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ABSTRACT

A cluster of genes of the CYP6 family was found in a series of overlapping ADASH clones from a genomic
library of the house fly, Musca domestica. Four complete genes, CYP6A3, CYP6A4, CYP6AS, and CYP6CI,
and fragments of two other genes, CYP6A6 and CYP6C2, were closely linked on a 24-kb segment of DNA.
Restriction fragment length polymorphism (RFLP) analysis of PCR-amplified segments of two of the genes
showed that the cluster is localized on chromosome V of the house fly. Each gene contained a short intron
of 57 to 125 bp interrupting a conserved Glu codon, as in the previously described CYP6A1 gene. The gene
fragment CYP6A6 consisted only of the coding region downstream from this intron, i.e., about one-third of
the complete P450. The gene fragment CYP6C2 was missing a short amino-terminal part of the coding
region, and may represent the two last exons of a larger gene. Gene duplication and chromosomal
inversion events may explain the origin of this cluster. The P450 proteins deduced from the nucleotide
sequences shared 39-71% amino acid identity with each other. This low identity and the lack of evidence
of recent gene conversion events suggested that this cluster may be evolutionarily ancient and that
homologous clusters may be found in other holometabolous insects. Evidence for transcription of the genes
and for correct splicing of the introns was obtained by northern blotting and reverse transcription
polymerase chain reaction (RT-PCR) experiments. No overexpression was observed in any of three
insecticide-resistant house fly strains. RT-PCR and sequencing also revealed the existence of other genes or
alleles closely related to the members of this cluster.

INTRODUCTION lez and Nebert, 1990), and it appears now that the diversity of
plant P450s responsible for the synthesis of so-called second-
THE DIVERSITY OF GENES OF THE CYTOCHROME P450 ary plant chemicals is indeed matched by a diversity of
superfamily across taxa and within a single species herbivore P450s responsible for the detoxification of such
(Nelson et al., 1993) reflects the ancient origin of P450 genes  chemicals. An example is provided by CYP6BI, a P450
but also bursts of gene duplications within a phylogenetic  isolated from the caterpillar of the black swallowtail Papilio
lineage: The presence of P450s that are undoubtedly homol-  polyxenes (Cohen et al., 1992). CYP6B1 is induced by toxic
ogous in bacteria, fungi, plants, and animals suggests thatan  linear furanocoumarins found in the diet of this specialist
ancestral P450 gene evolved more than 2 billion years ago  herbivore and was recently shown to metabolize these com-
(Nebert et al., 1989), and it has been estimated that the initial ~ pounds (Maet al., 1994). It is plausible that the inexhaustible
P450 gene duplication took place perhaps as early as 1.4  biosynthetic repertoire of plants, fungi, and bacteria has
billion years ago (Nelson and Strobel, 1987). Fifty P450 constituted a strong selective force driving the diversification
genes have been reported in the rat (Nelson et al., 1993) and  of animal P450s.
the total number of documented P450 sequences has grown Insects of importance to public health and agriculture have
from five in 1985 to more than 300 to date. The diversity of  seen another strong selective force in the last 50 years, that of
P450s of the CYP2 family in mammalian species has been  synthetic insecticides. Increased detoxification by P450 en-
hypothesized to result from animal—plant “warfare” (Gonza- zymes plays a major role in many cases of insecticide
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resistance but until now, relatively little has been known of
the molecular basis of P450-mediated insecticide resistance.
The CYP6AI gene of the house fly Musca domestica (Fey-
ereisen et al., 1989) and the CYP6A2 gene of Drosophila
melanogaster (Waters et al., 1992) were both shown to be
overexpressed in insecticide-resistant strains. Overexpres-
sion of CYP6AI was not the result of gene amplification, but
of a mutation in the resistant strain that altered regulation of
the gene by a trans-acting factor (Carifio et al., 1994).
CYP6A1, which metabolizes cyclodiene insecticides
(Andersen et al., 1994), is, however, not the only P450
involved in insecticide resistance in the house fly, and a
multiplicity of P450s in this species is inferred from bio-
chemical (e.g., Ronis et al., 1988) and molecular (Carifio
etal., 1992) data. In a sense, the selection of P450 diversity
by natural products over hundreds of millions of years may
have preadapted insects to selection by insecticides over the
last few decades. Therefore, it was expected that multiple
P450 genes would be found in insects. Here we describe the
characterization of a cluster of P450 genes in the house fly.
This cluster contains at least four functional P450 genes of
the CYP6 family. Gene organization, chromosomal localiza-
tion, and expression of these genes is documented. Sequence
divergence of the P450s in this cluster is much greater than
the divergence of P450s in the mammalian CYP2D cluster.

MATERIALS AND METHODS
Library screening

A genomic library of the sbo strain of the house fly was
constructed in the A\ DASH vector (Stratagene) as described
for the Rutgers strain by Koener et al. (1993). Approxi-
mately 350,000 plaques of the library were probed with a
500-bp coding-region fragment of CYP6A1 from the Rutgers
strain of the house fly. Because our initial intent was to
isolate CYP6AI from the sho strain, we screened at high
stringency (50% formamide, 5X SSPE, 3X Denhardt’s
solution, 0.5% NaDodSO,, and 10 pg/ml salmon sperm
DNA, at 42°C) and conducted the final wash at high strin-
gency as well (0.1% SSPE, 0.1% NaDodSO, at 65°C). After
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secondary screens of positive plaques, single plaques were
picked for phage purification and characterization.

An additional 350,000 plaques of the library were later
screened under the same conditions with four additional
probes: a 1.4-kb cDNA clone of CYP6AI (Feyereisen et al.,
1989) and three probes derived from the two sbo genomic
clones (sbo\ A and sbo\ B) isolated from the first library
screen. These were a 1.3-kb Eco RI restriction fragment of
CYP6A3, a 4.0-kb Eco RI fragment containing portions of
CYP6C! and CYP6C2, and a 2.8-kb Eco RI fragment
containing a portion of CYP6AG (see Fig. 1).

Sequencing of genomic clones

As a first step, we subcloned into the the pBS II SK vector
(Stratagene) all Eco RI restriction fragments of the four
genomic clones shok A, B, D, and E. Genes were located by
comparing DNA sequences from the subclones, translated
into all six reading frames by the Blastx procedure (Gish and
States, 1993), to protein sequences in the GenBank and
EMBL databases. The correct order of all subcloned frag-
ments was confirmed by cloning and sequencing restriction
fragments or PCR products bridging adjacent subclones.
PCR products were generated with vector and/or internal
primers and were cloned into the pCR II vector with the TA
cloning kit (Invitrogen). The genomic subclones were se-
quenced using a combination of vector and internal primers
and exonuclease III deletions (Erase-a-base kit, Promega).
All genes in the cluster were sequenced on both strands, from
at least 370 bp upstream to 100 bp downstream of the coding
region. Over 11 kb of sequence covering the cluster were
deposited in GenBank, as listed in the legend to Fig. 1.

Northern blotting

Poly(A)*RNA was isolated from house flies (different
strains, stages, or chemical treatments) exactly as described
in Carifio et al. (1992). Four-microgram samples were
separated on 1% agarose-formaldehyde gels (Davis et al.,
1986) and transferred to Zetaprobe membranes (Biorad). The
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FIG. 1. Map of the CYP6 gene cluster. Arrows indicate the direction of transcription; vertical marks indicate Eco RI

restriction sites. The extent of the four clones (sbo\ A, B, D, and E) isolated from the sbo genomic library is shown by the
lines below. The GenBank accession numbers of the genes and the length of sequence deposited are as follows: CYP6C2,
U09345 (1,801 bp); CYP6C1, U09233 (2,301 bp); CYP6A3, U09231 (2,142 bp); CYP6A4, U09232 (2,089 bp); CYP6AS,

U09343 (2,110 bp); CYP6A6, U09344 (718 bp).
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blots were serially probed at high stringency (50% forma-
mide, 0.12 M NaHPO,, 0.25 M NaCl, 5 mM EDTA, 7%
NaDodSO,) with 300-1,500-bp coding-region fragments of
each of the six genes in the cluster and with a fragment of the
actin 2 gene of Drosophila melanogaster. Final membrane
washes were also at high stringency (0.2% SSC, 0.1%
NaDodSO, 65°C).

Reverse-transcription PCR

Two methods were used to amplify fragments of the genes
in the cluster by RT-PCR. For CYP6A4 and CYP6AS,
poly(A)*RNA from sho house fly larvae and adults, respec-
tively, was reverse-transcribed with the Superscript enzyme
(BRL) and primers designed to regions downstream from the
presumed intron in each of the genes. The RT products were
extracted with phenol-chloroform, precipitated with ethanol,
and resuspended in water. For PCR amplification, we used
the RT primer and a second primer corresponding to a region
upstream of the presumed intron.

For CYP6A3, CYP6CI, and CYP6C2, we used poly
(A)*RNA from sbo adult house flies and the rTth enzyme kit
(Perkin-Elmer), following the manufacturer’s instructions.
This enzyme allowed us to reverse-transcribe at higher
temperatures for greater specificity. As above, we used
specific primer pairs in which one was downstream and one
upstream of the presumed intron in each gene.

The sequences (5>3") of the upstream and downstream
primers for the various genes were: CYP6A3, TGGC-
TATCAGGAACAGG and AATTTCGAGGGAGAGTC;
CYP6A4, CTATTTTAAACCGGTGGG and CTCAAGGA-
TCCCAATTC; CYP6A5, CCTACAATCTCACAATGG-
TAT and ATGGCGTCGCTTGTGCAAACGATT; CYP6Cl,
CCTCCTCGAATACTGAAGAC and TCAGCTGGAAATG-
GATG; CYP6C2, CTCCTTGGTGTTGAAGACTC and
CCCGTTTCACCACCGATG.

RT-PCR products of the expected size were gel purified
with the Sephaglas Band Prep kit (Pharmacia) and cloned
with the TA cloning kit (Invitrogen). We sequenced from
450 to 1,000 bp of each product to confirm that it corre-
sponded to the expected gene and that the intron had been
excised as predicted.

Chromosomal localization

To determine the chromosomal localization of the gene
cluster, we compared restriction patterns of PCR-amplified
fragments of two of the clustered genes in two strains of the
house fly, Rutgers and aabys, and in backcross progeny of F;
hybrids to aaybs. The aabys strain bears recessive mutations
on each of the house fly’s five autosomes (ali-curve, arista-
pedia, brown body, yellow eye, and snip wing for chromo-
somes I-V, respectively), whereas the Rutgers strain is
wild-type for these characters. Five phenotypes of the back-
cross progeny were analyzed, each homozygous for one
aabys chromosome, e.g., ++++s.

Genomic DNA was isolated from one male and one female
fly of each parental strain and the F, and backcross progeny.
A 1.6-kb fragment of CYP6A5 was amplified with primers
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CCTACAACAATCTCACAATGGTAT and ATGGCGTCG-
CTTGTGCAAACGATT. The PCR product was digested
directly with Taq I; 1 pl of REact 1 buffer (BRL) was added
per 9 pl of final reaction volume. The digestion products
were separated on a 2% agarose gel and stained with
ethidium bromide.

A fragment of CYP6A3 was amplified with primers
AATTTCGAGGGAGAGTC and ACCGAGCTCCCACG-
CCTTTAAAGGAA. It was necessary to gel-purify the
expected 1.2-kb product from nonspecific products, using
the Sephaglas Band Prep kit (Pharmacia). The purified
product was digested with Mbo I and restriction products
were separated on a 2% agarose gel and stained with
ethidium bromide.

RESULTS
Isolation of genomic clones

Our first screening of the genomic library from the sbo
strain of the house fly with a fragment of CYP6A! from the
Rutgers strain yielded two clones: sbok A, 12.3 kb in length
and sbo B, 13.4 kb (Fig. 1). These clones contained two
complete P450 genes, CYP6A4 and CYP6CI, and fragments
of four other genes. To isolate the remaining portions of these
incomplete genes, we plated out another aliquot of the library
and probed with restriction fragments from the ends of sho\
A and B. We also screened with a second CYP6A/ probe, the
c¢DNA clone HFP61 (Feyereisen et al., 1989). The second
screen yielded two clones containing additional portions of
the gene cluster: sbo\ D of 17 kb and sbo\ E of 16.6 kb (Fig.
1), but no clones containing CYP6AI.

The overlapping clones sbo\ A, B, D, and E covered 39
kb, with six P450 genes arranged along a region of 24 kb
(Fig. 1). The transcriptional direction of the adjacent genes
CYP6C2, CYP6CI, and CYP6A3 was opposite of that of the
three remaining genes. To determine if additional P450
genes were present in the cluster, we obtained DNA se-
quence at a minimum of 1 kb intervals from all the gaps
between the six genes and from the 11 kb of clone sbo\ D
upstream of CYP6C2. The 2 kb upstream of the CYP6A6
fragment on shoh A was completely sequenced. The 5'-
terminal portion of CYP6A6 ‘'was not found nor were any
additional P450s found.

Gene structure

By amino acid sequence alignment with known P450
proteins of the CYP6 family (Fig. 2), it was evident that four
of the genes in the cluster, CYP6CI, CYP6A3, CYP6A4, and
CYP6AS, were complete, while CYP6C2 and CYP6A6 were
not. Only about one-third of CYP6A6 was present, corre-
sponding to approximate amino acid positions 380-500. The
CYP6C2 genomic sequence appeared to be interrupted by an
intron towards the 5’ end (Fig. 2) because the open reading
frame was interrupted by a stop codon 45 bp upstream of the
first amino acid shown (Glu-52 of the alignment, Fig. 2) and
because the conserved proline-rich region situated after the
hydrophobic transmembrane region, seen in the other CYP6
genes, was missing from the deduced sequence. We selected
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FIG.2. Alignment of the deduced amino acid sequences of the six genes in the cluster and three other members of the CYP6
family. The position of the intron in CYP6AI (Cohen et al., 1994), CYP6A2 (Dunkov and Feyereisen, unpublished results),
and the clustered genes is marked on top of the alignment (Iintron). The other members of the CYP6 family are house fly
CYP6AI (Feyereisen et al., 1989); CYP6A2 from Drosophila melanogaster (Waters et al., 1992); and CYP6B1 from Papilio
polyxenes (Cohen et al., 1992). The regions surrounding the conserved Thr in distal helix [ and the conserved Cys in the heme
binding domain are underlined. Residues conserved in all CYP6 proteins (*) or in all members of the cluster (0) are marked.

this Glu as the first amino acid because the amino acid
homology with the other genes extended to this site, which
contained the best of three neighboring consensus 3’ intron
splice sites. We were unsuccessful in characterizing the 5'
end of the CYP6C2 transcript by use of the RACE procedure.

All of the genes in the cluster had a short intron in the same
position as that of CYP6AI (Cohen et al., 1994), with the
exception of CYP6A6, which was disrupted at this position
(Table 1). The splice sites of each intron were confirmed by

sequencing RT-PCR products generated by primers designed
to regions upstream and downstream of its predicted loca-
tion.

Potential promoter sequences upstream of the genes were
sought. In CYP6A3, a TATAAAA sequence at 437 bp
upstream of the start codon was followed by an arthropod
initiator sequence (TCAGT; Cherbas and Cherbas, 1993) at
33 bp after the TATA box, and by sequences (AT-rich,
consensus splice sites) compatible with the presence of an
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TABLE 1. SHARED INTRON POSITION AND STRUCTURE OF INSECT CYP6 GENES
Intron Amino acid
Gene length position 5" Splice site 3" Splice site
CYP6AI® 60 bp 364 GTATTGAAT G /gtaagt ........ tgcag/ AAACACTCCGC
ValLeuGInG luThrLeuArg
CYPGA2® 69 bp 369 GTCATCTCA G/gtaggt ........ ttcag/ AAACCCTGAGG
VallleSerG lIuThrLeuArg
CYP6A3 62 bp 362 AGCATATCGG/gtgaga ........ cacag/ AAACCCTTCGC
SerlleSerG luThrLeuArg
CYP6A4 66 bp 365 GTGGTGGCGG /gtaagt ........ tacag/ AGACCCTACGT
ValValAlaG luThrLeuArg
CYP6AS 57 bp 368 GTGATTGCTG /gtaagt ........ tgcag/ AAACCCTACGC
VallleAlaG luThrLeuArg
CYP6A6 (Gene disrupted upstream ttcag/ AAACCCTACGC
of presumed intron?) ThrLeuArg
CYP6CI 64 bp 356 GTGGTGCAAG/gtaagg ........ cttag/ AGACCCTGCGC
ValValGlnG luThrLeuArg
CYP6C2 125 bp n.a. GTGGTGCAGG/gtaaga ........ tccag/ AAACCCTTCGC

ValValGlnG luThrLeuArg

2Data from Cohen er al. (1994).

®(Drosophila melanogaster) Data from Dunkov and Feyereisen (unpublished results).

intron in the 5’ untranslated region. In CYP6A4, an imperfect
TATA box preceded an arthropod initiator sequence,
TCAGT, which was at 99 bp upstream of the start codon. In
CYP6AS, a TATAAAA sequence was located 185 bp up-
stream of the start codon, and a TATAA sequence was found
110 bp upstream of the start codon of CYP6C!. Primer
extension analysis would be needed to map the 5’ transcription
start site of the genes correctly. No barbie box (Shaw and Fulco,
1993) was found upstream of the start codon of the genes.

Sequence identity among genes in the cluster

All the genes in the cluster coded for proteins with the
signature sequence of cytochrome P450 proteins, a con-
served heme binding domain near the carboxyl terminus
(Nelson et al., 1993). However, CYP6C1 and CYP6C2 had
an unusual substitution of alanine for glycine at position +2
from the heme liganding cysteine and their heme binding

motif is thus F--G--C-A, instead of F--G---C-G. All the
deduced protein sequences also had a stretch of hydrophobic
residues preceding a conserved GFETS around the threonine
residue of helix I involved in catalysis (homologous to
Thr-252 of P450cam).

The six genes in the cluster encoded proteins that shared
39-71% amino acid identity with each other and 37-47%
identity with CYP6A1, the only other CYP6 gene sequenced
from the house fly (Table 2, Fig. 3). The clustered house fly
P450s were less closely related (31-34% identical) to
CYP6BI1 from the black swallowtail butterfly (Cohen et al.,
1992). CYP6C1 and CYP6C2, which shared the substitution
of alanine for glycine in the heme binding domain, were 66%
identical to each other but only 37-46% identical to the
CYPO6A proteins in the cluster. P450s are usually placed in
the same subfamily if they are more that 55% identical
(Nelson et al., 1993).

CYP6A4 and CYP6AS, coded from adjacent genes in the
same orientation, were more closely related to each other

TABLE 2. IDENTITY MATRIX OF GENES IN THE CYP6 FAMILY

CYP6CI ~ CYP6C2 ~ CYP6A4 ~ CYP6AS  CYP6A3  CYP6AG  CYP6AI ~ CYP6A2  CYP6BI

CYP6CI * 66.1 41.5 41.3 39.3 — 36.9 36.7 31.2
CYP6C?2 68.6 * 45.9 46.8 42.8 — 41.2 39.5 32.6
CYP6A4 44.9 43.5 * 70.9 60.4 — 45.5 44.5 32.1
CYP6AS 45.6 47.1 68.8 * 65.0 — 41.5 45.8 34.1
CYP6A3 45.4 45.7 61.6 71.7 * — 4.7 43.5 32.7
CYP6AG 42.6 44.1 52.2 60.3 56.6 * — —

CYP6AI 36.9 40.0 47.1 50.7 46.5 43.4 * 49.1 32.5
CYP6A2 42.4 41.7 4.7 46.4 48.2 41.9 56.8 * 35.1
CYP6B1 37.7 35.5 4.7 42.7 39.9 33.8 42.0 40.6 *

Distances were calculated with the DISTANCES program of the GCG package, with a threshold of comparison score of 1.5 (i.e., only perfect
matches scored) and a denominator of length of shorter sequence without gaps. Values on top of the diagonal: identities over the full length of the
protein. Below the diagonal, identities over the length of the second exon only, calculated by the same method.
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CYP6C2
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_I_—-— CYP6AS5
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FIG. 3. Dendrogram showing the relatedness of the mem-
bers of the CYP6 family, obtained by UPGMA with the
PILEUP program of GCG. The alignment used is shown in
Fig. 2 and the distance matrix is in Table 2.

(71% identical) than either was to the product of the CYP6A3
gene, adjacent to CYP6A4 but lying in the opposite orienta-
tion. Thus, it is possible that the duplication and rearrange-
ment that gave rise to CYP6A3 occurred before the duplica-
tion that gave rise to CYP6A4 and CYP6A3.

CYPO6AG6 was less closely related to the other three CYP6A
proteins in the cluster, sharing only 43-60% identity.
CYP6A3, CYP6A4, and CYP6AS were 62-72% identical to
cach other over the region included in the CYP6A6 fragment,
i.e., downstream of the intron.

Chromosomal localization

Both CYP6A3 and CYP6AG were mapped by a PCR-RFLP
procedure. Several differences in the sequence of these genes
between the Rutgers and aabys strains were found to result in
the loss or gain of recognition sites for restriction endonu-
cleases. PCR products from backcross progeny of male F,
Rutgers/aabys hybrids to female aabys were analyzed for
RFLP patterns characteristic of the two parent strains (Fig.
4). Meiotic recombination is rare or absent in male house
flies, and each parental chromosome is therefore inherited as
an intact unit. Male and female backcross progeny that were
homozygous for chromsomes I, I, III, or IV of the aabys
strain showed the heterozygous restriction pattern for each of
the two genes, while ++ + + sflies, homozygous for chromo-
some V of the aabys strain, were homozygous for the aabys
RFLP pattern (Fig. 4). These results demonstrated that the
CYP6 gene cluster is located on chromosome V of the house
fly.

Gene expression

Northern blot analysis of poly(A)* RNA from house fly
adults and larvae revealed that CYP6AS, with a transcript size
of ~1.8 kb, was more highly expressed in larvae than adults
(Fig. 5A). After standardization against actin mRNA, the
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FIG. 4. Chromosomal localization of the CYP6 gene
cluster. Restriction digest patterns for fragments of CYP6A3
(Fig. 4A) and CYP6AS (Fig. 4B) are shown for the two
parental strains (Rutgers and aabys), F, hybrids, and back-
cross progeny to aabys. For each strain, the PCR product
from a single male (left) or female (right) was digested with
the appropriate restriction enzyme (Taq 1, A; Mbo 1, B). In
A, a ~250-bp fragment in the Rutgers strain is cut into
~200- and 50-bp fragments in aabys as a result of an
additional Taq I site. In B, a 900-bp fragment in the Rutgers
strain is cleaved into two ~450-bp fragments in aabys due to
an additional Mbo 1 site. Molecular weight markers are the
1-kb ladder (BRL).

relative abundance of CYP6A5 mRNA was found to be
30-40 times higher in larvae than in adults. The other five
genes showed only faint bands on Northern blots of
poly(A) "RNA from either larvae or adults (data not shown).
We did not have a complete sequence of CYP6A6 and
CYP6C2, and we could not exclude a priori the possibility
that these sequences represent gene fragments or
pseudogenes. Thus, the faint bands on Northern blots probed
with these two sequences. might be attributable to cross-
reaction with related transcripts.

There were no differences in the expression of CYP6AS
(Fig. S5A), or any of the other genes (data not shown),
between the insecticide-susceptible sbo strain and three
resistant strains of the house fly, Rutgers, R-Fc, and LPR
(Fig. 5A), despite the fact that these three strains are known
to have elevated P450 levels (Carifio et al., 1992). In
addition, we analyzed poly(A)* RNA from adult flies of the
Rutgers strain reared for 24 hr in the presence of phenobar-
bital, dieldrin, DDT, piperonyl butoxide, ethanol, naphtha-
lene, or B-naphthoflavone, at a concentration known to
induce one or more P450 activities in the house fly (Carifio
etal., 1992). Neither CYP6A5 (Fig. SB) nor any of the other
genes (data not shown) was inducible by any of these seven
xenobiotic compounds.

Resuits of the Northern blot analysis prompted us to
confirm by a more sensitive method that five of the genes
were transcribed. Poly(A)"RNA was reverse-transcribed
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Adults Larvae

R+ R+ sbo sbo LPR Rfc R+ R+ sbo sbo
pb pb pb pb

CYP6A5

acin - g i 9 ‘. "...

Ctrl PB DId DDT PBO Eth Nap BNF

CYP6AS

actin

FIG. 5. Northern blots of house fly RNA probed with
CYPG6AS5. A. Poly (A)*RNA from larvae and adults of
Rutgers (R+) and sbo strains reared on control or phenobar-
bital (pb) diets, and from adults of Rfc and LPR strains reared
on control diet. The size of the transcript was approx. 1.8 kb.
B. Poly(A)"RNA from Rutgers adult flies reared on control
(Ctrl), phenobarbital (PB), dieldrin (Did), DDT, piperonyl
butoxide (PBO), ethanol (Eth), naphthalene (Nap), or
B-naphthoflavone (bNF) diets. The lower part of each panel
shows hybridization of the same blot to the actin probe
DmA?2 as described (Cariio et al., 1992, 1994).

with specific primers for each gene downstream from the
common intron. The cDNA was then amplified by PCR with
primers situated on each side of the intron thus allowing us to
discriminate between the amplification of authentic cDNA
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and that of a possible genomic DNA contamination. This
RT-PCR analysis (Table 3) demonstrated that CYP6CI,
CYP6C2, CYP6A3, CYP6A4, and CYP6AS were transcribed
and correctly spliced in the sbo strain. The selected primer
combinations for CYP6CI, CYP6C2, CYP6A3, CYP6AA4,
and CYP6AS yielded RT-PCR products that matched the size
of the expected cDNA sequences (Table 3). We did not have
any sequence of the first exon for CYP6A6, and thus could
not attempt to amplify the cDNA of spliced mRNA to
establish whether this gene was transcribed.

Allelic variants

It was felt that the correct size of the PCR fragments did
not constitute sufficient evidence for the identity of the
cDNAs that had been amplified. This evidence was obtained
when we cloned the RT-PCR products and sequenced several
of the cloned products. The results showed that the RT-PCR
products of CYP6CI, CYP6C2, CYP6A3, CYP6A4, and
CYP6AS were authentic. However, we also found that
additional products were formed for four of the genes (Table
3). These sequences were closely related to the target gene
and may be allelic variants. We have cloned in this way
fragments of allelic variants of the CYP6A4 and CYP6AS
genes that differed by 5-7% in their nucleotide sequence. For
CYP6C1, two such allelic variants were found, one of which
had an unspliced intron with five changes in the 64-bp intron.
We do not know whether the latter variant was obtained by
PCR of contaminating genomic DNA, or represented an
unspliced transcript. A fragment of an unrelated P450 gene
was amplified with the primers for CYP6C2. The deduced
amino acid sequence of this PCR product was only 53%
identical to that of CYP6C?2. This new gene is currently being
characterized.

DISCUSSION

We have identified and characterized a cluster of P450
genes from the house fly by screening a genomic library with
a probe for a known insect P450, CYP6A1. A multiplicity of

TABLE 3. PCR AMPLIFICATION® AND CLONING OF CYP6 CDNAS AND ALLELIC VARIANTS

Allelic variants®

Expected length (bp) Expected

of RT-PCR product sequence Clones Identity to cognate gene
Gene (genomic PCR product) found® found Nucleotides Amino acids
CYP6A3 667 (729) + 0
CYP6A4 989 (1,055) + 2 95% 100%
CYPG6AS 1,536 (1,593) + 1 93.2% 96.6%
CYP6CI 618 (682) + 2 99.2% 96.7%

14 96.2% 97.7%

CYP6C2 938 (1,063) + 0

*Primer sequences are listed in the Materials and Methods section.

The expected haplotype sequence with correct splicing of the intron was found in at least two independent clones.
“Clones for which nucleotide (and amino acid) changes from the cognate haplotype sequence were found.
9The sequence of this variant showed an unspliced intron (see text) with 5 nucleotide changes. The percent identity is given for the coding sequence

only.
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P450 genes was not unexpected, but P450 gene clusters have
been described only in a few cases, and the CYP6 gene
cluster therefore offered an interesting insight into the struc-
ture, expression, and evolution of insect P450 genes.

A first observation was that CYP6AI was not part of the
cluster, even though it was the probe used for screening. It is
possible that the cluster extends beyond the region covered
by the genomic clones that we have analyzed and that
CYP6AI is located on a part of the cluster not yet isolated.
However, we have surveyed 11 kb of DNA upstream of
CYP6C2 and 2 kb upstream of CYP6AG6 for the presence of
additional P450 genes (and for the missing portion of those
genes flanking the cluster) and none were found. We have
also sequenced 1.5 kb of DNA upstream of CYP6AI and 0.5
kb downstream (Cohen ef al., 1994) without finding se-
quences that matched the cluster. On the other hand,
CYP6AI and the CYP6 cluster are both localized on chromo-
some V of the house fly (Fig. 4 and Cohen et al., 1994) and
they are clearly derived from a common ancestor (Fig. 3).
Future work, for instance using pulsed-field gel electro-
phoresis, may reveal the genomic distance between CYP6A 1
and the cluster described here. Alternatively, the genomic
organization of P450 genes for the CYP6 family may be
elucidated by in situ hybridization to polytene chromosomes
of the fruit fly, Drosophila melanogaster. The latter ap-
proach may be of particular interest because a cluster of
CYP6 genes is likely to be found in other Diptera, as will be
discussed below.

The high degree of sequence divergence between the
members of the CYP6 cluster suggests that this cluster is
evolutionarily ancient. The rate of evolution of P450 genes is
not known in insects, and there are no obvious orthologous
P450 genes that can be used as markers for divergence. If a
UEP (unit evolutionary period = millions of years needed
for 1% divergence of amino acid sequence) value of 2.8 is
used (Nelson and Strobel, 1987), then the genes in the cluster
may have diverged between 80 and 170 Mybp (million years
before present). This low UEP is thought to represent the
rapid P450 evolution in mammalian species. A comparison
of trout and mouse CYP1A1 leads to a UEP value 0of 9.0, and
by using this larger UEP, a three-fold greater divergence time
would be estimated. If CYP6A! (Feyereisen et al., 1989) and
CYP6A2 (Waters et al., 1992) are considered orthologous
genes, their 51% divergence would lead to a 1.96 UEP.
Tentative arguments for an orthology of CYP6AI and
CYP6A2 rely on structural and regulatory features and have
been presented elsewhere (Feyereisen et al., 1994). The
lineages to Musca domestica and Drosophila melanogaster
are believed to have diverged approximately 100 Mybp
(Beverley and Wilson, 1984). Thus, even in the case of a
very rapid evolution of P450s in insects, it is likely that a
homologous P450 cluster will be found on 2R in Drosophila,
inall Diptera, and possibly in other homometabolous insects.
Chromosome V of the house fly is homologous to the right
arm of chromosome 2 of Drosophila (Foster et al., 1981).

The rate of P450 evolution has been nonlinear, and has
apparently been influenced by gene conversion events (Go-
toh, 1993; Nelson ez al., 1993). Stretches of high sequence
identity with abrupt changes to regions of lower identity
indicate that several recent gene conversions have occurred
among the genes of the CYP2D cluster (Matsunaga et al.,
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1990), but such patterns are not found in the CYP6 cluster.
This suggests that the CYP6 cluster is much older than the rat
CYP2D cluster, and/or that gene duplication in the CYP6
cluster was followed by rapid divergence. Divergence
among duplicated genes can be accelerated by the removal of
selective constraints or by positive selection for new function
(Walsh, 1987). Gotoh (1993) has studied the pattern of
excess of nonsynonymous over synonymous nucleotide
changes in the CYP2 family and showed a remarkable excess
of nonsynonymous changes in the “substrate recognition
sites” (SRS). This strongly supports the postulate of positive
selection for new function. If microsomal P450s evolve
mainly in response to new chemicals insults from the envi-
ronment, then P450 clusters may be the relic of stepwise
selection for new functions by duplication and divergence.
The substrate specificity of different P450s of the CYP6
cluster is not known. Reconstitution of CYP6A1 as a cyclo-
diene insecticide epoxidase has recently been achieved
(Andersen et al., 1994), but preliminary results (Andersen,
Stevens, and Feyereisen, unpublished results) indicate that
CYP6AS has a very different substrate specificity.

Other P450 gene clusters have been reported in yeast and
in mammals. In the yeast, Candida tropicalis, two tandem
arrays of P450 genes have been described, each covering
about 5 kb of DNA: CYP52A1 and CYP52A2, which code for
proteins that are 68% identical, and CYP52A8 and CYP52B1,
which are 41% identical (Seghezzi et al., 1992). The CYP2D
gene cluster in the rat contains four genes, CYP2D2, 2D3,
2D4, and 2D5 (Matsunaga et al., 1990). All four genes are
oriented in the same way, and the proteins are 79-84%
identical. The human CYP2D cluster contains CYP2D6 and
two pseudogenes 2D8P and 2D7P the latter being present in
one or two nonallelic variants (Heim and Meyer, 1992). In
this cluster, all genes and pseudogenes are also in the same
orientation, and the deduced amino acid sequences are
87-99% identical. The human CYP2D cluster is believed to
have started with a gene duplication about 18 million years
ago that led to CYP2D8P and the CYP2D6 and 2D7 genes
(Heim and Meyer, 1992). Most recently, Johansson et al.
(1994) have documented an inherited 12-fold amplification
of the CYP2D6L variant in individuals with ultrarapid metab-
olism of debrisoquine. It appears that CYP2D genes may
have diverged independently as nonorthologous clusters in
different mammalian species. Other mammalian P450 clus-
ters include the CYP2A/2B/2F cluster, which comprises
many genes, all involved with the metabolism of xenobiot-
ics. The pattern of positive selection, duplication, and
divergence may be invoked for this cluster as well. In
contrast, the CYP1/CYP11A/CYP19 cluster in the mouse and
in humans (Nelson et al., 1993) may have a different
evolutionary origin. In humans, for instance, these genes are
clustered between 15q21 and 15924, but they are very distant
on every published P450 phylogeny (e.g., Nebert er al.,
1989; Gotoh, 1993). The reason for this nonrandom genomic
organization is not easily discerned. Very recently, Frolov
and Alatortsev (1994) reported the presence of a P450 gene,
CYP4D2, at about 20 kb from the CYP4DI gene (Gandhi
et al., 1992) on the X chromosome of Drosophila. The two
genes are in opposite orientation, and their products are 58%
identical.

The relative orientation of the genes in the CYP6 cluster
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may be the result of tandem duplication events but also of
chromosomal inversion events, which are common in
Diptera. Chromosomal inversion events may be responsible
for the disruption of the two genes, CYP6C2 and CYP6AG,
situated at each end of the cluster. Both these genes appear to
be interrupted at the site of an intron. In the case of CYP6C2,
evidence that the gene is functional was obtained by RT-PCR
and sequencing of a portion of the cDNA. The precise
location of the first intron was only tentatively assigned and
its length is unknown. In the case of CYP6A6, only the
second exon was found, although it is possible that the 2.0 kb
upstream of the CYP6A6 fragment is part of a long intron and
that the gene is functional. The intron, common to CYP6A
and CYPG6C genes, that interrupts the conserved ETLR motif
is 57-125 bp long, i.e., a length typical of introns found in
Drosophila (Mount et al., 1992). Longer introns are consid-
erably less frequent in Drosophila. However, the genome
size of Musca domestica is 10 times larger than that of
Drosophila, and its genomic organization is clearly different
(Cockburn and Mitchell, 1989). Furthermore, there is no
correlation between intron size and genomic size. The
precise structure of CYP6AG, i.e., unusually long intron or
gene disruption, thus remains uncertain.

We have obtained evidence that each of the CYP6 genes
described here, except for CYP6A6, are functional genes.
The deduced amino acid sequences have all the features of
normal microsomal P450s, although CYP6C1 and CYP6C2
share an Ala instead of the common Gly found as the second
residue past the invariant Cys. Their heme binding motif is
therefore F--G---C-A instead of F--G---C-G. This Gly is
absolutely conserved among P450s except in CYPSS from
the fungus Fusarium oxysporum (Kizawa et al., 1991), in
CYP113 from Saccharopolyspora erythraea (Stassi et al.,
1993), and in two P450-like sequences from Arabidopsis
thaliana (GenBank Z27299 and Z17988) where it is replaced
by Ala, and in CYP71A6 from the same plant where it is
replaced by Ile (GenBank Z17988). Site-directed mutagene-
sis of this Gly to glu in rat liver CYP1A2 abolished heme
binding (Shimizu ez al., 1988), but this Ala for Gly substitu-
tion is not expected to disrupt heme binding severely. It may
slightly affect the orientation of the heme in the catalytic site.

CYP6AI is overexpressed in several insecticide-resistant
house fly strains, including Rutgers and LPR (Carifio et al.,
1992, 1994) and CYP6A2 is overexpressed in some resistant
Drosophila strains (Waters et al., 1992). However, the genes
in the CYP6 cluster did not appear to have arole in insecticide
resistance ‘in the three strains, Rutgers, R-Fc and LPR, that
we tested. Overexpression of P450 and resistance in the Fc
strain, therefore, is caused by a P450 gene (or genes) that has
not been identified yet. Moreover, none of the genes appear
to be inducible by phenobarbital in the adult stage, and we
failed to identify a barbie box (Shaw and Fulco, 1993)
upstream of the putative TATA box of these genes. Two
barbie boxes were observed in the 5’ region of the CYP6A 1
and CYP6A2 genes, and these two genes are inducible by
phenobarbital (Cohen ez al., 1994). The lack of induction of
the clustered CYP6 genes by phenobarbital and by other
inducers indicates that the patterns of P450 induction in the
house fly by these chemicals (dieldrin, DDT, B-naphthofla-
vone, naphthalene, ethanol) is the result of the induction of
P450 genes that have not been identified yet. Thus, insecti-
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cide resistance and P450 induction are two paradigms that
should continue to stimulate the search for new insect P450
genes.
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