Neverthe-
less, along with immunodetection, this method of classifica-
tion allowed us to correlate th8tR-4 gene disruption,
presence of HevCalLP, and CrylA toxin binding and
resistance in different. virescensstrains.

Antisera raised against HevCalLP fragments recognized
seven proteins in BBMVs with at least one wild-tyB&R-4
allele. On the basis of the predicted size for HevCal®),(
we believe the largest, 200-kDa protein detected in BBMVs
is the full-length HevCalLP. Enzymatic degradation of
HevCalLP, as previously reported for Bt-R1 cadherin from

approach only detects the presence or absence of theM. sexta(32), would explain detection of additional proteins.
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As predicted by Gahan et all), YHD2-B larvae were CrylAb and CrylAc binding by CrylAa in BBMVs
homozygous resistant for thBtR-4 gene disruption and  from KCBhyb-RR larvae when compared to YDK-SS,
BBMVs from this strain did not contain detectable amounts KCBhyb-SS, and KCBhyb-SR vesicles. Therefore,
of HevCalLP. No homozygous resistant individuals were BBMVs from KCBhyb-RR lack a CrylAa-binding site also
detected in larvae from CXC or YDK strains, although a recognized by CrylAb and CrylAc. Because this bind-
low percentage of heterozygosis was detected in both strainsing site was present in YDK-SS, KCBhyb-SS, and KCBhyb-
This observation suggests that, as previously hypothesizedSR vesicles, we conclude that this missing site is located
(18), BtR-4 gene disruption is not the mechanism of on HevCalLP and is part of receptor A in the binding site
resistance in the CXC strain. We believe that the low model @). The fact that high concentrations of CrylAa
frequencies of théBtR-4 gene disruption in the YDK and competed low amounts of3-CrylAb and *?39-CrylAc
CXC strains are due to accidental contamination with binding to KCBhyb-RR vesicles may suggest the presence
YHD2-B individuals during laboratory rearing. of additional CrylAa-binding sites. Alternatively, this low

Confirming our hypothesisl@), PCR reactions detected level of competition may represent nonspecific interactions,
the existence of RR individuals for ti&R-4gene disruption  because of the high Cry1Aa concentrations needed to detect
in the KCBhyb strain. Larvae SS as well as SR were also it.
detected in this strain, demonstrating high levels of hetero- Our results with BBMVs from KCBhyb-RR are similar
geneity. The presence of SS and SR midgut materialsto the results of Lee et al1®) with BBMVs from YHD2 in
explains our previous binding results with BBMVs from two key respects: (1) a loss of CrylAa but not CrylAb or
KCBhyb larvae 18) in which only a small reduction but CrylAc binding when measured directly by homologous
not an absence of CrylAa binding was detected. competition with labeled and unlabeled toxin and (2) a more

HevCaLP immunodetection art@-Cry1A-binding ex- subtle reduction of Cry1lAb and CrylAc binding as measured
periments demonstrated that lack of HevCaLP results in indirectly by heterologous competition experiments with
greatly decreased CrylAa binding. Because CrylAa sharesunlabeled CrylAa. These contrast with our results from
its binding sites with Cry1Ab and CrylAc in BBMVs from  BBMVs from YHD2-B, which have lost CrylAa-, Cry1Ab-,

H. viresceng6), one might anticipate an effect of HevCaLP and CrylAc-binding ability in toxin-binding experiments in
knockout for both CrylAb and CrylAc binding. Unexpect- our earlier study 14) as well as this one. This difference
edly, no significant differences in either CrylAc-binding cannot be attributed to properties of the HevCalLP protein,
affinity or concentration of the binding sites were detected which is absent in both KCBhyb-RR and YHD2-B-RR
between BBMVs from SS, SR, and RR KCBhyb midguts. vesicles.

In agreement with these results, mutations in the cadherin We have previously hypothesized that an additional
genes in resistar®. gossypielldarvae 81) did not affect mutation occurred in YHD2, causing even higher levels of
CrylAc binding to BBMVs from these insects when resistance after continued selectidi8); Here, we extend
compared to susceptible vesicle33) Collectively, this this hypothesis by suggesting that (1) the second mutation
evidence suggests either that cadherin fi@ngossypiella directly or indirectly reduced the abundance or binding
and HevCalLP do not function as Cry1lAc-binding sites, that properties of receptor B, thus affecting Cry1Ab and CrylAc
the binding methodology used was not sensitive enough tobinding, (2) the mutation is genetically unlinked to BtR-4,
detect reduced CrylAc binding, or that these cadherin and (3) the mutation is the main genetic difference between
proteins may have a role in postbinding steps in the CrylAc YHD2 and YHD2-B with respect to Bt toxin interactions.
mode of action. We are currently testing this hypothesis using genetic crosses

Our finding that KCBhyb-RR midguts are still able to bind with YHD2-B and related strains. Recently, we have found
CrylAb and CrylAc, despite the loss of specific CrylAa- that reduction of CrylAc binding correlated with decreased
binding ability, is similar to that of Lee et all1p), with amounts of an alkaline phosphatase (HVALP) in BBMVs
BBMVs from the YHD2 strain. To explain the paradoxical from YHD2-B larvae (5).
result that high levels of CrylAc resistance could be achieved From our results and previous reports, receptor A in
by YHD2 despite the retention of CrylAc-binding ability, BBMVs from susceptibleH. virescenscould be composed
they hypothesized that not all receptors of CrylAc were of the HevCalLP protein and the 13@) (@nd 170-kDa 1)
involved in toxic function 12). At the time of their study, APNs. Neither of the APN genes mapped to a linkage group
the existence oBtR-4and HevCalLP was unknown, but it was responsible for CrylAc resistance in YHD23)
is likely that most or all YHD2 individuals in their study  Therefore, only the HevCaLP can be considered as a putative
were homozygous RR for tH&tR-4retrotransposon insertion,  Cry1A functional receptor. Other toxin-binding proteins from
as later shown by Gahan et al3] and that most or all of  receptor A may be important to concentrate toxin molecules
the YDK individuals were homozygous SS. Our results with on the cell membrane. Alternatively, mutations in genes
SS, SR, and RR genotypes from KCBhyb contribute to the involved in APN expression with chromosomal location
resolution of this dilemma. The presence or absence of thedifferent to the APN genes may affect the toxin-receptor
HevCalLP protein appears to mediate binding properties thatfunction of APNs.
are not general but toxin-specific within the CrylA class;  Additional studies of HevCaLP should yield very useful
i.e., CrylAa binding responds differently than CrylAb and information to understand the specificity of CrylA-binding
Cry1lAc binding. interactions and Bt resistance iH. virescens Further

Interestingly, Lee et al. 1) detected a more subtle experiments with HevCalLP expressed in heterologous sys-
decrease in CrylAb and CrylAc binding to BBMVs tems are being currently conducted to study the toxin-binding
from YHD2 larvae, using heterologous competition with specificities and potential role of HevCalLP as a functional
CrylAa. Similarly, we detected decreased competition of CrylA receptor.
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