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ABSTRACT

A 36-kb genomic DNA segment of the Drosophila melanogaster genome containing 12 clustered cuticle
genes has been mapped and partially sequenced. The cluster maps at 65A 5-6 on the left arm of
the third chromosome, in agreement with the previously determined location of a putative cluster
encompassing the genes for the third instar larval cuticle proteins LCP5, LCP6 and LCPS8. This cluster
is the largest cuticle gene cluster discovered to date and shows a number of surprising features that
explain in part the genetic complexity of the LCP5, LCP6 and LCP8 loci. The genes encoding L.CP5
and LCP8 are multiple copy genes and the presence of extensive similarity in their coding regions gives
the first evidence for gene conversion in cuticle genes. In addition, five genes in the cluster are intronless.
Four of these five have arisen by retroposition. The other genes in the cluster have a single intron
located at an unusual location for insect cuticle genes.

NSECT cuticle has a basic structure composed of a
hydrophobic surface epicuticle and a fibrous inner
procuticle made of an assembly of chitin and proteins.
The large number of proteins comprising the cuticle
and their importance in determining the physical char-
acteristics of the cuticle are well known (ANDERSEN et
al. 1995; WiLLIS 1996 for reviews). Over the past few
years, the sequences for a number of cuticle proteins
and cuticle genes from various insects have been deter-
mined (ANDERSEN et al. 1995 for review), which should
help our understanding of the molecular basis for the
multiple and essential functions of this complex extra-
cellular matrix.

The third larval instar cuticle of Drosophila melanogas-
ter is a good model with which to approach this prob-
lem, as it contains only five major, and perhaps five
minor proteins (FRISTROM et al. 1978) and has the ad-
vantage of ready genetic analysis. The genes encoding
four of the major third larval instar cuticle proteins
(LCP1-4) were isolated (SNYDER et al. 1981, 1982) and
found to be clustered within 7.9 kb of genomic DNA
at 44D on the second chromosome. Their genomic or-
ganization resembles that of the chorion genes (EIck-
BUSH and KAFATOS 1982; IATROU ¢f al. 1982) where the
genes are clustered in large arrays. A homologous clus-
ter in D. miranda has a similar organization (STEINMANN
and STEINMANN 1990). Since the characterization of the
LCP1-4 cluster, two more cuticle gene clusters were
found in the D. melanogaster genome, one at position
11 (CHIHARA and KIMBRELL 1986) and one at 84A on
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the third chromosome (FECHTEL e al. 1988; PuLtz
1988; PULTZ et al. 1988). Cuticle gene clusters have also
been found in Lepidoptera (HORODYSKI and RIDDIFORD
1989) and Coleoptera (RONDOT et al. 1996), indicating
that clustering of cuticle genes may be common in in-
sect genomes.

In this article, we present the characterization of a
cuticle gene cluster located at 65A on the left arm of
the third chromosome of D. melanogaster. The mapping
and sequencing data reveal a number of unexpected
features. Twelve genes encoding a new family of Dro-
sophila cuticle proteins are clustered within 22 kb, and
the cluster is composed of two groups of divergently
transcribed genes. This cluster contains multiple copy
genes, and our data provide the first evidence that gene
conversion has been a major driving force in the evolu-
tion of a cuticle gene family as was shown for the
chorion protein genes (IATROU et al. 1984; EICKBUSH
and BURKE 1985, 1986). The cluster includes also a new
pseudogene and intronless genes that may have arisen
by retroposition.

MATERIAL AND METHODS

Fly stocks: D. melanogaster were grown on standard agar-
molasses-<cornmeal-yeast media. The wild-type strain used for
the cDNA library construction was Canton Special (Canton
S). Sevelen, obtained from Dr. G. SCHUBIGER, University of
Washington, is a wild-type strain that was originally collected
in Zurich, Switzerland. The iso-1 strain (y[1]; en[1] bw [1] sp
[1]) is isogenic for all chromosomes (BRIZUELA et al. 1994)
and was obtained from the Bloomington stock center. Oregon
R wild type is described in CHIHARA and KiMBRELL (1986).

Nomenclature: Here we name the cuticle protein (cp)
genes at 65A as ¢p65A, then designate the individual genes
from left to right within the cluster by the letters a, b, ¢, etc.,
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and the duplicated genes by number (see Figure 2). All but
one of these genes are expressed in the larva (J-P.
CHARLES, C. CHIHARA, S. NEJAD and L. M. RIDDIFORD, unpub-
lished data) and therefore are designated LCP65Aa—g; the
one that is expressed only during adult development is desig-
nated Acp65A. For sake of simplicity in the text, we will refer
to the genes as Acp, Lep-a, Lep-b, etc. In the case of Lep65A
genes corresponding to a previously described locus, the origi-
nal locus name is indicated in parenthesis.

Isolation, mapping and sequencing of clones: A cDNA li-
brary was constructed in A\gtl0 from 5 ug polyA™ RNA ex-
tracted from mixed early (0—6 hr) first and early (0-12 hr)
whole second instar Canton S larvae using the Amersham
cDNA library kit, and yielded 2.5 X 10° independent recombi-
nants. The Oregon R ¢cDNA library was prepared from early
third instar larvae and was kindly provided by Dr. T. KAUFMAN,
Indiana University. The iso-1 EMBL3 genomic library was ob-
tained from Dr. J. TAMKUN (TAMKUN et al. 1992). Library
screening, radioactive labeling of DNA probes, Southern hy-
bridizations and preparation of DNA were performed using
standard protocols (SAMBROOK et al. 1989), except as de-
scribed below.

The EMBL3 clones were mapped by single or double di-
gests followed by low or high stringency Southern hybridiza-
tions, as well as partial digests and indirect end-labeling as
described (GOODE and FEINSTEIN 1990), except that the
phage DNA was predigested with Smal to remove the vector
arms, and the digests were run in standard 0.7% agarose gels.
The Canton S cDNAs were subcloned into the plasmid pBSK—
(Stratagene) and were sequenced using the dideoxy-nucleo-
tide chain termination method with [*S]-dATP (Sequenase
version 2.0 DNA sequencing kit; U.S. Biochemical). The Ore-
gon R cDNA was amplified from a purified phage plug by
PCR. Genomic subclones were sequenced mostly using the
ABI Prism dye terminator cycle sequencing kit (Perkin
Elmer).

Pairwise alignments were done with either the PILEUP pro-
gram of Genetics Computer Group software package (DEVE-
REUX et al. 1984) or clustal w (THOMPSON et al. 1994). The
phylogenetic analysis used the various programs of the PHY-
LIP package (Phylogeny Inference Package), version 3.5¢ (dis-
tributed by J. FELSENSTEIN, Department of Genetics, Univer-
sity of Washington, Seattle).

In situ hybridization to polytene chromosomes: The cDNAs
were biotinylated according to the procedure of HORODYSKI
et al. (1989). Hybridization to Canton S salivary gland polytene
chromosomes and detection were carried out according to
the procedures for the Detek-I- HRP kit (ENZO diagnostics).

RESULTS

Genomic organization of the cuticle protein gene
cluster at 65A: We prepared a cDNA library from RNA
of first and second instar Drosophila of the Canton S
strain and screened it under low stringency conditions
with a 2.6-kb BgllI-Sall genomic fragment encompassing
exons II-1IV of the Manduca sexta LCP14 larval cuticle
gene (REBERS and RIDDIFORD 1988). Among nine posi-
tive clones, one had a sequence identical to the se-
quence of the Drosophila LCP4 larval cuticle gene,
which maps to the cuticle gene cluster at 44D (SNYDER
et al. 1982). The other cDNAs encoded three proteins
that were similar to the Manduca LCP14 protein and
the Drosophila larval cuticle proteins (LLCPs, SNYDER et
al. 1982), and thus represented a new family of cuticle

FIGURE 1.—In situ hybridization on Canton S polytene
chromosomes with a LCP65Ab probe, showing a single band
at 65A 5-6 on the left arm of the third chromosome.

proteins. In situ hybridizations on polytene chromo-
somes using these cDNAs as probes and also a cDNA
independently isolated from an Oregon R library
showed that all of these genes map to the same region
on the left arm of the third chromosome at 65A (data
not shown). The position of the Lcp-b gene encoding
LCP5 (see GenBank accession number U81550; J-P.
CHARLES, C. CHIHARA, S. NEJAD and L. M. RIDDIFORD,
unpublished data) was determined to be 65A 5-6 (Fig-
ure 1), thus coinciding with the predicted cuticle gene
cluster at position 11 on this chromosome (CHIHARA
and KIMBRELL 1986).

Using our cDNAs as probes, we obtained 11 clones
from a D. melanogaster iso-1 genomic library (TAMKUN
et al. 1992). Four independent and overlapping clones
were mapped and found to contain 12 cuticle protein
genes or pseudogenes clustered within ~22 kb of geno-
mic DNA (Figure 2A). The cluster is composed of two
groups, seven (left group) and five (right group) tightly
(average ~ 870 bp) spaced genes separated by a 4.5-kb
spacer. The two groups are hereafter referred to as the
left and right groups. All the genes of the left group,
with the exception of Acp, are transcribed in the same
direction (toward the left in Figure 2) and diverge from
the right group genes.

Multiple copy genes: The left group contains a
~2.75-kb tandem repeat encompassing two genes (Fig-
ure 2A, duplication 1). The upstream regions of Lcp-b1
and -b2 are extensively conserved (Figure 3A). Impor-
tantly, a stretch of 595 bp spanning the entire open
reading frame is identical in both genes. Consequently,
the predicted protein products of the Lep-bl and -b2
genes should be identical. The location of the 5’
breakpoint of the duplication was not determined accu-
rately, as the upstream sequences do not diverge sig-
nificantly in this area. The presence of an EcoRV site
upstream of each copy, however, suggests that the
breakpoint lies near and upstream of these sites (see
Figure 2B, duplication 1). The intergenic regions show
a high level of identity through most of their length.
Only nine base substitutions and insertions/deletions
were observed over 750 bp, within the 1-kb sequence
immediately downstream of the Lep-b genes (~300 bp
of the intergenic region were not determined).
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FIGURE 3. ——Allgnment of the duplicated regions. (A) Alignment of the two long tandem repeats of the left side of the cluster
(duplication 1, in Figure 2B). The coding strands of the upstream repeat (Lcp-b2and Lep-a” genes, top line) and the downstream
repeat (Lcp-bl and Lcp-a genes, bottom line) are aligned with the 5’ end on the top left in the figure. The gene sequences of
each repeat are not contiguous, as an approximate 300-bp stretch of i mtergemc sequences (solid line with brackets) was not
determined. Only those nucleotides differing from the Lep-b2/Lep-a” repeat are reported on the bottom line. Nucleotides
common to both sequences are indicated by dots. Solid lines with arrows indicate perfectly identical sequences, with the numbers
indicating the exact length of the stretches. Dashes indicate deleted/inserted sequences. The 595-bp stretch encompasses the
complete ORF for the Lep-bI and Lep-b2 genes. Methionine initiator ATG and stop codons are in bold characters (+1 designates
the first translated bp). (B) Alignment of the duplicated Lep-gl and Lepg2 genes. Conventions are the same as in A; intron
sequences are in lowercase. There is a third (Lcp-g3) copy of gene Lepgin the cluster (see text) that was not sequenced and is

not included in the figure.

In contrast, the sequences in the vicinity of the ATG
initiation codon of the Lcp-a gene show a pattern of
similarity in patches, with well conserved stretches inter-
spersed with insertions/deletions of 19 to 64 bp. One
of these is a 21-bp deletion in the reading frame of Lcp-
a" that removes part of the sequence coding for the
signal peptide and shifts the reading frame. The Lep-a
and Lcp-a” genes are highly similar over most of the
remainder of the coding sequence. A 4-bp deletion in
the hypothetical reading frame of Lep-a’ introduces an
early TGA stop codon, 19 bp before the TAA stop codon
of the Lc¢pa gene. The two sequences diverge com-
pletely 20 nucleotides thereafter, and no significant sim-
ilarities were found over the next 300 bp of downstream
sequences. The downstream breakpoint of the duplica-
tion therefore presumably lies a few base pairs down-
stream of the hypothetical stop codons of Lep-a®.

The Lep-g gene in the right group is likely triplicated.
Two copies arranged in tandem (Lcp-gl and -g2) have
been sequenced (Figure 3B), and the presence of a

third copy on the right of L¢pg2 is indicated by high
stringency-hybridization with Acp3 (¢f Figure 2A, data
not shown) and genomic DNA (see below). The open
reading frames in this duplication include a 61-bp in-
tron and are identical, but for a single, conservative G/
C transversion immediately before the stop codon. The
sequences diverge greatly 60 bp upstream of the initia-
tor ATG and 3 bp downstream of the TAA stop codon.
These clear boundaries bracketing the open reading
frame suggest that these two copies were homogenized
through a gene conversion event (see DISCUSSION).
Multiple copy genes in other D. melanogaster strains:
The presence of multiple copy genes in this cluster
prompted us to look for repeated sequences in other
D. melanogaster strains. The iso-1 strain was compared
with two wild-type strains, Canton S and Sevelen, by
genomic Southern analysis. Hybridization with the Lcp-
gl probe showed three fragments of identical sizes in all
three strains (Figure 4A). The sizes of these fragments
match those predicted by the iso-1 map, thus indicating
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FIGURE 4.—Genomic southern blots of iso-1 (i), Canton S (Cs) and Sevelen (Sev) DNA. Each lane contains 2 ug of genomic
DNA or 1 ng of lambda DNA (¢f. Figure 2A) digested with restriction enzymes as indicated (\', Acp-1; X'/?, 1:1 mixture of Acp-
1 and Acp-9 DNA). The simplified maps at the bottom depict the positions of restriction sites and probes () pertinent to this
study. The blots were hybridized with the Lcp-gl probe (A), Lep-a (B) or Lep-b2 (B and C). The 1.65-kb iso-1 Bam HI (A) and
the ~6.5-kb Sevelen HindIIl (B) bands are faint, but clearly visible on the originals (arrows). The 4.8-kb HindIIl genomic
fragment of iso-1 encompassing Lcp-b (B right) is not represented in Acpl (¢f. Figure 2A), and the 6.2-kb fragment indicated
(*) is generated by a HindIII cut in the right arm of EMBL3. In C the bands predicted by the iso-1 map are indicated by ® and
the extra 0.9 kb detected in Canton S by O.
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cs-1 DCRGCTTT, Ti TCuitusmuminsin: « = = » ATG. ooonesis 4585 8 o amm
cs-2. DCAGCTTT: T=TCiwvvav s s s BTG ccecaiesmiase o s « o+ scesesmse

isol ACCAGCCCCAGGGCGCCCATCTGCCCGTGGCACCAGTTGCTTAAGATGTT 400

cs-1 .GATTG.CT..AATAAACT..T...T.GC.GC.AA.T.TAARAA..TGT.C
cs-2 .GATTG.CT..AATAAACT..T...T.GC.GC.AA.T.<A47

OF:= R acvieseie o o o o o winseiee -——

isol TTCCAAATCGATCAAA---GAGTTTAAAATAAATCAAAATGCTTTAAATT 450

cs-1 T....AATTCCTAATGT.GGATAAAA.G.AT...T...A..T.GCA.TGC

or.R <ASB
isol AAATTGGAGTAGCTATATTTCATGGTTCTTATATCTTCCCTCTATTTATA 500

cs-1 .AGAAAGACAATAAAT.T....CAA..C.<A28
isol TTTGGTTGATTTGAACAAGATTTTTAATTGAAAAAAAAAAACCAGTTAGG 550

FIGURE 5.—Alignment of the iso-1 Lep-b1 gene (iso-1) with
three independent cDNAs cloned from a Canton S library
(Cs-1, Cs-2) and an Oregon R library (Or.R). Conventions
are same as in Figure 3. The ATG initiator, stop codons and
polyadenylation signals are in bold capital letters. Single nu-
cleotide changes leading to amino-acid substitutions are also
indicated in bold: the G-T (position 18) and G-C (position

389) transversions, respectively, lead to the substitution of

Glus; to Aspss and Alajg to Proy, in the deduced Canton S
polypeptide.

the presence of three copies of the L¢p-ggene organized
in a similar way.

In contrast, the duplication in the left group shows
restriction fragment length polymorphism. A single
band was detected with either the Lcp-a or the Lep-b2
probe in HindlIll-digested Sevelen DNA, whereas the
two expected fragments were observed in iso-1 control
DNA (Figure 4B). In addition, the L¢p-b2 probe hybrid-
ized to only two fragments in BamHI-digested Sevelen
DNA (Figure 4C). Since this latter probe contains a
conserved BamHI site (and should therefore detect two
bands for each Lcp-b copy), the data suggest that the
Lep-aand Lep-b genes are not duplicated in the Sevelen
strain.

In HindIll-digested Canton S DNA, both the Lc¢p-a
and Lcp-b probes hybridized to two fragments differing
from those of iso-1 DNA (Figure 4B). In BamHI digests,
all fragments corresponding to the 2.75-kb tandem re-
peat were present, but an additional 0.9-kb band was

TATAAAAGTCTCCACCCATCTGCA(;%(EAGCATCAAAC}QH@_CAAGTT

A
b1/b2 (10.11)
e — ' T e = —
ATG TAA
CCAGTT

FIGURE 6.—Putative hallmarks of retroposition in the
Lep63A-b genes. @, open reading frame; W, poly(A) tract.
Three oligonucleotides (in bold) similar to the hexamer
flanking the 3’ side of the poly(A) tract are found in direct
orientation in the immediate 5" flanking sequences of the
Lep-b genes (the first base of the TATA box is at —76 from
the first coding base).

also detected (Figure 4C). When two different cDNA
clones from our Canton S cDNA library (cs-1 and cs-2)
were compared with the two iso-1 Lep-b genes (Figure
5), the open reading frames were identical with the
exception of three nucleotide substitutions, two of
which lead to amino-acid substitutions (Gluys to Aspss
and Ala,y, to Projy,). The untranslated regions, how-
ever, differed markedly, beginning 11 bp upstream of
the ATG initiator and 3 bp downstream of the stop
codon. By contrast, the sequence of an Oregon R cDNA
was nearly identical with the iso-1 Lep-b genes (Figure
5). These data indicate the possible presence of a third
copy of the Lep-b gene, Lep-b3, in the Canton S strain
(see DISCUSSION).

The structure of the 65A cuticle protein genes: The
upstream and downstream regions (261 to 845 bp) of
the cuticle protein genes (except for Lep-g3) were se-
quenced and examined for the presence of consensus
cis elements (not shown). All genes but Lep-g! (lacking
a TATA box) and Lep-a” (with a frame-shifting deletion
in the signal-peptide coding region and no consensus
polyadenylation site) possess the cis elements expected
from active genes.

The right group genes Lcp-e, f, g and the proximal
left genes L¢p-c and Lep-d have a single, small (58-91
bp) intron located ~60 bp downstream of the putative
signal peptide cleavage site (Figure 2). In contrast, the
Lcp-b cDNAs are colinear with the Lep-b genes (c¢f. Figure
5), and the 5’ untranslated regions are very short and
lack intron donor and acceptor consensus sites. The
Lcp-b genes are thus most likely intronless. Inspection
of the flanking regions of the L¢p-b genes revealed two
additional features suggesting that the precursor gene
might have arisen by retroposition. (1) A poly (A)
stretch (of 11 and 10 bp, respectively) begins 133
bp downstream of the Lep-bl and Lep-b2 stop codons.
(2) Three short sequences (CCAG, CAGTT and
CCAAGTT) that resemble the hexanucleotide CCAGTT
flanking the poly(A) tract of these genes are found
within 50 bp downstream of the TATA box (Figure 6).
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FIGURE 7.—Alignment of the coding regions of the 65A cuticle genes. The coding strands of the 11 sequenced genes are
shown with the ATG initiator codons aligned at the top left of the figure. Dots indicate positions with bases identical to those
in the Lcp-b2 gene. Intron sequences are in small letters, and gaps are shown in dashed lines. ATG and stop codons are
underlined. Polymorphic sites specific to either the Lcp</Lep-d gene pair, or the Lepe, o, g group are indicated by wavy
underlines. The boxes show two shared polymorphisms between the Lepc gene and the Lep-e, -f, -g group. See also text.

These sequences resemble the short direct repeats that
typically flank retroposed sequences (WEINER 1986;
BHANDARI ¢f al. 1991).

The Lcp-a and Lep-a” genes also likely lack introns
since they align with the L¢p-b intronless genes without
introducing major gaps (Figure 7) and have no con-
served intron acceptor and donor sites. The Acp gene
also lacks conserved splicing sites, but when aligned
with the other genes, it contains sequences that extend
into the intronic region of the Le¢pc, -d, -+ f, and g
genes (Figure 7).

Since the Lcp-a” gene has a deletion in the putative

signal peptide coding sequence and no in-frame ATG
initiator codon, we conclude that this gene cannot give
rise to a functional protein and is therefore most likely
a pseudogene. All other genes possess a perfect open
reading frame ranging from 297 bp (Lcp-¢) to 327 bp
(Lep-c). Aside from the intronic and signal peptide re-
gions described above, all sequences line up without
gaps, with the exception of a 3-bp insertion/deletion
(position 346 in Figure 7) and the 4-bp deletion near
the putative stop codon of Lep-a” mentioned earlier.
The most conserved region is a ~45-bp stretch that
corresponds to the C-terminal domain of the proteins.
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FIGURE 8.—Alignment by the clustal w program of the
Lcp65A and the Acp65A proteins deduced from the ¢p65A
genes and cDNAs. Dots indicate positions of amino acids iden-
tical with Lcp-d. Dashes indicate gaps. The cuticle consensus
sequence (ANDERSEN ¢t al. 1995) is indicated underneath the
sequences.

The open reading frames are then terminated after
~20 bp by either a TGA or TAA stop codon.

The cp65A genes encode a new family of hydrophilic
cuticle proteins: The proteins deduced from the genes
are aligned in Figure 8. These proteins are small (99~
109 residues for the precursor proteins), hydrophilic
polypeptides that are clearly homologous, and all have
an hydrophobic leader-peptide, typical of secreted pro-
teins. They line up with only a few gaps, with the inter-
esting exception of the region corresponding to the
cleavage site of the signal peptide that is quite variable.
These gaps are due to small (3—12 bp) insertions or
deletions in the signal-peptide coding regions (Figure
7). Also, there is a notably well conserved stretch of five
residues ETSDG (positions 47-51 in Figure 8) in all
but the Acp sequence that differs in the first two resi-
dues. This conserved sequence and variants are found
in the D. melanogaster cuticle proteins LCP1, LCP2 (SNy-
DER et al. 1982), EDG78 and Gart (HENIKOFF et al. 1986;
APPLE and FrRISTROM 1991), and in larval cuticle pro-
teins of the moths Hyalophora cecropia (hcpl2: BINGER
and WILLIS 1994) and M. sexta (LCP16/17: HORODYSKI
and RIDDIFORD, 1989). Presumably these residues serve
an important function in cuticular construction.

The C-terminal region is much more conserved, with
a nearly perfectly conserved domain of 16 residues that
includes the cuticle consensus (ANDERSEN et al. 1995).
This domain, originally noticed by REBERS and RipDI-
FORD (1988), has been found in a number of cuticle
proteins from various arthropods and is generally hy-
pothesized to be a binding site for chitin. The Lcp-bl,
-b2, and -b3 proteins have an insertion in the middle
of this domain and represent thus an exception to the
consensus.

Table 1 shows the percentage identity and similarity

values between the 65A genes derived from the align-
ments in Figures 7 and 8. The proteins have 32-100%
identity (51% on average) and thus clearly form a new
small cuticle protein family (for comparison, they show
at most 26% identity with the proteins clustered at
44D). Genes Lecp-a’ and Acp diverged most from the
other genes in the cluster showing only an average 47%
identity with the other genes. In addition to the obvious
pairs of duplicated genes, the four genes in the right
half of the cluster (Lcp-e, -f, -gl, and -g2) were found to
form a distinct group (P < 0.05) by bootstrap analysis
using parsimony maximum likelihood algorithms (not
shown) (FELSENSTEIN 1985). The Lep-¢/ Lep-d pair (both
genes and proteins) showed the highest levels of pair-
wise identity in the cluster and appeared in 85% of the
trees in our analysis.

As expected from the fact that the Lep-c/Lep-d pair
and the Lcp-¢, -f, and -g genes form two phylogenetically
distinct groups, a number of polymorphic positions in-
volving several consecutive base pairs are found that
are specific to one or the other group. A few examples
of these are shown in Figure 7 (wavy lines). Because it is
apparent that large sequence exchanges have occurred
between the several duplicated genes in this cluster, we
have looked in more detail for evidence of less conspic-
uous conversion events between genes. The number of
polymorphic sites in Figure 7 is too large to allow a
straightforward statistical analysis, but we note two ex-
amples of possible short conversion events between the
Lcp-c gene and either Lep-e, -f, or -g (boxes in Figure 7)
that likely occurred at some time(s) after the segrega-
tion of the two groups. Alternatively, these changes
could have been generated by other mechanisms, such
as parallel mutation or double crossing over. Both how-
ever seem unlikely, and we think that these shared poly-
morphisms are best explained by the occurrence of
conversion events.

DISCUSSION

The third instar cuticle of D. melanogaster contains six
major (LCP1-6) and at least four minor (LCP7-10)
urea-soluble proteins (FRISTROM ¢t al. 1978; CHIHARA et
al. 1982). LCP1-4 are encoded by four genes clustered
within 7.9 kb of genomic DNA that maps to 44D (SNy-
DER ¢t al. 1982). On the basis of meiotic mapping data
(CHIHARA and KIMBRELL 1986), genes for LCP5, LCP6
and LCP8 were hypothesized to be clustered at position
11 on the third chromosome. The gene cluster at 65A
that we describe here coincides well with their data.
Further comparison of gene and protein sequences
show that LCPs 5 and 6 are encoded by LCP65Ab1/2
and L.CP 8 by LCP65Ag1/2/3 (J-P. CHARLES, C. CHIHARA,
S. NEJAD and L. M. RIDDIFORD, unpublished data). Here
we will analyze the structure and the evolution of this
cluster of genes.

The multiple copy genes: Two of the genes within
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TABLE 1
Table of identity/similarity between the 65A cuticle genes and the deduced proteins

Lepb2 Lep-bl Lep-@®  Lepa Acp Lepd Lep-c Lepe Lepf Lepgl Lep-g2
Lep-b2 100/100° NA 41/58 43/59 43/64 45/68 50/67 57/73 54/70 54/70
Lep-bl 100 NA 41/58 43/59 43/64 45/68 50/67  57/73 54/70 54/70
Lep-a® 50 50 NA’® NA NA NA NA NA NA NA
Lepa 56 56 83° 32/57 37/63  41/68 40/62  41/66 41/64 41/64
Acp 47 47 42 46 44/66  43/62 37/64  40/65 39/64 39/64
Lepd 55 55 45 49 52 65/80° 46/66  47/64 47/66 47/66
Lepc 61 61 50 55 52 71° 52/66  54/68 57/68 57/68
Lepe 61 61 49 54 46 55 60 63/80¢  63/81¢ 63/81¢
Lepf 65 65 48 52 46 56 61 69¢ 63/80¢ 63/80¢
Lep-gl 62 62 47 52 47 58 64 70¢ 704 100/100°
Lopg2 62 62 47 52 47 58 64 704 70 99¢

The numbers are percentages. The bottom of the table shows the identity at the DNA level over the open reading frames
(introns not included). The beginning of the reading frame of the Lep-a* pseudogene was arbitrarily assigned to the position
corresponding to the first codon of the Lcp-a gene (see Figure 7). The top part shows, respectively, the identity and similarity
(estimated with the blosum30 matrix) values of the deduced proteins. Values with the same superscript indicate a monophyletic

group. NA, not applicable.

the 65A cluster have duplicated or triplicated in the iso-
1 line, and one of these, Lcp-b, appears to have one to
three copies, depending on the strain (one in Sevelen,
two in iso-1, and possibly three in Canton S). Multiple
copy genes are quite commonly encountered among
genes encoding proteins required in large amounts by
the cell and are thought to arise from repeated DNA
duplications (L1 1983). Moreover, copy number is also
variable in clustered gene families such as the high
cysteine chorion protein genes of Bombyx mori (YUE et
al. 1988), usually as a result of unequal crossing over. In
the 65A cluster, the two arrays of five and six tandemly
arranged genes would clearly favor the occurrence of
unequal crossing overs, thereby increasing the likeli-
hood of gene duplications and copy number variation
between strains.

The two Canton S cDNAs encoding the Lcp-b protein
differ from the iso-1 genomic DNA and Oregon R cDNA
by only three bases in the coding region, but diverge
completely in both the 5" and 3’ untranslated regions.
These two cDNAs differ only by the length of their 3
untranslated region and therefore likely correspond to
the alternative use of the two polyadenylation signals.
Although the differences between the iso-1 gene and
the Canton S ¢DNA sequence could simply be allelic,
we favor the hypothesis that the gene has duplicated
again in the Canton S strain for the following reasons:
(1) The Canton S cDNAs for the Lepc and Lep-f genes
were found to be identical (except for the intervening
sequences) to the corresponding iso-1 genes (not
shown; the GenBank accession numbers for these two
cDNAs are U8445 and U8452, respectively). Thus, there
is only a low level of polymorphism in these two strains.
(2) The Oregon R Lcp-b cDNA is nearly identical to
the iso-1 genomic DNA in both the coding and the
noncoding regions, demonstrating that the noncoding
sequences do not necessarily diverge rapidly. The con-

firmation of this hypothesis will require more detailed
knowledge of the organization of the cluster and the
sequences of the genes in other strains.

Sequence exchanges between the 65A genes: Mem-
bers of multigene families often show a much greater
degree of identity than would be expected if they were
evolving independently. This process is known as con-
certed evolution and can be driven either by nonrecip-
rocal recombination, i.e., gene conversion (BALTIMORE
1981) or recurrent unequal sister chromatid exchanges
(OHTA 1980). The Lcp-a, Lep-b, and Lep-g genes show
an unusual degree of similarity with their respective
copies (up to 595 consecutive identical bp between the
Lep-bl and Lep-b2 genes), a feature that can hardly be
accounted for in terms of selection for structure. This
high degree of positional identity is not unprecedented,
as there have been similar findings in various kinds of
organisms since the original study of the duplicated
human %y and %y globin genes (SLIGHTOM et al. 1980).
Examples include the rbcS-4 and rbcS-5 genes encoding
the rubisco small subunit of Mesembryanthemum crystalli-
num, which are identical over 930 bp including the two
introns (DEROCHER et al. 1993), and the winter flounder
in which the 2A-b and 2A tandem repeat genes for
antifreeze proteins share an identical stretch of 608 bp
(DaviEs 1992). Similar extensively conserved stretches
of DNA have also been found in two tandemly repeated
collagen genes of Caenorhabditis elegans (PARK and
KraMER 1990) and in genes for proteins of the von
Ebner’s glands of rats (KOCK et al. 1994). The extremely
high degree of identity between copies of the Lep65A
genes, coupled with the fact that some of the sequences
involved (such as the Lep-a” pseudogene or the introns
in the Lep-gl and -g2 genes) are not subject to stringent
selection, is much more suggestive of gene conversion
than of recurrent unequal sister chromatid exchanges.

The second type of evidence supporting this view
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comes from the pattern of variation. For both the Lcp-
a and Lcp-g genes, there is a sharp transition between
identical (or nearly identical) coding regions and dis-
similar flanking sequences. Similarly, the coding se-
quences of the iso-1 Lep-bl and -b2 genes and that of
the Canton S L¢p-b3 cDNAs are almost identical but
diverge only 10 bp upstream of the initiator methionine
codon and immediately after the stop codon. These
features can hardly be explained by unequal crossovers,
and similar patterns have been observed in genes in-
volved in gene conversion. For instance, the coding
sequences are identical or nearly so in the M. crystalli-
num r6cS-4 and r6cS-5 genes (DEROCHER ¢t al. 1993) and
the C. elegans col-12 and col-13 cuticle collagen genes
(PARK and KRAMER 1990), whereas the upstream and
downstream regions diverge greatly.

Conversion tracts have homology requirements
(DENG and CAPECCHI 1992; SUGAWARA and HABER 1992;
NassiF and ENGELs 1993). Coding regions are under
selective pressure and accumulate significantly fewer
mutations than do flanking sequences. They are there-
fore more likely to support the elongation of conversion
tracts. Such a combined action of selection and gene
conversion, as noted earlier by PARK and KRAMER
(1990) and HiBNER et al. (1991), can readily explain
the restriction of homology to the coding sequences.
The average length of meiotic conversion tracts in D.
melanogaster is 352 bp (HILLIKER ef al. 1994), which is
the approximate length of the coding region of a cuticle
gene. As noted by PARK and KRAMER (1990), the conser-
vation of introns would depend primarily on the fre-
quency of the conversion events. Similarly, shorter in-
trons are less likely to hinder conversion tracts because
they would accumulate fewer mismatches than large
introns. The duplicated Lep-g and C. elegans collagen
genes (PARK and KRAMER 1990) have indeed perfectly
conserved, very small (61-52 bp) introns. In contrast,
the conversion tracts in the Bombyx mori chorion EyA.1,
ErA.2 and FrA.3 genes are precisely limited on their 5’
end by much longer (375-880 bp) introns that show
little sequence similarity (HIBNER et al. 1991).

Introns in cuticle genes: Genes Lc¢pc and d in the
left region and Lcpe, -, and -g in the right region all
have one intron and are more similar to each other
than to Lcp-a and -b and Acp. Interestingly, the cuticle
genes in the 44D cluster also have one intron but at a
different position than those in the 65A cluster. The
most parsimonious hypothesis is that the ancestral Dro-
sophila cuticle gene had at least two introns, one of
which was lost in the evolution of the 44D cluster and
the other in the evolution of the 65A cluster. Further-
more, the position of the intron in the Lcp65A genes is
the same as that of the second intron in the larval cuti-
cle genes of the lepidopterans, H. cecropia (hccpl2)
(BINGER and WILLIS 1994) and M. sexta (mslcp 16/1,
Horopyskl and RIDDIFORD 1989; mscpl4.6, REBERS ef
al. 1997). The position of the first intron in these lepi-

dopteran genes is typical of that seen in the genes of
the Drosophila 44D cluster. Although the sample size
is small, these similarities suggest that the ancestral
gene for cuticle genes of both Lepidoptera and Diptera
had at least two introns.

The Lcp-b genes are intronless. One way to generate
an intronless gene is through retroposition (ROGERS
1983). Retroposons are distinct from transposons and
retroviruses and are abundant in both mammalian
(ROGERs 1983, 1985) and insect (ADAMS et al. 1986)
genomes. Both the Lep-b1 and Lep-b2 genes possess puta-
tive hallmarks of retroposition, i.e., the lack of introns,
the presence of a poly (A) tract at the 3’ end, and the
presence of short flanking direct repeats (VANIN 1985;
WEINER 1986). The conservation of these features fol-
lowing the duplication that led to the two Lcp-b genes
suggests that the retroposition must have been relatively
recent. To our knowledge there is no other known
mechanism that might explain the lack of intron in a
gene that is clearly homologous to intron-containing
genes. Intron mobility is now well established for hom-
ing endonucleases (DOOLITTLE 1993), but no examples
are known in Metazoa. That known mechanisms of
DNA recombination such as conversion or crossing over
could mimic the specificity of the splicing machinery
also seems unlikely. We therefore conclude, in the ab-
sence of a better explanation, that both the L¢pa and
Lep-b genes have most likely originated from the retro-
position of a mature mRNA.

At the DNA and protein levels, Lep-b is closest to the
intron-containing gene Le¢p-fand thus might have arisen
from a processed Lcp-f mRNA. Most retroposons pres-
ent genetic lesions or are not under the control of active
promoters and thus do not contribute to the synthesis
of active proteins (VANIN 1985). In mammals only a
small number of functional retroposed genes are
known (see references in BHANDARI ¢t al. 1991; LONG
and LANGLEY 1993; PERSSON et al. 1995). Previous to
this study, the only functional retroposed insect gene
known was the Drosophila jingwei gene (LONG and
LANGLEY 1993). This gene arose by retroposition from
the alcohol dehydrogenase gene followed by recruitment
of additional 5’ exons and introns of an unrelated gene.
The Lep-bl and/or Lep-b2 genes are active in producing
mRNAs and a protein(s) (J-P. CHARLES, C. CHIHARA,
S. NEJAD and L. M. RIDDIFORD, unpublished data), so
clearly are also functional retroposed genes.

The alignment of the Acp gene to the intron-con-
taining genes suggests that although probably intron-
less, the Acp gene might have lost its intron by a process
different from reverse transcription of a mature mRNA.
The mechanisms involved could be an imperfect cross-
ing over between two intron-containing genes, leading
to the incorporation of part of an intron into the read-
ing frame of the resulting chimera. One could also
invoke an abortive conversion event between an intron-
containing and an intronless gene. There is however
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no phylogenetic evidence that the Acp gene is more
closely related to the intronless genes than to the other
genes. It is in fact more similar to Lep-c and -d genes
(see Table 1), but the low levels of identity observed
clearly do not allow any conclusions on the origins of
the Acp gene at present.

Origin and evolution of the 65A cluster: Our analysis
of the data using different methods did not allow the
construction of an unambiguous phylogeny for the 65A
cluster. Two groups of sequences were found to be sig-
nificant (P < 0.05) in most analyses and are presumably
monophyletic. One group is comprised of the Lep-e, -f,
and -g genes on the right side of the cluster, the other
of the Lepcand -d genes on the proximal left side. The
cluster thus presumably arose from a gene of one of
these two groups, and it is not clear from the data which
was the ancestor. After one initial or a few duplications,
a member of this ancestral group probably underwent
duplication/inversion and ‘‘seeded” the other side of
the cluster.

Another likely event in the history of the cluster is
the reverse transcription of a fully processed mRNA and
the insertion of the cDNA in the vicinity of the other
genes. As such phenomena are not very common, the
most parsimonious hypothesis is that it happened only
once and that at least the two genes (Lcp-z and Lop-b)
that show a clear lack of intron sequences arose from
a single retroposition event. The higher identity of the
Lcp-b genes to the Lep-f gene in the right group (see
Table 1) suggests that the latter might be the founder
gene. This hypothesis implies that the poly(A) tract
resulting from the retroposition event of L¢p-b has not
significantly mutated since the duplication that pro-
duced the L¢p-a and Lcp-d genes. The conservation of
the poly(A) tract and other noncoding sequences for
many generations would be expected to result, at least
partly, from active selection on these sequences, which
seems rather unlikely. We thus favor either one of the
two following explanations: (1) The observed poly(A)
and target site duplication might be simply fortuitous.
In that case, presumably both genes arose from a single
event. (2) Alternatively, the retroposition of Lep-b might
have been a very recent event, distinct from the retropo-
sition of Lep-a. The available data do not allow discrimi-
nation between these two possibilities, and obviously
detailed genomic sequence information from other
Drosophila strains is needed to resolve the issue.

Part of the difficulty of elucidating the phylogeny of
the cluster presumably is owed to the shortness of the
sequences compared. We suspect also that gene conver-
sion events between genes other than the duplicated
Lep-a, Lep-b, and Lep-g genes have occurred at several
occasions during the evolution of the cluster, thus ob-
scuring the phylogenetic relationship among the differ-
ent genes. Two examples of shared polymorphisms
were found between the Lepc gene and the Lepe, Lep-
J, and Lep-ggenes that correspond likely to short conver-

sion tracts. Interestingly, numerous short conversion
events have played a major role in the evolution of a
number of multigene families such as the HcA and HcB
genes of Bombyx mori (EICKBUSH and BURKE 1985, 1986)
and the a-amylase genes of D. melanogaster (INOMATA et
al. 1995). Similarly, short and frequent gene conver-
sions between a unique rearranged variable region and
a pool of pseudogenes generates the immunoglobulin
repertoire in birds (REYNAUD et al. 1978). Thus, gene
conversion has been and still is a major driving force
in the evolution of the Drosophila 65A cuticle gene
cluster. This new family of genes could be an useful
model to investigate the details of gene conversion in
higher eucaryotes.
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