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Abstract. The larval cuticle protein genes (Lcps) rep- 
resent a multigene family located at the right arm of the 
metacentric autosome 2 (2R) in Drosophila melanogas- 
ter. Due to a chromosome fusion the Lcp locus of Dro- 
sophila miranda is situated on a pair of secondary sex 
chromosomes, the X2 and neo-Y chromosome. Compar- 
ing the DNA sequences from D. miranda and D. mela- 
nogaster organization and the gene arrangement of 
Lcpl-Lcp4 are similar, although the intergene distances 
vary considerably. The greatest difference between Lcpl 
and Lcp2 is due to the occurrence of a pseudogene in D. 
melanogaster which is not present in D. miranda. Thus 
the cluster of the four Lcp genes existed already before 
the separation of the melanogaster and obscura group. 
Intraspecific homogenizations of different cluster units 
must have occurred repeatedly between the Lcpl/Lcp2 
and Lcp3/Lcp4 sequence types. The most obvious ex- 
ample is exon 2 of the Lcp3 gene in D. miranda, which 
has been substituted by the corresponding section of the 
Lcp4 gene rather recently. The homogenization must 
have occurred before the translocation which generated 
the neo-Y chromosome. Lcp3 of D. melanogaster has 
therefore no orthologous partner in D. miranda. Rear- 
rangements in the promoter regions of the D. miranda 
Lcp genes have generated new, potentially functional 
CAAT-box motifs. Since three of the Lcp alleles on the 
neo-Y are not expressed and Lcp3 is expressed only at a 
reduced level, it is suggestive to speculate that the rear- 
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rangements might be involved as cis-regulatory elements 
in the up-regulation of the X2-chromosomal Lcp alleles, 
in Drosophila an essential process for dosage compen- 
sation. The Lcp genes on the neo-Y chromosome have 
accumulated more base substitutions than the corre- 
sponding alleles on the X2. 

Key words: Drosophila - -  Lcp gene family - -  Gene 
homogenization - -  CAAT-box motifs - -  Gene phy- 
logeny - -  Sex chromosomes 

Introduction 

Drosophila miranda shows an extraordinary karyotype, 
resulting from the fusion of an autosome to the Y chro- 
mosome (Dobzhansky 1935; MacKnight 1939; Steine- 
mann 1982; Steinemann and Steinemann 1992; Lucchesi 
1994). As a consequence, the diploid chromosome num- 
ber is ten in females and nine in males. The fused auto- 
some corresponds to chromosome element C of the an- 
cestral chromosome set postulated by Muller (1940) for 
the progenitor of the genus Drosophila. In the sibling 
species D. pseudoobscura and D. persimilis this chro- 
mosome element is represented by the acrocentric auto- 
some 3; in the more distantly related D. melanogaster it 
forms the right arm (2R) of the metacentric autosome 2 
(Patterson and Stone 1952; Steinemann et al. 1984; 
Steinemann and Steinemann 1990, 1992). Within the 
subgenus Sophophora D. melanogaster belongs to the 
melanogaster species group, whereas D. miranda, D. 
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Fig. 1. Schematic view of the Lcp region from D. melanogaster and 
D. miranda. For orientation some restriction sites are included. Posi- 
tions of the Lcpl-4 genes and the orientation of transcription are in- 
dicated by large open arrowheads. The Lcp region from the right arm 
of chromosome 2 (2R) from D. melanogaster is redrawn from Fig. 1 in 
Snyder et al. (1982). The drawing of the D. miranda Lcp region is 
based on DNA sequence information from both areas on the X2 and 
neo-Y chromosome (Steinemann and Steinemann 1992). The Lcp re- 
gions from the X2 and neo-Y chromosome of D. miranda are arranged 

pseudoobscura, and D. persimilis are members of the 
obscura species group. Based on sequence comparisons 
of the Adh gene the divergence time of the two groups 
has been estimated at 25 Mya (Russo et al. 1995). The 
separation of D. miranda from its next relatives D. pseu- 

doobscura and D. persimilis has occurred much more 
recently, between 0.8 and 2.6 Mya according to mtDNA 
restriction analysis (Barrio et al. 1992). This date prob- 
ably coincides with the chromosome fusion between au- 
tosome element C and the Y chromosome. 

with respect to the D. melanogaster Lcp 1-4 genes with the 5'-ends 
of the Lcp2 genes aligned. Insertions (ISYs) in the neo-Y chromosomal 
Lcp region are indicated by stippled boxes and deletions (DY) by tri- 
angles. Only part of the duplicated neo-Y chromosomal area is shown. 
The duplicated TRIM retrotransposon (TRIMD) is shortened in the 
cartoon to be included, t~, pseudogene in D. melanogaster, which is not 
present in the D. miranda Lcp region. Restriction sites: Sa, SacI; H, 
HindIII; R, EcoRI; B, BamHI; Xh, XhoI; C, ClaI. 

To analyze the molecular details of Y chromosome 
degeneration, we chose the larval cuticle protein genes 
L c p l - 4  as test genes. These genes map to the 44D region 
on the right arm of chromosome 2 in D. melanogaster 
(Snyder et al. 1981, 1982) and to chromosome 3 in D. 
pseudoobscura and D. persimilis. In D. miranda this 
cluster is found on the X2 and neo-Y chromosomes. The 
complete L c p l - 4  gene cluster from D. miranda has been 
cloned from both chromosomal locations (Steinemann 
and Steinemann 1990). Sequence analysis of the X2 and 
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Table 1. Intergene distances (bp) in the respective Lcp clusters of D. 
melanogaster and D. miranda a 

D. mel. 2R D. mir. X2 

Lcpl-Lep#l 1,942 - -  
Lcp~l 385 no @gene 
Lcpt~l-Lcp2 703 - -  
Lcpl-Lcp2 3,030 1,835 
Lcp2-Lcp3 955 1,263 
Lcp3-Lcp4 1,812 1,264 

a Intergene distances in bp within the Lcpl-4 gene clusters of D. me- 
lanogaster and D. miranda. Intergene distances are measured between 
the coding regions, ATG to the termination codons. The D, melano- 
gaster data are taken from Snyder et al. (1982), including 0.8 kb of 
nnsequenced sequences. 41, pseudogene 1 

neo-Y chromosomal Lcpl-4 region reveals a massive 
accumulation of  inserted DNA sequences in the neo-Y 
chromosomal Lcp region including two newly identified 
retrotransposons TRIM and TRAM. For three of the neo-Y 
Lcp genes, Lcpl, Lcp2, and Lcp4, we could show that the 
neo-Y alleles are inactive while the Lcp3 neo-Y allele 
showed reduced activity (Steinemann and Steinemann 
1992, 1993; Steinemann et al. 1993). 

In Drosophila males crossovers  are wide ly  sup- 
pressed. Since the neo-Y chromosome is strictly pater- 
nally inherited, recombination between the X2 and neo-Y 
chromosome is inhibited. Due to the lack of recombina- 
tion both chromosomes are genetically isolated. Before 
the fusion event in the ancestor of  D. miranda, the cor- 
responding segments of the X2 and neo-Y chromosomes 
were presumably homogeneous  with respect to their 
gene content. Thus the beginning of  the proposed start of  

the degeneration of  the neo-Y chromosome can be dated 
about 0.8-2.6 Mya  ago (Barrio et al. 1992). During this 
rather short t ime span the neo-Y has undergone radical 
changes. Mult iple insertion events and rearrangements 
have disrupted the original chromosome organization. 
Now, the X2 and neo-Y chromosomes already show a 
different chromosome structure. 

The impact of sex chromosome differentiation at the 
sequence level is largely unknown. The present study 
examines differences in the evolutionary behavior of the 
Lcp multigene family. DNA-sequence comparisons were 
carried out between the genes from the two sex chromo- 
somes of  D. miranda. In addition, we performed inter- 
specific comparisons between the strictly autosomal Lcp 
loci of  D. melanogaster and the heterosomal ones in D. 
miranda. 

Materials and Methods 

Cloning and Sequencing of the Lcpl-4 Region. High-molecular-weight 
DNAs from D. miranda were isolated according to Steinemann (1982). 
Genomic EMBL4 lambda libraries from partial Sau3A (Boehringer 
Mannheim) digests were described in Steinemann and Steinemann 
(1990). Using a polymorphic restriction site, overlapping clones with 

X2 or neo-Y chromosomal origin were isolated covering about 30 kb 
from both localizations (Steinemann and Steinemann 1990). For de- 
tailed restriction mapping the regions containing the Lcp genes on the 
X2 and neo-Y chromosome were subcloned into pUC18. Cloning and 
standard DNA techniques were carried out according to Sambrook et 
al. (1989). We sequenced both strands by the dideoxy sequencing 
method (Sanger et al. 1977) from M13mp18/19 snbclones covering the 
X2 and neo-Y chromosomal Lcp genes and flanking sequences (Steine- 
mann and Steinemann 1992) according to the protocol supplied with 
Sequenase (United States Biochemical, Cleveland). Including the in- 
sertions at the neo-Y chromosome we obtained from the X2 and neo-Y 
more than 25 kb of sequence information (Steinemann and Steinemann 
1992, 1993). 

Computer Analysis. The 5' and 3' flanking sequences together with 
the coding region of the four Lcp genes of D. miranda are deposited in 
the EMBL gene bank, accession numbers X97809 DMLCP1X; X97810 
DMLCP1Y; X97811 DMLCP2X; X97812 DMLCP2Y; X97813 
DMLCP3X; X97814 DMLCP3Y; X97815 DMLCP4X; X97816 
DMLCP4Y. DNA sequences were aligned using either MacMolly 
(Softgene, Berlin) or DNASIS (Pharmacia, Uppsala) alignment pro- 
grams. DNA database screening was done using the updated EMBL 
and GenBank nucleotide Sequence Data Library (EMBL, Heidelberg; 
GenBank, NCBI, Washington). For the interspecific comparison with 
the D. melanogaster Lcpl-4 sequences we used the sequence data 
(accession number DMCUT1/DMCUT2) from Snyder et al. (1982). 

Results 

Interspecif ic  comparison of  the mult igene Lcp gene 
families of D. miranda and D. melanogaster showed that 
gene number and arrangement in the Lcpl-4 cluster are 
similar in both species despite the fact that the melano- 
gaster and obscura species group diverged 25 Mya ago 
(Russo et al. 1995). The tandem pairs Lcpl-Lep2 and 
Lcp3-Lcp4 are transcribed in a head-to-head configura- 

tion (Fig. 1). The spacing between the genes varies be- 
tween the two species (Table 1). In D. melanogaster the 
distance between Lcpl and Lcp2 is about 1,200 bp longer 
than in D. miranda. This difference is partly due to a 
pseudogene (Lcp~ 1) in D. melanogaster which is not 
present in D. miranda. The correspondence of the gene 
arrangements suggests that the Lcpl--4 cluster formed 
from a single ancestral Lcp locus before the separation of  
the melanogaster and obscura species groups. 

Comparing the pair of heterosomes in D. miranda, 
dramatic structural differences are obvious between the 
Lcp regions of the X2 and neo-Y chromosome (Fig. 1). 
As the Lcp DNA sequences on the X2 and neo-Y chro- 
mosome have been recombinationally isolated since the 
divergence of  the D. miranda and D. pseudoobscura spe- 
cies, we were interested in the evolutionary changes be- 
tween the X2 and neo-Y alleles within D. miranda. In 
order to trace the phylogenetic history of the cluster, the 
interspecies changes between D. miranda and D. mela- 
nogaster were also examined. Alignment of  the Lcpl-4 
cluster was smoothly achieved in the coding regions and 
the adjacent noncoding sections, but reasonable align- 
ments of the intergenic spacer regions were not possible. 
The alignments in the respective 5 ' -  and 3 '-f lanking re- 
gions of the four Lcp genes were extended as far as 
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I Lcpl - -  5"-flankingl 
100 

1miX: GACCCGTTTGCACTTTTATTGATGCGATTGTTTCATTTTAGCATCTATTAA•AGACTATACGCGTATATAGTATGTGAAACCGTTGTTTGGCATTTGCTC 

lmiY: ....................... h...C .................... C ...... T ............................................ 

Ime: ........... C.C..- .................................. GC.. TTATA ...... . ...... C-.T.TC ................... A 

CAAT-Box 200 

1miX: AG~TGTCG~ATGTGA~GATTTTTTTGGTG~AA~TGTTGTTGT~GGTTTTATGGGTG~GGG~G~TCC~T~%7GT~AT~ATAA~T~AGAAA~ACAATT 
j J 

lmiY: ................................................................ j ......... j ........................... 

I me: ........ - ........... Ge .... - ..................... . A ....... T ...... L .__--G_C_G. ~ .... A ............ CG. AC 

CAAT-Box TATA-Box [.~ RNA 300 

l miX: G .~. TGCAAGT .~. TAGCAATTT -GTTAGGTGAATCAACT - - GGATTAAGAACC~ACTCGACCCGACCAGAGTCAGA .~. CAGTCAACGTTCG 
ImiY: ........................................................................................... 

1me: ..]. ...... A.~....-.G...T.A..--..GG.TC...TT..G.GGC-..T. "I ........ I.G...TG ........ C.A .... T..[Z J .............. 

1miX: 
lmiY: 
1me: 

331 
TTCACGGCACGACAGCAATCAACAACCAAAA 

. . .T..A.CA ..... A.G...---G .... T- 

I tcpl -- 3"-flankingl 
poly(A)site 100 

1miX: GG~C~A~TGAATA~CGAT~GCA~ATGGA~TGTT~T~TGGATA~TTT~TTTA~TAGTTTATAAGAGTT~TT~TTGACTTT~GCAAAT 
Im|Y: .............................................................. ................. T . . . . . . . . . . . . . .  --'.-- " " " "r 

1me: AA..T.TA--....AG.G ........ T.C ......... C.C.A.G ....... GAACTA.TAGC.- .... TAA..G.AC..TT.G.A.~.--....~ .... T. 

143 

1miX: GATT GC TAATGATTACAGTAAC GAGATCAAGACTTTGACTTTG 

lmiY: ................. T ........... T..T .......... 
Ime: . T. AA. GGCA..AAC .... TTGC.-.C.TT ........ A .... 

I tcp2 -- 5"-flankingl 

2miX: 
2mlY: 
2me: 

100 

CATTATCGCTATTAAAGCATGTCTCATTTTACCTTCTATTCAGAAGCTTAATACCCGTTTTTTGACATTTGTTTCGCTGTTGTTGAGAGGAGAATTTATT 

.......... - .................... O ..................... G .............................................. 

• .AA..TT...CCG ........ r9 ...... CGGAA. • .G ..... C...GC..G..TT ................ A .... A. -A..CA..T ........... G 

CAAT-Box 200 
GGCGCAG- - TATTGGCTAGCTTTATGGATATGTCC -GCCA- -TG-GAA- - -GCCCGAAA- - TAAAAAGCTTTGCTCGAGTAATT - GTGA- GAAA- CAAAT 

................................ - .... --.C-...---. ....... --. ...................... - .... - .... - ..... 

•..C.T.CC.T...T-.G..A.C .... GCG.T..GT.AT.AC.TA..TTTG .... A...AG...'11 .... - .......... ....C~..TTG...G.. ~ CC 
I I 

2miX: 
2miY: 
2me: 

TATA-Box  [-~ RNA 291 
2 m i X :  G G A T T A A G A A T C ~ A C  TGTGCTCGAACAGAGTTAGT%~CAGTCAACGTTCGTT CAC GGAAAGACAGAAAT CAAGGAT CAAAA 

2miY: ............. I ........ I ....................... "I'I" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  

2me: .~.... GG ...... I .... A---I .... e..- .... c..A...e .... k[ ................. w..Ace ............ ~ .... .e..c 

poly(A)site 100 

2miy:2miX: GGCT--ACCGCTGGATATGGATCGATCA-A~GGACTGT~TATGGATG~ATAT~TCC~TAGTTGTGTAGC~GTACTACTTGATTTC~ACATG 

2me: .A..CGT.AC.C .... CCC.GA. C.CT.C ......... T..CCC..AA..A...G...A ...... T .... T ..... T ..... C..T..[A ..... I ...... 

are indicated with numbers irrespective of functional aspects as tran- 
scription start. Start of transcription is indicated with an arrow. Regu- 
latory sequence motifs are boxed. CAAT-box motifs are identified 
according to similarities to the consensus sequences from D. melano- 
gaster (O'Connell and Rosbash 1984); the others, using the D. mela- 
nogaster sequences (Snyder et al. 1982). Additionally potential motifs 
are indicated with dashed frames. In Lcp2 the 11-bp insert within the 
CAAT-box motif and in Lop4 the sequence of the target site duplication 
are underlined. The complete Lcpl~t sequences are deposited in the 
EMBL gene bank. 

122 

2miX: CATATG C C TAAAGCAGTAA-AAA 

2miY: ...................... 

2me: . .CT . . .T . .T  . . . . . . . . . . .  

Fig. 2. Sequence alignment of the flanking 5' and 3' noncoding 
regions of the Lcp]-4 genes from D. miranda, X2 and neo-Y chromo- 
some location, and D. melanogaster, fight arm of autosome 2 (2R). The 
sequences are aligned to the D. miranda X2 loci. The extension of the 
5' and 3' sequence alignment is restricted for the stretches giving 
reasonable similarity. Base substitutions are shown. Sequence desig- 
nations, lmiX: Lcpl gene from X2, lmiY: Lcpl gene from neo-Y and 
line: Lcpl gene from D. melanogaster; correspondingly, designations 
of Lcp2, Lcp3, and Lcp4 sequences. Sequence identities are indicated 
with points and gaps with dashes. The lengths of the aligned sequences 

u n e q u i v o c a l  ident i t ies  cou ld  be  r e c o g n i z e d  (Fig. 2). T h e  

a l i g n m e n t  shows  tha t  m o s t  o f  the  func t iona l ly  i m p o r t a n t  

s e q u e n c e  mot i f s  ( C A A T - b o x ,  T A T A - b o x ,  t r ansc r ip t ion  

start,  po ly [A]  site) are c o n s e r v e d  b e t w e e n  D. melanogas- 

ter and  the  X2 and  neo-Y of  D. miranda. In the  Lcpl  gene  

o f  D. miranda, a s e c o n d  p o t e n t i a l  C A A T - b o x  m o t i f  

( - 1 1 0  to - 1 1 8 )  occurs  bes ide  the  C A A T - b o x  ( - 7 2  to 

- 8 0 )  at  the  pos i t ion  h o m o l o g o u s  to the  D. melanogaster 

m o t i f  (Fig. 2). W i t h  r e spec t  to the  c o n s e n s u s  s equence  

( O ' C o n n e l l  an d  R o s b a s h  1984) this  C A A T - b o x  dif fers  
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I Lcp3 - -  5"-flankingl 
CAAT-Box CAAT-Box TATA-Box  100 

3 m iX: ATC-C-GCGGGCACCGCT - T~TGCTAAAA~TAAATGCTAATT -TAAAACG--~-TGCATCA~TT - C G A G T T C C G C G G C T T G A T T T C G G C ~  

3miY: ................. .I. ..... G..I ......................... J ......... I l ............................. I ........ P- 
J A 3me: CCA. A... TTTTTAT. A..I. ..... ATC.C..TC.C I. .TGA-CT ..... A...T... CACi~_ ......... . . . . . . . . . .  !...TT..- .......... . . .- ...... -~ .... T...~A 

[w. RNA 166 
3miX: GATGCTTGGTCTCATATCAT(~CAGTCTCACAAG- - TTCTATTGCCTGAAA .... CAAAATCAAA 

3miY: ........... c ............... ] I  A ....... --. ....... G ...... ----. ......... 

31Tle: CCGAT. . .AG.AT.G. .TG.. U. ...... T.G. . .AT ..... G.C.GAC. .TCCAC.C ........ 

I - I 
100 

3 m i X :  GC -ACATCATCGACAAGGA- CATCAC - - - TTCGACTCGAAGCAGAAAGTCTGGGCTTGGATTA- TCCCGACTCACT - GCATACAACTTA- -GAATATGAA 

3miY: ..- ................ - ...... ---. ......... T ................. C..A..- ............ - ............ --. ........ 

3me: .TG.ACC.GC .... T .... A... G.AAGA..G..GA. --...T-- .G..-..A.T ...... A.T.T.TT.. -..G.T.TT.TA..T...AG...A...TT 

poly(A)site 127 
3 m i X :  C A G C A C A C T G ~ A A T A T T T T  

3miY: . . . . . . . . . . . . . . . . . . . . .  

3me: A T C G . A T T e . . .  I . . . . . .  I . ' r . A . e e . .  

I Lcp4 - -  5"-flanking I 
100 

4miX: ATTTGCATAG- -AAGAGTA- - CAAAAA-AGTGCAGCACACAGTTTTTATTGTC - CTAATCGTCTAAACTCTACACATATGATAATCTGGTAAAGATTATG 

4miY: .......... --. ...... --. ..... - ....... A ................. - .................. T ......... G ..... A ....... G... 

4me: .......... AC..T..A.AT ...... G ......... G..GA ....... C.C.A.C..G.A.G.C.CT.GA..-..GTCCG...A--ACC...CGAG.C- 

CAAT-Box TATA-Box  200 

4 m i X :  G G A A A C G A A A C C G A A A T G T T A A T T G A A A A C G G T T G C A T C f . G ~ C T C G ~ A G C T C G A ~ G C T T ~ G A A G G T ~ T G A C T ~ T T A G C ~ ~ G A T A A  

4miY: ........................................... - .... ---. ...... - .... --. ..... --. .... - . . . . . . .  - ..... 

4me: CT.TG.TGG-. ............. A ....... "I" ....... "I "TT'T'ATC .... TT.A.A..TC.TG..GAG..CG.A.A .... I ........ l.C..CG. 

[,~ RNA 269 
4 m i X :  TCGCATTTATT - TTGGC~CAGTCTCACAAGTTCTCTAGTCAGACAATCAAATCAGAGTCCAAATCAAA 

4miY: ........... - ..................... T.A ....... G...A . . . . . . . . . . . . . . . . . . . . .  

4me: GT. - . . CCCGAA .... "U" ......... G ...... T ..... T ....... T. . - ...... . . . .G ..... 

I Lcp4 - -  3"-flanking I 
target-site dupl. stop eodon 100 

4 m i X :  GCGCAT -ACTCGACTCTGACTTCGGAACGTCTCGGAACAGCAAGTTT - - GGACTCGGAATTTCCTTAGTTACTGCTTCTTAG - - - TTAGG -ATC- TG- AG 

4m |Y: ......................................... TTTCGG--AATT ................. G ..... G..['~---. .... -.. T-.. -. A 

4rne: . .AATCG..A .... CAG... CCACATT..AA ..... GGT .... C,CCAAA., .-.----..G..C,-C.A.. - .... . .... A.AT., .AAC.G.A..C.. 

poly(A)site poly(A)site 161 
4re,x: 
4 m i Y :  . . . c  . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . A A . - - C . I . _ . _ d . . . - . . . C A . T G . . A  

4 m e :  - . c - . . - - - - . . 2  . . . .  - . . . . .  G . . . . . . .  ...T.AG. T I  . . . . . .  ~ tPI_ .C...AC.CT . . . .  

F i g .  2 .  C o n t i n u e d .  

by 1-bp substitution in D. miranda, while the corre- 
sponding D. melanogaster motif shows three substitu- 
tions (Fig. 3). Thus the second motif in D. miranda might 
be closer to a functional sequence than the one of D. 
melanogaster. In the Lcp2 gene of D. miranda the 
CAAT-box motif is disrupted into two halfs of 4 bp and 
5 bp by a 11-bp insertion. Nevertheless, this gene is still 
expressed (Steinemann et al. 1993). Concerning Lcp3, 
the CAAT-box described for D. melanogaster (-75 to 
-83) has an equivalent motif at -91 to -99 in D. mi- 
randa. Compared with the consensus sequence it reveals 
a 1-bp substitution. In addition, in D. miranda another 
CAAT-box motif occurs further downstream (-60 to 
-68), which shows a perfect sequence identity to the 
CAAT-box motif of Lcp4. Due to two insertions of 11 bp 
and 8 bp, respectively, the position of the second CAAT- 
box motif is within the conventional distance from the 
TATA-box. In D. melanogaster this sequence motif is 
located at position -42  to -50  (Fig. 2). This position is 

much closer to the TATA-box and therefore probably 
outside of the optimal distance. At the neo-Y, function- 
ally important motifs are perfectly conserved with re- 
spect to the X2. Comparing the X2- and neo-Y- 
chromosomal TATA- and CAAT-box sequences, only 
one base substitution could be detected. However, func- 
tional analysis had revealed that only the neo-Y allele of 
Lcp3 is active, although at a greatly reduced level. The 
neo-Y-chromosomal Lcpl, Lcp2, and Lcp4 alleles are not 
expressed at all (Steinemann et al. 1993). 

To analyze the relationships among the cluster units, 
paralogous alignments were also attempted. In both spe- 
cies unequivocal alignments were only possible between 
the pairs Lcpl/Lcp2 and Lcp3/Lcp4, respectively. Sur- 
prisingly, the exons of the Lcp3/Lcp4 of D. miranda 
turned out to be almost identical (Fig. 4). In pairwise 
comparisons between the Lcp3/Lcp4 genes of D. mi- 
randa and D. melanogaster (Table 2) the 5'- and 3'- 
noncoding sequences show a rather low similarity (35- 
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Gene Species Sequence and position of motifs 

CAAT-box  2 CAAT-box  1 TATA-Box  

A~_GCAANAN* AAGCAANAN * 

T T T T T~f 

Loot O.melanogaster -118AT~C~GAT-11o -3OATGCAAGAT-72 -32 TATAAAAA-2S 
D.miranda -118 AT~AATAT-110 -30ATGCAAGTT-72 -32 TATAAAAA-25 

Lop2 D.melanogaster -69 AAGC- .......... AATTC -63 -31 TATAAAAA-24 
D.miranda -76 AAGC[TTTGCTCGAGT~ATTG -67 -32 TATAAAAA-25 

Insert 11bp 

-33 ATGCATCAC-75 
-99 ATGC~AAAA-91 

Lcp3 D.melanogaster 
D.miranda 

-6OTTGCATCAG -42 .31 TATATAAA-Z4 
Inser t s  -31 TATAAAAA-24 -SSTTGCATCA G-6o 11bpH 8bp 

Lcp4 D'melan°gaster -ss TTGCATCAG-Z5 -31 TATAAAAG-Z4 

D.miranda -TZTTGCATCAG-64 -30 TATAAAAG.~ 

Fig. 3. Sequences and positions of the promoter motifs. Positions are indicated with reference to the transcription start. Exceptional distances of 
the TATA-box motifs are in boldface. The D. melanogaster CAAT-box sequences (Snyder et al. 1982, reported in O'Connell and Rosbash 1984) 
are in boldface. *For alignment of the CAAT-box motifs the consensus sequence described in O'Connell and Rosbash (1984) was used. Insertions 
in the D. miranda regions are indicated. Base substitutions with respect to the consensus sequence are boxed and shaded. 

I Lcp3 /4  - -  exon 21 
loo 

3 m i X :  CT~CTTGTCTGCGC~CTTGCCGCCCTTGTGGCCGCC~CGAG~TGCTGAGGTC~GAG~TGGTC~-~TGAGGTG~TCCCGATGGCTTC~GACA~TGG 

4miX: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . .  ¢ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4me: ................... T ...... G .................. C.C ........... A ........ C..T..CC.NG ........... GTA.GCAA. T 

3me: ........... TT.T. .C ........ G ............. CT .... TG .................... C. .T. .CC.G ........... TGTC.GCAA. T 

200 

3miX: TGTCCCTGAGcGA~GGTTCT~CCTCCCAGG~AGCGGCGATGTGcAcGGCAACATTGATGGCGTCTTTGAGT~TCTCCCCCGAGGGTGTCCACGTTCG 
4miX: .................................................................................................... 

4me: .AGT .... GA.A ....... C..TG.TTCT..T.C...A ..... C ..... A ..... C..C..A..T..C .................... C.AA ..... C.. 

3me: . .GT...CGA ...... A ......... TCC .... C...A..CA.C ........... C..c..A ..... C ...... A ................... T..G.. 

3OO 

3miX: CGTCGCCTACAAGGCCGATGAGAATGGCTA••AGCCCTCTAGCGATCTTCTGCcCGTC••CCCACCAATCCCAGAGGCCATC•TGAAGTCTCTGG•TTGG 
4miX: .................................................................................................... 

4me: T..GAG ............ C ..... C..A ......... CAG ..... C..C ...... ACTc.T..T ........................ G.CA.C..C.AC 

3me: A..GAG ......... T..C ..... C..A ......... CAG..T..C..G ...... ACTC.T..T..G ....... CT ............ G..A.C..C.AC 

327 
3miX: ATCGAGGCCCACCCCAGCAAGGAATAG 
4miX: ........................... 
4me: ...c ....... T .............. A 

3me: ........ TA ........... A.C..A 

Fig. 4. Sequence alignment of exon 2 of the Lcp3 and Lcp4 genes from D. miranda, X2 chromosome location, and D. melanogaster, right arm 
of autosome 2 (2R). The sequences are aligned to the D. miranda X2 loci. For details see Fig. 2. N represents a not-determined base in Snyder et 

al. (1982). 

39% divergence). In contrast, among the exon 2 se- 
quences the divergence in both paralogous comparisons 
was significantly lower (0.6 and 16.4%) than in the or- 
thologous comparisons (26.9-28.8%). In D. miranda the 
region of high similarity between the Lcp3/Lcp4 genes 
covers the entire exon 2 (Table 3), whereas the intron and 
the 3'-noncoding regions are clearly distinct (not shown). 
In D. melanogaster, stretches of high similarities (posi- 
tions, 49-101, 202-267) alternate with more diverged 
sections. 

Due to the lack of recombination the X2 and neo-Y 
chromosomes are genetically isolated. The inactivation 
of the neo-Y chromosome is expected to accelerate the 
rate of substitutions. To test this hypothesis we used the 

Table 2. Substitutional divergence of Lcp3 and Lcp4 in D. miranda 
and D. melanogaster" 

Noncoding sequences 

3me 4me 3mix 4miX 

3me - -  38.0 37.5 37.2 
4me 359 - -  35.8 39.3 
3miX 356 386 - -  35.0 
4miX 376 418 404 - -  

a Substitutional divergence of noncoding sections of Lcp3 and Lcp4 in 
D. miranda and D. melanogaster. The differences in % (above diago- 
nal) and the lengths of the sections compared (below diagonal) are 
shown. Gaps were excluded and corrections were made for multiple 
hits (Jukes and Cantor 1969) 
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Table 3. Substitutional divergence of Lcp3 and Lcp4 in D. miranda 
and D. melanogaster a 

Exon 2 

3me 4me 3miX 4miX 

3me - -  16.4 28.8 29.2 
4me 326 - -  26.9 26.9 
3miX 327 326 - -  0.6 
4mix 327 326 327 - -  

Substitutional divergence of exon 2 of Lcp3 and Lcp4 in D. miranda 
and D. meIanogaster. For arrangement see Table 2. In contrast to the 
noncoding sections the comparison of exon 2 reveals high sequence 
similarity among the paralogous genes Lcp3 and Lcp4 in both D. me- 
lanogaster and D. miranda 

Table 4. Differences in the aligned sections of the Lcp gene cluster a 

Number 
of bp Ident. Gaps Subst. Corr. 

me - miX 3,054 67.8 7.5 24.7 33.0 
me - miY 3,059 66.6 7.7 25.7 34.7 
miX - miY 2,992 97.4 0.5 2.1 2.1 

a Differences in the aligned sections of the Lcp gene cluster. The neo-Y 
locus has diverged slightly more from the D. melanogaster sequence 
than the corresponding section of the X2. The difference is statistically 
not significant. Ident. = Identical, Gaps = unmatched positions, 
Subst. = substitutions, Corr. = substitutions corrected for multiple 
hits 

Table 5. Substitutions on chromosomes X2 and neo- Y of D. miranda a 

Lcp sequences of D. melanogaster as an outgroup. We 

compared about 3 kb from the Lcp cluster (Table 4). The 
sequence comprises the coding regions of Lcp1-4,  the 
introns, and the 5 '-  and 3'-flanking regions as far as a 
reasonable alignment could be achieved. The section 

covered by the large deletion on the Lcp4 gene of the 
neo-Y was excluded from the analysis. Although the per- 

centage of identical positions with respect to the D. me- 

lanogaster sequences is slightly higher in the X2 than in 
the neo-Y (67.8 vs 66.6%), this difference did not prove 

statistically significant in a relative-rate test. This may be 
due to the fact that compared to the rather high diver- 
gence between D. melanogaster and D. miranda the dif- 

ferentiation between X2 and neo-Y is negligible. Since no 
data from closer relatives of D. miranda (e.g., D. pseu- 
doobscura) are available, we used a different approach. 
We analyzed only those positions which differ between 
X2 and neo-Y (Table 5). Comparing these nucleotides 

with the respective sites in the D. melanogaster se- 

quence, we were able to decide in most cases on which 

of the two sex chromosomes the substitution had oc- 
curred. At the 47 nucleotide positions evaluated for this 

comparison 83% of the substitution could be ascribed to 
the neo-Y and only 17% to the X2 (X 2 = 20.4, d f  = 1, 

P < 0.001). 

D i s c u s s i o n  

Although the Lcp genes of D. miranda are located on a 

pair of secondary sex chromosomes, their basic organi- 
zation is essentially the same as in D. melanogaster, 

indicating orthologous relationship of the Lcpl~4  loci 

between the two species. Evolutionarily conserved basic 
structures and orientation of genes within multigene 
families are reported as well from other Drosophila gene 
clusters, e.g., chorion genes (Martinez-Cruzado et al. 
1988). In D. miranda extensive rearrangements have oc- 
curred on the neo-Y accompanied by a higher number of 
nucleotide substitutions which exceeds that on the X2 by 
a factor of 5 (Table 5). The higher rate is not only con- 

miX miY Total 

Lcpl 2 11 13 
Lcp2 3 10 13 
Lcp 3 2 9 11 
Lcp4 1 9 10 
Lcpl~ t 8 39 47 

a Substitutions on chromosome X2 and neo-Y of D. miranda. In all four 
Lop genes olD. miranda the majority of the substitutions have occurred 
on the neo-E On average the number of substitutions on the neo-Y is 
five times higher than on the X2 

fined to the completely inactive Lcpl ,  Lcp2, and Lcp4 
genes but is also true for the still weakly expressed Lcp3 

gene. It can be assumed that dosage compensation at the 
X2 has probably relieved the selective constraint on the 
entire Lcp duster  of the neo-E The rather uniform in- 
crease in the number of substitutions among the four Lcp 
genes suggests that the different cluster units were not 

successively inactivated. It appears more likely that the 

X2 took over the functions of the neo-Y Lcp cluster in a 
single step. This argument is supported by the finding 

that the Lcp cluster is positioned within the 90% of X2- 
chromosome length which stains positively with the 

H4.Acl6  antibody (Steinemann et al. 1996). Due to the 
resulting lack of selective constraint the four genes might 
have started to degenerate simultaneously. Another fac- 
tor, which may also have contributed to the higher num- 
ber of substitutions, is the smaller effective population 
size of the neo-Y (about one-third compared to the X2). 

As a consequence, random genetic drift will cause less 
selection against mildly deleterious genes and thus lead 

to faster divergence of the Y chromosome. 
The sequence comparisons among the Lcp genes of D. 

miranda and D. melanogaster revealed some inconsis- 
tencies with the hypothesis of an ancient Lcp cluster that 
predates the separation of the two lineages. Although the 
general arrangement of the cluster units has remained 
more or less the same, there are several cases where 
paralogous genes showed a higher similarity than the 
respective orthologous genes from the other species. The 
most striking example is given by the Lcp3/Lcp4 genes 
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of D. miranda, which proved to be almost identical in the 
region of exon 2. The similarities to the Lcp3 gene of D. 
melanogaster in the noncoding flanking regions are low, 
at the 5 '-  as well as at the 3'-end. In contrast, the align- 
ment between Lcp3 and Lcp4 extends quite far into the 
noncoding sections (not shown). Based on these argu- 
ments, we conclude that the Lcp3 gene of D. melanogas- 
ter has no orthologous counterpart in D. miranda. In- 
stead, the original Lop3 gene of D. miranda has been 
assimilated by the Lcp4 gene through a process of re- 
peated homogenization, generated by unequal crossover 
or, more likely, by gene conversion. The homogenization 
of exon 2 between Lcp3/Lcp4 of D. miranda must be 
considered as a more recent event preceded by an earlier 
homogenization of the flanking regions. In D. melano- 
gaster the comparisons provide evidence for homogeni- 
zation of exon 2 between the Lcp3/Lcp4 genes (Table 3) 
and the Lcpl/Lcp2 genes. In the latter case (data not 
shown) the similarity between Lcpl and Lcp2 of D. me- 
lanogaster is 85.6%, a value significantly higher than 
those from the rest of the pairwise comparisons (69.1- 
72.9%). Thus homogenization has apparently occurred 
several times within the subchisters Lcpl/Lcp2 and Lcp3/ 
Lcp4, respectively, but not between the subclusters. This 
result underlines the assumption that the two subclusters 
are functionally differentiated, whereas the tandem genes 
within the subclusters might be still exchangable without 
severe consequences (cf. Steinemann et al. this issue). 

The higher degree of similarity within the subclusters 
is reflected as well by the precisely conserved distances 
of the TATA-box motifs from the transcription start. In 
the Lcpl/Lcp2 subcluster the distance is -25 to -32  and 
in the Lcp3/Lcp4 -24  to -31 with one exception in each 
subcluster, respectively. Beside Lcp4 the promoter re- 
gions of Lcpl, Lcp2, and Lcp3 show interesting rear- 
rangements with regard to the CAAT-box motifs, cf. Fig. 
3. Curiously, in the Lcp2 promoter region an l l -bp  in- 
sertion splits the CAAT-box sequence into two halfs of 4 
bp and 5 bp. As the gene is expressed (Steinemann et al. 
1993), flanking sequences might support the function of 
either half or both rest motifs. Thus, in D. miranda we 
might look at the evolution of additional CAAT-box mo- 
tifs. These sequence motifs are found as well as in the 
neo-Y alleles. However, the neo-Y Lcpl, Lcp2, and Lcp4 
alleles are not expressed and Lcp3 only at a greatly re- 
duced level (Steinemann et al. 1993). Therefore the X2 
alleles must  compensa te  for the inactive neo-Y- 
chromosomal alleles, as indicated by preliminary results 
(Steinemann and Steinemann unpublished results). The 
additional sequence motifs might in fact contribute to the 
up-regulation of the X2 alleles and thus be involved in 
dosage compensation. 
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