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ABSTRACT Juvenile hormone analog (JHA) insecticides
are relatively nontoxic to vertebrates and offer effective con-
trol of certain insect pests. Recent reports of resistance in
whiteflies and mosquitoes demonstrate the need to identify
and understand genes for resistance to this class of insect
growth regulators. Mutants of the Methoprene-tolerant (Met)
gene in Drosophila melanogaster show resistance to both JHAs
and JH, and previous biochemical studies have demonstrated
a mechanism of resistance involving an intracellular JH
binding-protein that has reduced ligand affinity in Met flies.
We cloned the Met* gene by transposable P-element tagging
and found reduced transcript level in several mutant alleles,
showing that underproduction of the normal gene product can
lead to insecticide resistance. Transformation of Met flies with
a Met* cDNA resulted in susceptibility to methoprene, indi-
cating that the cDNA encodes a functional Met™ protein. MET
shows homology to the basic helix-loop-helix (bHLH)-PAS
family of transcriptional regulators, implicating MET in the
action of JH at the gene level in insects. This family also
includes the vertebrate dioxin receptor, a transcriptional
regulator known to bind a variety of environmental toxicants.
Because JHAs include a diverse array of chemicals with JH
activity, a mechanism whereby they can exert effects in insects
through a common pathway is suggested.

Juvenile hormone (JH) is involved in a variety of critical
functions in insects, including development, reproduction,
caste determination, and behavior (1, 2). Chemical analogs of
JH (JHA) have been developed, and many of them have
insecticidal activity against certain insects (3). Because JHAs
have effects on insects that are similar to those of exogenously
applied JH (4), they act as JH agonists, and several have proven
useful as such in physiological studies (5). JHA insecticides
have an additional advantage of low vertebrate toxicity (6).

Initially, it was predicted that insects would have difficulty
evolving resistance to a compound resembling one of their own
hormones (7). However, insect cross-resistance to methoprene
shortly thereafter demonstrated that resistance to this class of
insecticides is possible (8), and other instances of either
cross-resistance or laboratory-selected resistance have been
subsequently reported (9). Recently, field resistance to metho-
prene (isopropyl [2E, 4E]-11-methoxy-3,7,11-trimethyl-2,4-
dodecadienoate) in mosquitoes (D. Dame, unpublished data)
and to another JHA, pyriproxyfen (2-[1-methyl-2-(4-
phenoxyphenoxy)ethoxy|pyridine), in whiteflies (10) after ap-
plication of these JHAs to susceptible populations has been
detected, suggesting that insects can evolve resistance de novo
to these compounds.

To understand the genes involved in resistance to JHAs, we
mutagenized Drosophila melanogaster and selected metho-
prene-resistant mutants in the F; generation (11). Genetic
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complementation studies showed that these mutants were
alleles at a locus that was termed Methoprene-tolerant (Met).
Met flies are resistant to the toxic and morphogenetic effects
of JH and several JHAS, but not to other classes of insecticides
(12). Biochemical studies revealed a target-site resistance
mechanism, that of reduced JH binding in cytosolic extracts
from either of two JH target tissues in Met flies (13). This
property of reduced JH binding was cytogenetically localized
to the Met region on the X chromosome and can account for
the resistance. Possible identities for this binding protein
include either an accessory JH-binding protein in the cyto-
plasm, similar to the cellular retinoic acid-binding protein in
vertebrates (14), or a JH receptor protein involved in the action
of JH.

The recovery of two transposable P-element alleles of Met
(15) has allowed the Met gene to be cloned. Here we identify
the Met gene and its transcripts, and we report homology of
Met to the basic helix-loop-helix () HLH)-PER-AHR/ARNT-
SIM (PAS) transcription factor family. Homology to these
proteins has implications for MET function in JH action as well
as for a mechanism by which chemically diverse JH analog
insecticides can function as JH agonists.

EXPERIMENTAL PROCEDURES

D. melanogaster Stocks and Culture. The alleles of Met used
in this study were independently recovered from mutagenesis
screens (11) with ethyl methanesulfonate (EMS), cobalt-60
(3,000 R), or P-elements (15) as mutagen. The parent stock
was vermilion (v) for all alleles except for the EMS-induced
alleles Met!, Met?, and Mer® (11, 12). The v gene is closely linked
to Met and is a convenient genetic marker. Identity of newly
recovered resistant strains as Met alleles was further substan-
tiated by methoprene-testing flies that were made heterozy-
gous for each allele with a deficiency chromosome
Df(1)m?>°-%, which is deficient for the 10C2-10D4 Met cyto-
genetic region and uncovers the resistance phenotype (12).
Each of the alleles recovered is viable and fertile, and each has
been maintained as a homozygous stock in the absence of
JHA-selective pressure with no loss in resistance. Both the v
strain and the wild-type strain Oregon-RC were obtained from
the Mid-America Stock Center, Bowling Green, OH. Flies
were raised at 25°C on a standard agar-molasses—yeast extract
diet with propionic acid added to retard mold growth.

DNA Cloning and Transformation. DNA manipulations
were done according to standard methods (16). P-element-
bearing DNA fragments were isolated from lambda phage
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from Met?3 and MetX!” genomic libraries as previously de-
scribed (17). Fragments were subcloned into Bluescript (Strat-
agene) and used to probe a genomic library constructed from
the iso-1 wild-type strain. Several clones were recovered, and
one of these included the genomic region shown in Fig. 1 and
was used for further characterization. A cDNA library pre-
pared from vitellogenic ovaries from the wild-type strain
Canton S was probed with a genomic fragment extending from
Kpnl to Hpal (Fig. 1), and positive cDNA clones were inserted
into Bluescript for further characterization and DNA sequenc-
ing.

For expression of the Met* ORF from the 3.3-kb ¢cDNA,
PCR amplification of a fragment carrying the Met* ORF plus
580 bp of flanking sequence was carried out by using a 3.3-kb
cDNA as template. A forward primer 5'-ACAAGGCAGTA-
ACTC-3', which began amplification 42 bp upstream of the
ATG start codon, and a reverse primer 5'-GTAAAGCCAA-
CTCATTATAC-3’, which ended amplification 538 bp down-
stream from the TGA stop codon, were synthesized and used
for amplification. The amplified fragment was ligated into
T-Easy vector (Promega) and subcloned. An EcoRI fragment
containing the entire D. melanogaster sequence was excised
from the subcloned fragment and ligated into the transforma-
tion vector pP{CaSpeR-Hsp70/SV40} [Flybase (1997) ftp.
bio.indiana.edu]. Orientation of the fragment in the vector was
determined by restriction site analysis.

For germ-line transformation, three genomic fragments
shown in Fig. 1 were prepared by excision with the indicated
restriction enzymes and were either subcloned into Bluescript,
then excised with an EcoRI-NotI double digest and subcloned
into the pCaSpeR 4 transformation vector (18), or were
subcloned directly into the pCaSpeR 4 vector. The Met™ cDNA
ORF fragment described above was used for transformation in
the pP{CaSpeR-Hsp70/SV40} vector. Purified plasmids to-
gether with p725.1wc transformation “helper” DNA in a ratio
of 2-3:1 were injected as described (19) into dechorionated w
v Met? embryos. Both vectors carry a functional copy of the
white * (w*) gene, capable of restoring eye color to w mutants.
Go progeny were individually crossed with w v Mer’, and
transformants were recognized by restoration of eye color
ranging from light orange to red.

P-element

Genomic region

Transcripts 5.5 kb |
A1) —

Transformation Six

fragments St-H  (+)

— KH ()
1 kb

F1G. 1. Met gene region. Genomic organization of an 8-kb region
including the Mer ORF (boxed). P-element insertional sites in the
Met®3 and MetX?7 alleles are shown at the downward facing arrows.
The solid arrow represents the direction of transcription of Met. The
locations of the transcripts as deduced from cDNA sequencing (3.3-kb
transcript) and RT-PCR analysis (5.5-kb transcript) are noted below
the map. The genomic transformation fragments are indicated below
the transcriptional units; those that did not rescue the resistance
phenotype are noted (—) and the fragment that produced methoprene
susceptibility in transformant flies is noted (+). The fragments are
designated by the restriction enzyme sites. D , HindIIl; S, Sall; K, Kpnl;
St, Stul; B, BamH]I; X, Xhol; H, Hpal.
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To test each DNA fragment for Met* activity, we utilized a
bioassay for a morphogenetic effect of methoprene on D.
melanogaster. JH and JHA treatment of Met™/Met™ and
Met* /Met larvae results in abnormal adult sternite bristle
patterns, consisting of missing and abnormally shaped bristles,
particularly on the posterior sternites (12, 20, 21). Flies ho-
mozygous for any of the Met alleles recovered to date are
completely resistant to this morphogenetic effect of metho-
prene at even the highest sublethal doses (12, 21). Met/Met™*
flies show a level of resistance intermediate between that of
Met* /Met™ and Met/Met (12, 21). This morphogenetic effect
of methoprene represents the most sensitive method for
distinguishing Met/Met, Met™ /Met, and Met* /Met* genotypes.

Light-color-eyed transformant flies having a single ectopic
copy of the transforming DNA fragment were crossed with w
v Me#® and their F; progeny were tested on methoprene. Those
progeny with colored eyes had a single ectopic copy of the
transforming DNA fragment and, thus, were either Met™ /Met
if carrying a functional Met™ gene or Met/Met if not. White-
eyed w v Me#® siblings served as controls. Both transformant
and nontransformant progeny that eclosed were examined for
sternite bristle defects after methoprene treatment as larvae.

RNA Procedures. Total RNA was isolated with TriReagent
(Molecular Research Center, Cincinnati) from staged animals,
subjected to denaturing gel electrophoresis in a formaldehyde-
agarose gel, and blotted onto Hybond-N membrane. Following
cross-linking, membranes were prehybridized in a solution
containing 5X SSPE, 5X Denhardt’s, 0.5% SDS, 50% form-
amide, and 100 mg/ml yeast tRNA for 5-7 hr at 65°C.
Membranes were then hybridized in the same solution at 65°C
for 15-17 hr with a [3?P]JUTP-labeled riboprobe (Promega)
synthesized from DNA produced by PCR amplification of a
fragment of the Met ORF extending from nucleotide 771 to
1,102. The amplified fragment was subcloned into T-vector
(Invitrogen), linearized with Ss¢II, and transcribed from the T7
promoter to produce a 331-bp antisense riboprobe. The mem-
branes were washed with 2X SSC + 0.1% SDS at 22°C for 20
min, followed by two washes with 0.1X SSC + 0.1% SDS at
65°C for 15 min each. Each membrane was placed against x-ray
film and subjected to autoradiography at —70°C for 24 hr and
developed. Control loading was evaluated by stripping the
membrane and reprobing with a [3?P]dCTP random-primed
cDNA of the ribosomal protein-49 (Rp49) gene (22).

RESULTS

Previous results described the molecular cloning of a 40-kb
region including the P-element insertions for both of the
P-clement alleles, Met*3 and MerX7 (17). Each of these alleles
conferred resistance to both the toxic and morphogenetic
effects of JH and methoprene, and susceptible revertants
could be recovered by standard genetic means (15), demon-
strating that the resistance phenotype likely results from the
presence of the P-element. Lambda phage clones containing
P-elements were recovered from Met'3 and MerX!7 genomic
libraries. DNA was sequenced bidirectionally from the point of
insertion of the P-element in each clone, and the sequence was
subjected to computer analysis. An ORF located 273 bp from
the P-element insertion site in the Met'? allele and 424 bp in
the MerX!7 allele was found (Fig. 1). Because this ORF is
transcribed in a direction away from the insertion sites of the
P-elements, interruption of transcription by the P-element is
possible, as has been found with other P-element mutants in
D. melanogaster (23).

To identify any transcript(s) from this ORF, mRNA was
prepared from methoprene-susceptible Oregon-RC late third-
instar larvae. This stage in development represents high
susceptibility to both the toxic and morphogenetic effects of
JH and JHAs (24). A 32P-labeled DNA probe to this ORF
failed to detect any transcript(s) on a Northern blot of RNA
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Fic. 2. Northern blot of total RNA isolated from wandering
third-instar larvae homozygous for v or any of various Met alleles and
probed with a 32P-labeled riboprobe of the Met gene. Each lane was
loaded with 40 ug of total RNA, subjected to denaturing gel electro-
phoresis in a formaldehyde-agarose gel, and blotted onto Hybond-N
membrane. Control loading (Lower) was evaluated by stripping the
blot and reprobing with a [??P]dCTP random-primed ¢cDNA of Rp49.
Met, Met?, and Met? are ethyl methanesulfonate-induced alleles; Met4?
and MetK!7 are P-element alleles, and the remaining alleles were
gamma-ray induced from methoprene-susceptible v flies. Met!?$ has
consistently shown overproduction of transcript on Northern blots.

from these larvae, but an RNA probe (riboprobe) recognized
a 5.5-kb transcript (Fig. 2). This transcript was unchanged in
size or intensity in three EMS-induced alleles of Met but was
reduced in abundance in several x-ray-induced alleles, espe-
cially Met?”, which appears as a null allele (Fig. 2). Met"? and
Met¥?7 larvae showed a transcript approximately 3 kb larger
than the 5.5-kb transcript, suggesting that transcriptional
run-on of the 2.9-kb P-element occurred in these flies, as has
been shown with a P-element insertional allele of the yellow
mutant (25). These results identify this ORF with at least a
portion of the Met gene.

To define the Met gene functionally, P-element-mediated
germ-line transformation (19) was carried out with DNA
fragments isolated from phage clones from a wild-type
genomic library. One of these fragments, designated St-H
because of the restriction enzymes used to isolate it, carries a
genomic fragment that includes the entire 5.5-kb transcript
region. Each of the other two fragments, St-X and K-H, carries
genomic DNA that represents an incomplete ORF (Fig. 1).
When flies carrying Met?, a strong EMS-induced allele (12),
were transformed with fragments St-X and K-H (Fig. 1), the
level of methoprene resistance in progeny of the transformants

Table 1. Drosophila transformant adults having abnormal sternal
bristle patterns after methoprene treatment

Methoprene concentration, ul/food vial

Genotype 0.01 0.005 0.0025 0.0
w v Met® [St-X] 0 0 0 0
w v Met’ [K-H] 0 0 0 0
w v Met [St-H] 92% 78 18 0
w v Met® [cMet™] 70% 66* 6 0
w v Mef® 0 0 0 0
v NS NS 54 0

Values given as percentages of adult females eclosing with at least
two missing or defective bristles on the most methoprene-sensitive
sternite 7. Nontransformant siblings of each genotype, recognized by
white eyes, were completely resistant as expected and are presented as
the w v Mer® row for simplicity. Fifty adult females of each genotype
were evaluated. Transformant and nontransformant adult responses to
each concentration of methoprene were compared (Fisher’s exact test)
and were significantly different (P < 0.001, designated by *) for the two
highest methoprene concentrations. Responses are also shown for v
adult females (having two Met™ gene doses) for comparison. NS,
nonsurvival to adult stage.

Proc. Natl. Acad. Sci. USA 95 (1998) 2763
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FiG. 3. Developmental Northern blot analysis of total RNA iso-
lated from the methoprene-susceptible Oregon-RC strain at various
times in development and probed with a [3?P]JUTP-labeled 331-bp
riboprobe for Met. Each lane was loaded with 40 ug of total RNA, and
the blot was probed with the Met gene riboprobe followed by a DNA
probe for the Rp49 gene as described for Fig. 2. The decreased levels
of Rp49 in pupae reflect decreased expression during this stage of
development (22). Embryos were collected from overnight cultures
and either frozen in liquid nitrogen or maintained at 25°C until the
desired age. Larvae were staged from timed embryo collections; the
indicated times are =8 hr. Pupae were staged from the white prepupal
stage, which lasts for about 1 hr. Adult males consistently show only
the 5.5-kb transcript; females show both and, when fully gravid, show
more of the 3.3-kb transcript than appears on this blot.

as judged by resistance to sternite bristle disruption was
undiminished, indicating no rescue of the mutant phenotype
(Table 1). However, when Mer® flies were transformed with
fragment St-H, resistance in their progeny to sternite bristle
disruption by methoprene was lost (Table 1), indicating that a
functional Met* gene is contained in this sequence. The
genomic DNA region contained in the St-H fragment corre-
sponds well with the size and location of the 5.5-kb transcript
(Fig. 1).

A Northern analysis was carried out to determine the
abundance and temporal appearance of the transcript during
development (Fig. 3). During the first half of embryonic
development, an additional transcript of 3.3 kb is detected.
This transcript decays to an undetectable level during the latter
half of embryonic development. It is also present in adult
female ovaries and is probably contributed to the embryo as a
maternal RNA. Neither transcript is abundant during devel-
opment. Because the methoprene-sensitive period is late third-
instar larval through early pupal development (24), then only
the larger transcript is developmentally correlated with resis-
tance. Taken together, these data implicate this ORF as the
Met gene responsible for resistance.

cDNAs corresponding to the 3.3-kb transcript were isolated
as apparent full-length cDNAs from a D. melanogaster wild-
type Canton-S ovary cDNA library and were sequenced to
establish the relationship of this transcript with the genomic
sequence. The probable transcriptional start site for this
transcript begins 213 bp upstream of the ATG start codon of
Met and ends 981 bp downstream from an in-frame TGA
termination codon. The DNA sequence (CAAAATG) pre-
ceding this ATG corresponds well with a D. melanogaster
translation start site consensus sequence (26). Sequence anal-
ysis showed the size of the ORF to include 716 aa with a
calculated molecular weight of 78,683 (Fig. 44). The bound-
aries of the 5.5-kb transcript have not been precisely deter-
mined, but they have been inferred by reverse transcription
(RT)-PCR to include a transcriptional start site located about
1,100 bp upstream of the ATG site and a termination point
located about 2,200 bp downstream from the stop codon of the
Met ORF.
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A

ATGGCAGCACCAGAGACGGGCAACACGGGCTCCACAGGATCCGCTGGCTCGACAGGATCGGGATCGGEGATCGGGATCGGGAAGTGGGAGC TCCTCAGATCCA 102
M A AP ETGNTGS TGS A G S TG S G S G S G s 6 S G s s s D P 34

GCGAATGGACGGGAGGCCCGTAACCTTGCCGAAAAACAGCGACGGCATAAGC TTAATGCCAGCATCCAGGAGC TGGCTACCATGGTACCACATGCAGCCGAA 204
A N GREAURNTULA AEIZEKQRIRDI KTILUNA ASTIOQETULATMVUVPHAATE 68

TCCTCCCGTCGCCTGGACAAAACCGCCGTCCTCAGATTTGCCACCCATGGCCTGAGACTTCACTATGTCTTTGGCAAGTCCGCTTCCAGACGTCGCAAGAAA 306
S S R R L D K T A V L R F A TH G L RUL QY V F G K S A S RRREK K 102

ACCGGCCTCAAGGGAACGGETATGTCTGCCTCACCTGTCGGAGATCTACCCAATCCCAGTC TGCATCTAACGGACACTCTAATGCAACTGCTGGACTGCTGC 408
T ¢ L K ¢ T 6 M S A S PV GDULUPNUPSTLHLTTDTILMGQ@ELL D C C 136

TTCCTCACCCTAACCTGCAGTGACCARATCGTTTTGATATCCACCAGCGTGGAGCAGCTATTGOGTCACTGTCAGTCCGATTTGTATGGCCAGAATCTACTG 510
F L TLTG CS G I VLV STsSVEG QLTLG GHCCQ$DLY G O NLL 170

CAGATCACGCATCCCGATGATCAGGATCTGTTAAGACAGCAGCTAATACCCAGGGATATAGAGACCCTGTTCTATCAGCATCAGCACCACCAGCAGCAGGGG 612
9 I T H P DD Q D L L R @ Q L I PRUDTIETTULTF Y Q H QHHOQQ Q G 204

CACAATCCCCAGCAGCACTCCACTTCCACGTCGGCCTCAGCTTCGGGCAGTGATCTCGAGGAGGAGGAAATGGAGACCCAGGAACACCGETCTGGGTCGGCAG 714
H NP Q QH S TS T SASASGSDULETETETEMTETETEUHTZ RTLGR @ 238

CAGGGAGAGGCGGACGATGACGAGGATCACCCGTACAACCGACGAACACCCAGCCCGCGGAGAATGGCCCATTTGGCGACCATTGATGACCGACTACGCATG 816
Q G EADDUDEDHZPYNU RIRTZPS?PURIERMAHTLATTIUDTU DT RTILTZ RM 272

GATTGGCGCTGCTTTACCGTCCGCTTGGCTAGGGCTTCCACGCGAGCGGAGGCCACGLCGTCATTACGAGCGGGTTAAGATC GATGGCTGCTTTCGTCGCAGT 918
D WRCFTV V®RILARASTI RAEATI RIUHEYERU VI KTIDTG?<CTF R R S 306

GACTCCTCCTTAACCGGAGGTGCCGCTGCCAACTATCCGATTGTCTCCCAGCTGATACGACGCTCGAGAAACAACAATATGCTGGCTGCCGCTGCAGCAGTG 1020
D £ $ L T G G A A ANJY P IV S QLTI RIRSIRNNUDNMMLAA- AABAAAUV 340

GCAGCAGAAGCGGCGACGGTGCCACCCCAGCACGATGCCATTGCCCAGGCGGCGCTGCAL TAGCGGCAATGATATTGTCCTGGTGGCCATGGCCAGG 1122
A A EAATV PP QHDATILIA ASQAALU HGTISGGDNDTIV LV AMATR R 374

GTGCTGCGAGAGGAACGGCCGCCTGAGGAGACGGAGGGTACAGTGGGCTTGACCATTTACAGACAGCCAGAACCCTATCAGCTGGAGTACCATACGAGGCAT 1224
V L REER®PUPEETEGTVGVL TTI Y RQPEUPY QL E Y HT R H 408

CTAATCGACGGCAGCATCATCGACTGTGATCAAAGGATTGCTCTGGCTGGCGGGATATATGAAGGATGAGGTGCGCAACCTTAGTCCCTTCTGTTTCATGCAC 1326
L I pD &G s I I DCDQRIGLV AGY M EKDEVERERNTULSUPF C F M H 442

CTGGACGACGTTCGLCTGGGTGATTGTGGCCCTTCGACAAATGTACGATTGCAACAGTGACTATGGCGAGAGCTGCTACCGTCTGCTGTCCCGCAACGGGCGE 1428
L DDV RWV IV ALUROQEMYDOCNSDY GESCYRTULTILSRUN G R 476

TTCATTTACCTGCACACCAAGGGATTTCTGGAGGTCGACCGTGGCAGTAATAAGCTCCATTCCTTTCTGTGCCTCARCACGC TGCTCGATGAGGAGGCGGEC 1530
F I Y L HTX GG F L EV DURG S NI KV HSFULOCVNTILTILTUDEE A G 510

CGGC, GGTGCAGGAGATGAA TTCTCGACAATCATCAAGGCGGAGATGCCCACGCAGAGCAGCAGTCCCGATTTGCCCGCCTCGCAGGCACCG 1632
R ¢ KV ¢ EM K E KT F S TTITII KA AEWMPTUZGQSS S PDILUPAS Q A P 544

CAGCAACTTGAGAGAATTGTCCTCTATCTAATAGAGAACCTACAGAAGAGTGTGGATTCAGCAGAGACGGTTGGCGGCCAGCGCATCCARAGCCTAATGGAC 1734
¢ ¢ L ERIVILYTLTIEINTLTG QEZ KT SV VDSAETV VSG®GQGMMESTLMD 578

GATGGCTACAGTTCGCCAGCARATACCTTAACTCTCGAGGAGTTAGCTCCCTCGCCCACGCCCRCCTTGGCCTTGETGCCGCCGECTCCCTCATCGGTCAAG 1836
D ¢&Y S s P ANTULTULETETLAPSZ?PTU®PATLALVZPUPATPS S V K 612

AGCTCCATCTCCAAGTCGGTGAGTGTGGTCAATGTGACGGCGGCCAGARAGTTTCAGCAGGAGCATCAGAAGCAGCGTGAACGTGACCGTGAGCAGCTTAAG 1938
S $ I S K SV SV VDNVYTAARTEKTFOQOQEHS QZ KT QRETRTDTERTE Q L K 646

GAGCGCACCAACTCCACGCAGGGCGTGATCCGGCAACTGAGCAGCTGCCTAAGCGAGGCGGAAACGGCATCCTGTATCCTATCACCAGCCAGTAGCTTGAGT 2040
ER TN S T Q ¢V I RQL S s ¢ L s EAZETAS CI UL S P A S s L S 680

GCCAGCGAAGCACCGGACACGCCCGATCCGCACAGCAACACATCACCGCCACCGTCGCTCCACACACGTCCCAGTGTCCTGCATCGAACCCTGACCAGCACG 2142
A £ EAPDTU®PUDPHSDNTS P PP S L HTWRP S VL HRTTULT S T 714

CTGCGATGA 2151
L R * 716

B

MET (38)

ARNLA Q velHaRES S[RRLDEK|rT aA[v L R|P[A]T H G[L R]

ARNT (91) NHSEIERR velrcsavalR[RP]p k| T I]u R|M|a|v s H|M K

AHR (29) EGIKRsNP SRR Llej]F PoeDVvINER[LDR|Ls|VLR|LS VS Y[LR]
bHLH region

MET (129) [t]u ¢[E]u o ¢ c[F]u v nit]c s[e]e 2 T[s EQLLGHCQSDLYNLLQITH

ARNT(169) |[LleaAADGPL|P|JTIVSCET|g|R V[V]Y plsv|r P VviL|NQ Pl S[EW P[e|s T|L|Y D @ V[H

AHR (119) |vfjeaft)]nervivvr[Fo-avvrvalslsTropy|luelrolgsDlvIia[g]sVvYEL I|n
PAS-A region

MET (403) [Ely & L s 1[1]p o[Rlr ¢ L[v]afe Y|y k D[ElvR N L -[S]P F c[F|u[E]uL D

ARNT (362) FIs N|i[Ele|t r T Fr vpja|Rjc vAT Ve Y[oPolElLL e R - NI VE|r|c|H[P E

AHR (286) 1 ¢ r[Zx|u|r L[D|F T »[L]c ARGRI[V]u|e YT EA[E[Lc TR ¢y oflr|r|afaa

PAS-B region

FiG. 4. (A) Nucleotide sequence and predicted amino acid sequence of the Met ORF, derived from sequence determination of 3.3-kb cDNA
clones. The bHLH domain is underlined, the PAS-A domain is boldly underlined, and the PAS-B domain is double underlined. Single-letter
abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Amino acid sequence alignment of the homologous regions for the bHLH,
PAS-A, and PAS-B domains of MET with those of human AHR and ARNT. Number in parenthesis indicates the position of the initial amino acid
of each domain in the respective protein. Identical sequences are boxed.

To further confirm that this ORF is the Met gene, a DNA the pP{CaSpeR-Hsp70/SV40} transformation vector. This vec-
fragment consisting of the entire ORF plus flanking sequence tor carries an hsp70 promoter to drive expression of the
was prepared from a subcloned 3.3-kb cDNA molecule. This inserted DNA, and low-level constitutive expression occurs in
fragment was prepared by PCR amplification and inserted into transformant flies raised at 25°C [Flybase (1997) ftp.bio.indi-
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ana.edu]. When larvae carrying one ectopic copy of this
transformation fragment were treated with methoprene and
examined after metamorphosis, resistance to methoprene was
lost (Table 1), demonstrating that a functional copy of Met™ is
contained in the ORF. This result also demonstrates that
although the 3.3-kb transcript is not expressed during the late
larval-early pupal stage when methoprene sensitivity is found,
it nevertheless carries functional Met™ sequence.

Sequence comparison of the Met ORF to sequences depos-
ited in the Genpept and Swiss-Prot databases was carried out
by using the FASTA program (27). MET shows three regions of
homology to members of a family of transcriptional activators
known as bHLH-PAS proteins (ref. 28; Fig. 4B). The bHLH-
PAS gene family was named for the three founding members:
Period (per) gene (29), Aryl hydrocarbon receptor [Ahr (30)],
and Single-minded (sim) gene (28). Per is a biological clock
gene, and sim is a transcription factor gene, both originally
isolated from D. melanogaster. Ahr has been isolated from
several vertebrates, and its product functions to bind xenobi-
otic compounds and a partner protein, the product of the Ak
receptor nuclear translocator [arnt (31)] gene. Most of the
bHLH-PAS proteins function either as transcription factors or
as interactive partners with transcription factor proteins (32).
MET generally has higher homology to the vertebrate bHLH-
PAS proteins than to those identified in D. melanogaster. A D.
melanogaster ARNT-like gene has recently been cloned (33),
and DARNT has higher homology to vertebrate ARNT than
does MET, suggesting that DARNT, not MET, may function
like ARNT in flies. MET homology to these proteins (Fig. 4B)
includes the bHLH region that is involved in DNA binding
(30-38% identity), the PAS-A region (28-40%), and the
PAS-B region (22-35%). The arrangement of these domains in
the Met gene is the same as for other bHLH-PAS genes (Fig.
44).

DISCUSSION

JHAs are important insect growth regulator insecticides that
are particularly useful for control of certain insect pests of
humans, livestock, companion animals, and stored crops (3).
Because of the nontoxicity of JHAs to vertebrates, these
compounds have readily found approval for use near humans
and domesticated animals.

JHAs have been in use for two decades, but, until recently,
resistance to these compounds generally has not been prob-
lematic. Mechanisms of resistance that render an insecticide
less effective include altered penetration, tissue sequestration,
excretion, metabolic detoxification, or target tissue binding of
the insecticide (34). Studies that have addressed JHA resis-
tance in pest insects have shown it to be primarily due to
enhanced metabolism (35). The resistance mechanism(s) that
underlies the control failure recently reported for methoprene
and pyriproxyfen (10) is unknown. Our previous study of Met
flies experimentally ruled out four mechanisms for Met resis-
tance, including enhanced metabolism, and showed reduced
JHIII binding in two target tissues as the probable mechanism
of resistance (13). Reduced binding of insecticide by target
tissues can result in strong resistance and has been demon-
strated in field resistance in insects to other insecticides (36).
Although reduced binding has been demonstrated for JHA
resistance only in D. melanogaster, there is no reason to rule out
participation of a Met homolog in field resistance in pest
insects. To this end, the availability of the D. melanogaster Met
gene for isolating and characterizing homologous genes in pest
insects could lead to monitoring field resistance at the molec-
ular level.

Our finding of MET homology to the bHLH-PAS family of
proteins narrows the focus of Met function to transcriptional
regulation, with particular attention to the dioxin receptor
partners, AHR and ARNT. AHR resides in the cytoplasm of
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target tissues, where it can bind to a variety of environmental
toxicants, including dioxin. After translocation to the nucleus,
the AHR-ligand complex binds with ARNT to form a het-
erodimeric transcription factor capable of binding to a dioxin-
responsive element lying 5" upstream of genes that mediate the
biological effects of these compounds (37). Several of these
genes have been identified as encoding cytochrome P450
enzymes that carry out detoxification reactions (37). The PAS
regions are important in the dimerization of proteins between
members of the PAS protein family (38). It is of interest that
a dioxin receptor has been previously implicated in insecticide
resistance in the moth Helicoverpa zea. In this work (39) dioxin
binding in H. zea extract could be competitively inhibited by
DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane], JHI, or
methoprene, leading to the hypothesis that a JH receptor may
be involved in resistance to a variety of insecticides. Because
the vertebrate dioxin receptor functions as a transcriptional
activator of genes involved in the metabolism of xenobiotic
compounds (37), it is tempting to invoke a similar action for
Met involvement in inducing metabolism of JHAs and other
insecticides. However, we have no evidence for this role: the
mechanism of Met resistance clearly does not involve increased
metabolism (13) as would be predicted from the H. zea results,
and Met flies are not resistant to other classes of insecticides
(12).

There are several implications of MET as a member of this
family. First, Met can now be viewed with greater certainty as
a participant in JH action at the gene level instead of control-
ling a cytoplasmic JH binding protein, an alternate interpre-
tation of the JH binding results (40). Although we have shown
homology of MET to bHLH-PAS proteins, we have not
demonstrated MET function as a transcriptional regulator.
These experiments are complicated by a lack of understanding
of the molecular action of JH (41). Transcriptional regulation
(42) of certain genes has been correlated with JH appearance
during development or after application of exogenous JH, but
more direct involvement of this hormone in gene activity has
been only occasionally reported (43), and evidence exists for
JH acting at the membrane level in adult insects (44). No D.
melanogaster genes have been identified that are directly
regulated transcriptionally by JH; therefore, designing a re-
porter gene system to test Met as encoding a functional
transcriptional regulator must await future work.

Second, homology to the Ah receptor family suggests that
MET may act in a similar manner to bind a variety of ligands
having JH activity and subsequently to regulate JH-responsive
target genes. Thus, the sundry chemicals having JH activity (3)
may owe their activity to a MET protein with promiscuous
ligand binding. Interestingly, mice carrying the dioxin receptor
Ahr allele are more resistant to toxic Ah receptor agonists
because of decreased binding affinity of the AHR (45), a result
that parallels our finding that Met resistance to toxic levels of
JH is associated with decreased JH binding affinity.

Third, identity of MET as a PAS protein suggests that a
partner is involved in MET function. A partner could be
necessary for the presumed function of MET in gene regula-
tion, as is the case in the partner protein composition of the
ecdysone receptor complex (46). More significant is the pos-
sibility of MET interaction with a partner protein associated
with the ecdysone response, similar to the involvement of two
other bHLH-PAS proteins, SRC-1 and p/CIP, in nuclear
receptor function in vertebrates (47, 48). This is an appealing
possibility to explain JH-ecdysone interaction for control of
insect metamorphosis (1, 4).

This work isolates a gene involved in resistance to JH and the
JH-analog class of insecticides. Further study of Met may help
elucidate JHA resistance in pest insects as well as the molec-
ular basis of JH action.
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