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matic gene silencing. Whether Arg 3 methyl-
ation helps the recruitment of specific histone 
acetyltransferases, such as p300, remains to be 
determined. As new HMTs responsible for the 
methylation of different histone arginine or ly- 
sine residues are identified, the functions of 
hstone methylation on transcription and other 
processes involving chromatin will be revealed. 
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Identification of a Gene 
Associated with B t  Resistance 

in Helio this virescens 
Linda J. Cahan,' Fred Could,' David C. Hecke13* 

Transgenic crops producing insecticidal toxins from Bacillus thuringiensis (Bt) 
are widely used for pest control. Bt-resistant insect strains have been studied, 
but the molecular basis of resistance has remained elusive. Here, we show that 
disruption of a cadherin-superfamily gene by retrotransposon-mediated inser-
t ion was linked t o  high levels of resistance t o  the Bt toxin CrylAc in  the cotton 
pest Heliothis virescens. Monitoring the early phases of Bt resistance evolution 
in  the field has been viewed as crucial but extremely difficult, especially when 
resistance is recessive. Our findings enable efficient DNA-based screening for 
resistant heterozygotes by directly detecting the recessive allele. 

Field populations of the tobacco budworm H.virescens, a key pest of cotton and other crops 
in the Americas, have developed resistance to giensis. Concerns about Bt resistance led the 
most classes of chemical insecticides. This U.S. Environmental Protection Agency to 
species is the primary target of recently com- mandate a management plan, the "high-dose1 
mercialized transgenic Bt cotton, which pro- refuge strategy" (1).It assumes that Bt cotton 
tects itself from insect damage by producing produces enough toxin to kill heterozygotes 
the insecticidal CrylAc toxin from B, thurin- (with just one resistance allele) as well as 

-12 Fig. 1. QTL mapping of CrylAc resis- 
tance on linkage group 9 of H. vire-
scens. (A) Resistance QTL lod (loga- 

8 - rithm of the odds ratio for linkage) 
profile for initial scan of 105 cM on LC 
9 spanned by 11 markers, based on 48 
progeny of segregating backcross 
family D6. Marker order and spacing 
(in cM) was calculated by Mapmaker 
EXP 3.0 (16) and lod scores by Map- 
maker QTL 1.9 (17). (B) Lod profile for 

2 .  fine-scale QTL mapping over the 16- 
cM region between MPI and U238, 
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mum lod score of 35.9 occurs at 
Hvcad58, which accounts for 46% of 
the trait variance. The resistance trait 
is the log of larval weight after 10 
days of growth on 0.032 k g  of CrylAc . toxin per milliliter of diet (3). 
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susceptible homozygotes (with none). To coun- tance, but the difficulty of measuring allele factors and other genes of minor effect. We 
terbalance selection for Bt-resistant insects. frequencies in the field has made verification previously assigned BtR-4 to linkage group 9 
farmers growing Bt cotton are also required to problematic. Conventional bioassay-based (LG 9) (3). 
groa a non-Bt cotton "refuge" from selection, monitoring methods are too insensitive, espe- To further localize BtR-4 on LC 9. we 
intended to produce a large number of homozy- cially when resistance is rare and recessive. developed 1 1 polymorphic markers that 
gous susceptibles. These are expected to mate because of the extreme rarity of resistant spanned a total genetic length of 105 centi-
with any homozygous resistant s u ~ i v o r s  of Bt homozygotes. A DNA-based method of de- morgans (cM). These markers were scored on 
cotton (canying two resistance alleles). produc- tecting resistant alleles directly in heterozy- a segregating backcross family of 48 progeny 
~ n g  heterozygous progeny that cannot survive gotes. where most of them occur initially. of a hybrid male and a YHD2 female. When 
the Bt toxin dose. would be more efficient. LG 9 was scanned for resistance QTLs (quan- 

Population models predict that this strat- .Although Bt-resistant populations of H.1.i- titative trait loci) using interval mapping (4). a 
egy should greatly retard the spread of resis- rvscens have not yet been observed in the field, single highly significant peak indicated that 

resistant strains have been developed in the lab- the most likely location of BtR-4 was between 
'Department of Biological Sciences, Clemson University, oratory by selection with toxin-impregnated markers MPI and A14 (Fig. 1A). 

SC 29634, USA.Clernson, Of Entomology, diet. One of these. YHD2. exhibits high-level Bt resistance in some species is accompa- 
North Carolina State University, Raleigh, NC 27695, (resistance ratio = 10,128),recessive resistance nied by a loss of toxin binding to the midgut USA, 3Centre for Environmental Stress and Adaptation 
~ ~D~~~~~~~~~of ~tenetics, universim ~ of ~ ~ 1 -h epithelium (5, ti).As candidates for BtR-4. we ~ to the Cry1 Ac toxin (2). A single major gene 
bourne, ~ark;ille, Victoria 3052, Australia. (BtR-4) is responsible for 40 to 80%of CGACtested genes encoding Bt-binding midgut pro- 
s~~ whom correspondence should be addressed, E. resistance levels in YHD2: the remainder is teins to see whether they mapped to LG 9. 
mail: dheckel@unirnelb.edu.au controlled by a combination of environmental Two types of Bt-binding proteins are known 
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Fig. 2. Conceptual translation 
of HevCaLP and predicted HevCaLP MAVDVRILTAAVLILAAHLTV DCSYMVAIPRPERPDFPNQNFEGVPWSQNPLLPAEDREDVCMN FDPSALNPVTVIF 

product of r7 allele. For the r l  -----------------N--F- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -------------"" 7 TCRlatter, only residues differing 
f rom HevCaLP are shown. SIC, HevCaLP MEEEIEGDVAIARLNYRGTNTPTWTPFNFGTFHLLGPVIRRIPEQGGDWHLVITQRQDYETPNMQQYIFNVRVEDEPQE 

signal peptide; CR 1 t o  CR 11, r l  ................................................................................ 

cadherin repeats; MPR, mem-
brane-proximal region; TM, HevCaLP
transmembrane domain; CYT, rl 
cytoplasmic domain; t d  (un-
derlined), region of target se- HevCaLP 
quence duplication and inser- rl 
t ion o f  He l - I  (78).Single-letter 
abbreviations for amino acid HevCaLP PIFYRIETEESEKDLFSVETIGAGREGAWFWAPIDRDTLEKEVFHVSLIAYKYGDNDVEGSPSFESKTDIVIIVNDVND 
residues: A, Ala; C, Cvs; D, Asp; rl ................................................................................ 
E, Glu; F, Phe; G, GI$ H, ~ i s ; ' l ,  
lie; K, Lys; L, Leu; M, Met; N, 

Y, Tyr. HevCaLP F E V P E F Q K I Q L R A V A I D M D D P R W V G I A I I N I N L I N W N D E L ~ ~ ~ Q T 5 V T F K E T E G A G F R V A T V L A K D R D I D D R V E H S L  560 

r ?  ------------v---------------------------{--------------------------------------- 560 

a 
HevCaLP MGNAVNYLSIDKDTGDILVTIDDAFNYHRQNELFVQIRADIYPLGEPYNTNTAQLVIQLQDINNTPPTLRLPRTTPSVEEN 640 
r l  .................................................... CSGLSHRAGL 622 

HevCaLP v ~ ~ ~ ~ P ~ m ~ ~ ~ ~ ~ ~ ~ ~ m ~ s r D w D T s y A T K Q G R D A D A E E F v N c r E I E T v y p N L N D R G T A I G R v v v R ~ ~ ~ ~ ~ v ~ ~ ~720  

HevCaLP YEMFEVLYLTVRVTDLNTVIGDDYDISTFTIIIIDMNDNP 800 

HevCaLP RYTITPRLDTPEDLVEIDFNSGQISVKKHQAIDADEPPRQHLYYTVVASDKCDLLSVDVCPPDPNYFNTPGDITIHITIYT 880 

HevCaLP 

HevCaLP 

HevCaLP DNSRVAYDIVSLSPTDRDITLPQLFTMITIEKDRGIDQTGELETDLRGGTYEIHvmYDHGvPQRIsYEKYPLvIR 1120 

HevCaLP 

HevCaLP 

MPR 
HevCaLP MCEDDCHDTYYSIVGGNSMGHFAVDPQSNELFLLTPLE~EQETHTLIIG%DSPSPAAVLQASTLTVTWVREANPR~360 

HevCaLP FQSALYTAGISTLDTINRGLLTLHATHSEGWVTYTLVQDSMEADSTLQAVQETAFNLNPQTGVLTLNFQPTASMHGM 1440 

HevCaLP FDVMATDTVGETARTEVKVYLISDRNRVFFTFMNTLEEVEPNEDFIAETFTLFFGMRCNIDQALPASDPATGAARDDQ 1520 

HevCaLP VRAHFIRDDLPVPAEEIEQLRGNPTLVATIQNALQEENLNLADLFTGETPILGGEAQA 1600 

HevCaLP 1680 

HevCaLP RNDYFPPDEESSMRGVVNEHMPGANSVANHNNNFGFNATPFSPEFANSQLRR 1732 
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in insects: aminopeptidases (APNs) and cad- 
herins. Bt-binding APNs have been isolated 
from several lepidopteran species, including 
two from H. virescens. A 170-kD APN (Re- 
ceptor A) binds CrylA toxins with high af- 
finity and mediates Bt toxin-induced pore 
formation when reconstituted into phospho- 
lipid vesicles in vitro (7). We amplified a 
portion of the gene for Receptor A, and we 
found that it mapped to LG 12 by restriction 
fragment length polymorphism analysis. A 
second, 120-kD CrylAc-binding APN (BTBPI) 
(8) maps to LG 23. This eliminates both of 
these APNs as candidates for BtR-4. 

The other Bt-binding proteins are members 
of the cadherin superfamily (9), but none had 
previously been isolated from H. virescm. 
BTRl from Manduca sexta, when expressed on 
the surface of transfected human cells, bound to 
CrylAb with high affinity (10). BtR175 from 
Bombyx mori, when expressed on the surface of 
insect cells, mediated binding and cell lysis by 
CrylAa Moreover, testing of various truncated 
forms of BtR175 enabled localization of the 
CrylAa-binding domain to the membrane- 
proximal region and the nearest cadherin repeat 
(11). We sought to amplify a homolog of these 
cadherins from H virescens midgut cDNA us- 
ing the polymerase chain reaction (PCR). Prim- 

Fig. 3. Northem analysis of susceptible (5) and 
resistant (R) strains showing HevCaLP tran- 
scripts. One S and three R transcripts are seen 
when mRNA isolated from fifth instar larval 
midgut is probed with segment X from the 5' 
end. (Not shown: When the filter was stripped 
and probed with the LTR segment, only the 
three R transcripts were seen; when probed 
with segment Y from the 3' end, only the S 
transcript and the 7.8-kb R transcript were 
seen.) The Hel-1 element is shaded, with LTRs 
at both ends. Cross-hatched regions show seg- 
ments of DNA used as probes. 

ers designed from the membrane-proximal re- 
gion of BtR175 yielded a product (Hvcad58) 
with high similarity to BtR175. Hvcad58 
mapped to LG 9, between the markers MPI and 
U238. QTL mapping at a finer scale, with 
additional markers and progeny, produced a 
highly significant likelihood peak directly 
above Hvcad58 (Fig. lB), making it a strong 
candidate for BtR-4. 

Hvcad58 was used to screen larval midgut 
cDNA libraries made from resistant (YHD2) 
and susceptible strains. A representative allele 
(sl) cloned from a susceptible strain produces a 
5.5-kb transcript with a predicted protein prod- 
uct of 1732 amino acids, which we term Hev- 
CaLP (Heliothis virescens cadherin-like pro- 
tein, Fig. 2). HevCaLP is 70% identical overall 
to BtR175, sharing a signal sequence, 11 extra- 
cellular cadherin-type repeats, a noncadherin 
membrane-proximal region, a transmembrane 
region, and a cytoplasmic domain. 

Expression of the mRNA encoding Hev- 
CaLP in susceptible and resistant larval mid- 
guts was studied by Northern analysis (Fig. 
3) and sequencing. Susceptible larvae had a 
single transcript of 5.5 kb. Resistant YHD2 
larvae showed three transcripts. The rarest 
(7.8 kb) was similar to the susceptible tran- 
script, except for a 2.3-kb insert we denote as 
Hel-1. The middle transcript (4.4 kb) was 
truncated at the end of Hel-1 by a polyade- 
nylated tail. The third, highly abundant tran- 
script (2.1 kb) was truncated at the beginning 
of Hel-1 by a polyadenylated tail. 

Hel-1 shows two hallmarks of LTR-type 
retrotransposons (12): It has long terminal 
repeat sequences (LTRs) of about 255 bases 
at both ends, and it is flanked by an 8-base 
duplication of the host target sequence 
ACACTGCC encoding the amino acids Asn- 
Thr-Ala (Fig. 4). Hel-1 is much shorter than 
known functional retrotransposons and lacks 
identifiable gag, pol, or env genes, which 
suggests that it is an internally deleted copy 
of a full-length retrotransposon (13). 

As the result of an in-frame stop codon 
occurring 30 bases into the frst LTR of Hel-1, 
conceptual translation of the three different 
YHD2 transcripts produces the same truncated 
622-amino acid protein sharing 601 residues 
with the NH, terminus of HevCaLP (Fig. 2). 
Multiple stop codons in all reading frames of 

the LTR prevent translation of a larger protein 
containing the COOH terminus of HevCaLP. 
Thus, the predicted protein product of the r l  
allele (for which YHD2 is homozygous) would 
have the same signal sequence as HevCaLP 
(possibly directing its secretion into the midgut 
lumen) but no predicted transmembrane or tox- 
in-binding domain. 

Southern blots probed with the LTR of 
Hel-1 show 10 to 15 copies in the genome of 
both YHD2 and susceptible insects (Fig. 5). 
Apparently, mobilization of a Hel-1 element 
and insertion into the gene encoding Hev- 
CaLP has created the novel knockout r l  al- 
lele. This could have occurred in the labora- 
tory during the Bt resistance selection proto- 
col that produced YHD2, or may have al- 
ready been present in one of the 490 field- 
collected founders of the selection line. 
Because these founders were not preserved, 
the only way to obtain evidence for the latter 
possibility is to recover the r l  allele from 
new field collections. 

To illustrate detection of the r l  allele, 
we designed a PCR assay with two primers 
flanking the insertion point and a third 
primer internal to the left LTR (Fig. 4A). 
Primers 1 and 3 produced a 71-base pair 
(bp) band from the r l  allele. Primers 1 and 
2 amplified a 99-bp band from susceptible 
alleles lacking the Hel-1 insert. Both bands 
were seen in heterozygotes. Although bio- 
assay cannot distinguish heterozygotes 
from homozygous susceptibles because re- 
sistance is recessive, the PCR assay can 
directly detect the resistance allele in het- 
erozygotes. It correctly predicted the geno- 
type of all individuals in a sample of 86 
known rl homozygotes, heterozygotes, and 
susceptible homozygotes. 

We propose that the gene encoding Hev- 
CaLP is identical to BtR-4, the major resis- 
tance gene in YHD2. Recessivity of the r l  
resistance allele can be explained by Hel-1 
inactivation of HevCaLP. HevCaLP appears 
to be a "lethal target" of Bt toxin, because 
two copies of the disrupted allele are required 
for high resistance. Heterozygotes still 
present a lethal target to CrylAc because they 
have one copy of the susceptible allele. The 
normal physiological function of HevCaLP is 
unknown, although other cadherins are in- 

Y N T N T A Q L V  
1+T= 4 - 2  - -------- I I I I I I I I I I I I I I I I I I  

-_I-+ - -__ A T A C A R C A C ~ ~ ( X : C T G T P C C 0 0 A C T G T C A C A T C G C G C C G G C C T A T C G C O  

A. .- --* 
- - _ _ _  

\ /- ----- - I l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I l l l l l l l l  B ~C~~C~~ECC~~~~~~~~TGTTCCDORCTDTCACRTCGCGCCM~CCTATDAG(.TC~:OCCAGCACACGTCATCGTGN:CCCCACCTM~:TM~GC 

1 
A CCWCULTACGCCDORCCCCCWCACTCGCW~GACCCCGGTCGCW:ATACACGACCGCAC~C~GaR1TTTCTC1TOT-ACATA~TT 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I l l l l l l l l  I l l l l l l l  I1 I1 I1 
Fig. 4. Insertion point of Hel-1 element in r l  allele. (A) B CC~cCATACGCCDORCCCCCWCACTCGCWTCGACCCCGGTCG~ATACACGACCGCACa:G,Ca:G~TCTRCTCTPmCCTATCTA 

S&ematic of pre- and post-insertion configuration (td, target duplication). element is shaded. LTRa and A C M T A C A G T ~ T C T - - T ~ ~ T C G ~ T ~ ~ M C C ~ : C U L W C A T C A T C C T A C A T C T G G A C C T C M ~ C ~ : T ~ ~ E ~ ~ ~ ~ ~ ~ E ~ ~ ~ ~ ~ ~ ~  
I I I I I I I I I I I I I  I l l  I I I I I I I I I I I  I I I I I I  I I I I I I I I I I I  II I I I I I I  I l l  I I I I I I I I I I I I I I  I II I I 

LTRb, long terminal repeats. Numbered arrows denote B TARTACAGT~T~ACTTTCRACATCG~TTTPA~Ca:CULWCAa:~CTACACC~ACCTCMjCa:T-UfMC~MCTWiKj 
primers, as described in text. (B) Sequence alignment of T 

I I I I I I I I I I I I I I I I I I I I  
TACAACACCA1CIC~ECAACTGGTG 

LTRs and insertion point. A, B, and T refer to the bracketed Y N T N T A Q L V  

regions in (A). Target duplication (ACACTCCC) is in boldface. Internal non-LTR bases of Hel-1 element are in lowercase. 
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Fie. 5. Southern blot of sus- S R 
ceptible (5)  and resistant (R) 
strain individuals showing 
multicopy occurrence of Hel- 
l. Cenomic DNA was digest- 
ed with Apa LI, electropho- 
resed in a 0.8% agarose gel, 
blotted to nylon membranes. - 
and probed k i t h  radiolabeled * 
Hel-I LTR. 

volved in cell adhesion ( 1 4 .  Whatever its , , 
function, it is not essential for life, because 
YHD2 is viable and fertile under laboratorv 
conditions despite being a "natural knockout" 
for HevCaLP. Whether its absence confers a 
fitness disadvantage in the field has important 
implications for resistance management, and 
this question can now be addressed with the 
information developed here. 

These results suggest a new interpretation 
of our previous estimate of 0.0015 for the 
frequency of YHD2-type resistance alleles in 
field populations of H. virescens before wide- 
spread planting of Bt cotton (IS). In that 
study, field-caught males were individually 
mated to homozygous resistant YHD2 virgin 
females, and their progeny were tested at a 
discriminating dose of CrylAc-containing 
diet. The majority of males were homozy- 
gous susceptible, as expected, producing only 
heterozygous progeny that did not grow on 
Cry1 Ac because the resistance-conferring ef- 
fect of r l  is recessive. However, 3 of 1025 
males were heterozygous, producing some 
progeny that did grow on the CrylAc diet 
because they inherited the r l  allele from their 
YHD2 mother and a field-derived resistance 
allele from their father. 

Our previous interpretation implicitly 
assumed that the paternally contributed re- 
sistance allele was also r l .  But it is now 
evident that any other allele with a molec- 
ular lesion somewhere in HevCaLP pre- 
venting it from functioning as a lethal tar- 
get would give the same result, because r l  
is a null allele. Thus, 0.0015 actually rep- 
resents a frequency estimate of the entire 
class of such defective HevCaLP alleles. 
This statement applies even if r l  itself does 
not occur in the field but arose in the lab. 
Thus, the development of efficient DNA- 
based methods to detect other types of mu- 
tants at BtR-4 should be a high priority. 
Screening solely for the Hel-1 insert detects 
r l  but may underestimate the total frequen- 
cy of resistance alleles in the field. 

Monitoring resistance allele frequencies 
in field populations will enable a direct test of 
whetber the high-dosetrefuge strategy is suc- 
ceeding. If it starts to fail, detection of in- 
creasing heterozygote frequencies will indi- 
cate that a problem is looming, well before 

resistant homozygotes become frequent 
enough to cause uncontrollable outbreaks. 
This may allow enough time for the strategy 
to be adjusted to reverse the increase. We 
thus suggest that allele frequency monitor- 
ing be incorporated into resistance risk as- 
sessment. At the very least, preservation of 
DNA samples should accompany existing 
bioassay-based monitoring programs. Even 
if other Bt resistance genes are later dis- 
covered in H. virescens, any delay in initi- 
ating BtR-4 allele monitoring erodes the 
opportunity to make informed modifica- 
tions to a strategy that could sustain the use 
of Bt transgenics and prolong their environ- 
mental benefits of reducing dependency on 
conventional insecticides. 
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B t  Toxin Resistance from Loss 
of a Putative 

Carbohydrate-Modifying 
Enzvme 

Joel S. Criffitts, Johanna 1. Whitacre, Daniel E. Stevens, 
Raffi V. Aroian* 

The development of resistance is the main threat t o  the long-term use of toxins 
from Bacillus thuringiensis (Bt) in  transgenic plants. Here we report the cloning 
of a Bt toxin resistance gene, Caenorhabditis elegans bre-5, which encodes a 
putative P-1,3-galactosyltransferase. Lack of bre-5 in the intestine led t o  re- 
sistance t o  the Bt toxin CrySB. Wild-type but not bre-5 mutant animals were 
found t o  uptake toxin into their gut cells, consistent with bre-5 mutants lacking 
toxin-binding sites on their apical gut. bre-5 mutants displayed resistance t o  
Cryl4A, a Bt toxin lethal t o  both nematodes and insects; this indicates that 
resistance by loss of carbohydrate modification is relevant t o  multiple Bt toxins. 

Crystal toxins produced by B. thuringiensis 
are used worldwide in transgenic crops to 
control caterpillars and beetles, are an impor- 
tant tool of organic farming, and have made 
important contributions to the control of in- 
sect-borne diseases such as African river 
blindness. Once ingested by an insect, Bt 
toxins are proteolytically activated in the 
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midgut and bind to membrane gut receptors, 
leading to pore formation and death (1, 2). 
Although Bt toxins are safe to vertebrates and 
are considered beneficial to the environment 
relative to chemical pesticides, Bt toxin ef- 
fectiveness is threatened in the long term by 
the development of insect resistance (3). Bt- 
resistant variants of the diamondback moth 
have been identified in the field, and resistant 
strains of at least 11 insect species have been 
documented in the laboratory (4, 5). Under- 
standing the molecular mechanism of toxin 
action and identifying the genes that can mu- 
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