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Summary. The DNA sequence of a 3886-bp geno-
mic region containing the alcohol dehydrogenase
(4dh) gene from Drosophila affinidisjuncta, and the
RNA sequences of the D. affinidisjuncta Adh tran-
scripts, are presented. These data support the con-
clusion that two Adh promoters generate distinct,
developmentally regulated Adh transcripts. Corre-
lations between these sequences and the transcrip-
tion map are discussed. Comparisons between these
and equivalent data from D. melanogaster are also
presented. We note the following observations: (1)
Except at the extreme 3’ end, the two genes are
identically organized. (2) Drosophila Adh protein
accumulates amino acid replacements at the rate of
approximately 0.5 per million years. (3) Among the
non-protein-coding DNA sequences, putative ho-
mologies occur in the two promoter regions.
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Introduction

Drosophila alcohol dehydrogenase (ADH) provides
an interesting model system for the analysis of gene
regulation (e.g., Dickinson and Carson 1979; Ma-
roni et al. 1982; Batterham et al. 1983; Goldberg et
al. 1983; Fischer and Maniatis 1986) and also for
studies on gene organization (Benyajati et al. 1983;
Fischer and Maniatis 1985; Rowan et al. 1986), gene
evolution (Kreitman 1983; Bodmer and Ashburner
1984), and ecological genetics (e.g., McKenzie and
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Parsons 1972; McKenzie 1980; David and Van Her-
rewege 1983). In particular, the developmental
expression (Ursprung et al. 1970; Savakis et al. 1985)
and the molecular organization (Benyajati et al. 1981,
1983) of the Drosophila melanogaster ADH gene
(Adh) have been well characterized. Previous work
from this laboratory has analyzed the expression of
ADH activity in many members of the Hawaiian
picture-winged group of Drosophila (Dickinson
1980a), and the Adh gene from one of these, Dro-
sophila affinidisjuncta, has also been studied at the
molecular level (Brennan et al. 1984a; Rowan et al.
1986). Although they are distantly related, D. affini-
disjuncta and D, melanogaster exhibit similar pat-
terns of ADH expression (Rowan et al. 1986). In
contrast, ADH is expressed with different devel-
opmental specificities in some other Hawaiian pic-
ture-winged species (Dickinson 1980a; Rowan and
Dickinson 1986).

Several data imply that DNA sequences near the
Adh structural gene are important for the develop-
mental regulation of ADH activity. Interspecific dif-
ferences in ADH expression patterns within the
Hawaiian Drosophila are cis-dominant in species
hybrids, suggesting that regulatory elements are
closely linked to the enzyme locus (Dickinson and
Carson 1979; Dickinson 1980b). In D. melanogas-
ter, gene transformation experiments have show that
correct expression can be obtained with an 11,800-
bp fragment of cloned Adh genomic DNA (Goldberg
et al. 1983). Also, similar experiments show that a
5400-bp D. affinidisjuncta genomic Adh clone is ex-
pressed with very nearly correct accuracy in trans-
genic D. melanogaster (Brennan and Dickinson
1988). Here we present the DNA sequence of the
D. affinidisjuncta Adh genomic region and the cor-
responding mRNA and ADH amino acid se-
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quences, We then compare these sequences with
those of D. melanogaster. These data demonstrate
the similarity of these Drosophila genes and identify
genomic sequences that may regulate Adh expres-
sion. The evolution of the Adh locus is also dis-
cussed.

Materials and Methods

DNA Sequencing. The molecular cloning (Brennan et al. 1984a)
and characterization (Rowan et al. 1986) of the D. affinidisjuncta
Adh genomic region have been reported. A total of 3886 contig-
uous base pairs of DNA from the Adh-containing bacteriophage
lambda clone S36G1-11B (Brennan et al. 1984a) was subcloned
as fragments from restriction enzyme digestions into the vectors
m13mp8and/orm13mp9 (Messingand Vieira 1982). These clones
were sequenced by the dideoxynucleoside chain termination pro-
cedure (Sanger et al. 1977) according to the map presented in
Fig. 1. In all but two locations, both DNA strands were se-
quenced. For the two exceptions, the data obtained by the chain
termination method were confirmed by chemical cleavage se-
quencing (Maxam and Gilbert 1980) of DNA subcloned into the
vector pUCS (Vieira and Messing 1982). Enzymes and oligonu-
cleotide primers were purchased from New England Biolabs.
Deoxynucleoside triphosphates and dideoxynucleoside triphos-
phates were purchased from Boehringer Mannheim Biochemicals
and from P.L. Biochemicals, respectively. Radiolabeled nucleo-
side triphosphates were purchased from New England Nuclear.

Denaturing polyacrylamide gels for DNA sequencing were
prepared and used according to Maxam and Gilbert (1980), ex-
cept that gels were bound to one glass plate of the gel former and
processed for autoradiography according to Garoff and Ansorge
(1981).

RNA Seguencing. RNA sequencing by chain termination
(Hamlyn et al. 1978) was performed as follows. 3?P-end-labeled
DNA fragments (primers) were obtained from genomic Adh clones
and annealed to 4dh RNA at 49°C as previously described (Ro-
wan et al. 1986). Positions of the DNA primers are given in Fig.
1 (open arrows) and in the Results section. Each annealing con-
tained either 20 ug of poly(A)-selected RNA from adult flies (for
sequencing around intron 1) or 10 ug of poly(A)-selected RNA
from larvae (for sequencing around introns 2 and 3). Annealed
nucleic acids were purified by ethanol precipitation and resus-
pended in 125 mM NacCl, 25 mM Tris-HCI (pH 8.3), 10 mM
MgCl,, and 5 mM dithiothreitol, which contained 100 uM each
of dATP, dGTP, dTTP, and dCTP (120 ul total volume). The
four corresponding dideoxynucleoside triphosphates were added
separately to four 30-ul aliquots of the above reaction mixture,
to a final concentration of 10 xM (Fig. 3A) or 40 uM (Fig. 3B
and C). Reactions with 10 units of reverse transcriptase (Seika-
gaku America) were incubated at 42°C for 10 min and terminated
by phenol extraction. After recovery by ethanol precipitation, the
nucleic acids were resuspended in formamide, heated to 65°C for
10 min, and analyzed on sequencing polyacrylamide gels.

The isolation of D. affinidisjuncta RNA from whole organisms
(Brennan et al. 1984a) and from larval or fly tissues (Rowan and
Dickinson 1986) has been described. Feeding third-instar larvae
or adults aged 1-3 weeks posteclosion were used in this study.

Primer Extension Analysis. DN A fragments (primers) were 32P-
end-labeled with DNA polymerase large fragment (Maniatis et
al. 1982) using a-[*?P]dATP or a-[3?P]dCTP (New England Nu-
clear) and purified by polyacrylamide gel electrophoresis. Primers
were extended on RNA templates with reverse transcriptase as

described above, with the omission of dideoxynucleoside tri-
phosphates. Polyadenylated RNA (0.5 pg) from larvae (Fig. 4A)
or adults (Fig. 4B) and the total RNA from the equivalent of two
adult abdominal fat body samples, two adult heads, and the
Malpighian tubules from 25 adults (Fig. 4C) were analyzed. The
same primers were also extended on complementary DNA (cDNA)
templates {m13 genomic subclones) in typical DNA sequencing
reactions to yield markers for the relevant genomic regions. For
the analysis of larval Adh transcripts, a 608-bp EcoRI-HindIII
fragment of cloned genomic DNA (coordinates 1986-2594 in
Fig. 2) was used. Synthesis of adult Adh cDNA was primed with
a 1522-bp Sall-HindIII genomic DNA fragment (coordinates
1432-2594 in Fig. 2). These large primers were more easily pre-
pared and more efficiently extended than smaller DNA fragments
(unpublished observations), but are too large for accurate sizing
by gel electrophoresis. Therefore, the labeled extension products
were cleaved from the primer sequences by restriction enzyme
digestion as described by Rowan et al. (1986). Only extended
primers contain a regenerated restriction enzyme recognition site
at their 3’ end, and the radiolabel is cleaved from the primer and
retained by the extension as a result of digestion. In the present
instance, cleavage of adult Adh ¢cDNA with Sal/l and of larval
Adh cDNA with EcoRI results in appropriately sized 32P-labeled
cDNAs (Fig. 4). DNA template-directed sequencing reactions
were phenol extracted, ethanol precipitated, and digested with
either Sall or EcoRI. Digested DNAs were ethanol precipitated,
resuspended in formamide, heated to 65°C for 10 min, and ana-
lyzed by electrophoresis on sequencing gels.

Data Analysis. An unpublished sequence of the D. melano-
gaster Adh locus was provided by M, Ashburner. This is a com-
posite sequence derived from two sources: 2540 bp, inclusive
from 473 bp 5’ to the distal Adh mRNA sequence to 211 bp 3'
to the polyadenylation site, was determined from the Canton-S
clone psAC1 (Goldberg 1980) by H. Haymerle and M. Ashburner
(unpublished). Contiguous with this sequence is an additional
4293 bp of 5'-flanking and 590 bp of 3'-flanking sequence (M.
Aguade and M. Kreitman, unpublished; Kreitman 1983) of an
African isolate contained in the clone Af-S (Kreitman 1983). All
ofthis composite sequence was compared to the D, affinidisjuncta
sequence presented in Fig. 2. The similarity of the D. affinidis-
Juncta protein coding region to the corresponding D. melano-
gaster sequence was obvious (see Results). Flanking DNA se-
quences were analyzed for similarity as follows. A computer
program was used to locate many short blocks of intersequence
similarity, which were then evaluated manually. In general, the
acceptable alignments were those that, when taken together, pro-
duced a larger alignment with the individual members occurring
in the same relative order in each species’ genome (i.e., only
apparent deletions/insertions, and not transpositions, were tol-
erated; no relative inversions were indicated). This parsimonious
approach might have neglected some biologically meaningful
similarities, but did remove many similarities that are probably
fortuitous.

Results

The D. affinidisjuncta Adh transcription map is stage-
specific (Fig. 1). Most of the 4dh RNA from adult
flies contains a small 5’ exon (exon 1) that is sepa-
rated from the rest of the transcript by a relatively
large intron (intron 1). Larval 4dh transcripts lack
exon 1 sequences, and intron 1 sequences contribute
to the 5’ end of larval Adh RNA (see Fig. 1). These
two RNA 5’ end structures account for all of the
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Transcription map of the D. affinidisjuncta Adh gene (Rowan et al. 1986) and DNA sequencing strategy. The polarity with

reference to Adh mRNA (5'-3') and size scale (bar = 150 bp) are shown. Solid bars represent the genomic locations of the exons in
adult (1, 2A, 3, 4) and in larval (2L, 3, 4) Adh mRNA. Shaded bars show the adult and larval Adh mRNA structures, referred to as
the “distal” and “proximal,” respectively, transcripts. Dashed lines locate the 5' end of each mRNA to its genomic position. The
positions of introns [(1), (2), and (3)] are indicated. Open arrows mark the priming sites used in Adh RNA scquencing (see Fig. 3).
For simplicity, only one of several polyadenylation sites (AAA) is shown. Below the transcript map, solid arrows designate individual
sequences obtained by the Sanger method from m13 genomic subclones. Dashed arrows designate sequences obtained by the Maxam

and Gilbert method.

detectable postembryonic Adh transcripts in D. af~
finidisjuncta (Rowan et al. 1986). Introns 2 and 3
(Fig. 1) are common to all detectable Adh transcripts
in both larvae and adults. For brevity, the tran-
scripts are referred to as “distal” (containing the
distal exon 1) or “proximal” (lacking exon 1) in this
report.

The nucleotide sequence of the D. affinidisjuncta
Adh region is presented in Fig. 2. Adh RNA tran-
scripts, previously located relative to restriction en-
zyme recognition sites (Rowan et al. 1986; Fig. 1),
are more accurately mapped to the genomic DNA
sequence by the following data. Adh RNA sequences
for the regions interrupted by introns 1 and 2 were
obtained using a 121-bp Hincll-Tagl DNA frag-
ment (coordinates 2231-2352 in Fig. 2; open arrow
over exon 3 in Fig. 1) as the sequencing primer. The
alignment of these sequences (Fig. 3A and B) with
the genomic DNA sequence is obscured by a dinu-
cleotide reiteration in the donor and acceptor splice
sequences of both intron 1 (GT reiterated) and in-
tron 2 (AG reiterated). In each case, however, only
one of the two possible alignments will yield donor
and acceptor sequences that obey the well-estab-
lished consensus rules (Mount 1982). These define
coordinates for intron 1 (1473-2003) and for intron
2 (2126-2206) as indicated in Fig. 2. Intron 3 was
located by sequencing 4dk RNA using a 132-bp
Aval-BglTl DNA fragment (coordinates 2728-2860
in Fig. 2; open arrow over exon 4 in Fig. 1). The
implied sequence of intron 3, indicated by the RNA
sequence (Fig. 3C), is unambiguous (coordinates
2612-2685 in Fig. 2) and shows donor and acceptor
splice sequences that obey consensus rules.

The 5’ ends of D. affinidisjuncta Adh RNAs were
located by primer extension experiments as shown
in Fig. 4. Both transcript types map as expected
(Rowan et al. 1986), but appear heterogeneous over

several nucleotides. The 5’ terminal nucleotides of
proximal transcripts (Fig. 4A; “p”’s in Fig. 2) are the
same in each larval tissue that expresses Adh RNA
(data not shown), Distal Adh transcripts occur in the
adult head, fat body, and Malphigian tubules (Ro-
wan and Dickinson 1986). There are four apparent
5' distal cap sites (Fig. 4B; “d”s in Fig. 2), the most
distal of which is not utilized in the adult head (Fig.
4C).

Features of the D. affinidisjuncta Adh Region

Available data indicate that distal and proximal Adh
transcripts are produced from a single copy gene
(Brennan et al. 1984a; Rowan et al. 1986). Tran-
scription of this gene has not been studied directly,
but aspects of the Adh DNA sequence argue that
these two RNAs arise from different transcriptional
events, rather than from differential processing of a
single primary transcript. First, genomic “TATA
box” sequences, centered at 1387 and at 1945 (Fig.
2, “box™), are located just upstream from the ap-
parent 5' end of each transcript. Also, donor and
acceptor intron splicing sequences (Mount 1982) in
the predicted distal RNA primary transcript accu-
rately predict the 5’ end structure of the observed
transcript. Thus, like the D. melanogaster Adh gene
(Benyajati et al. 1983), the D. affinidisjuncta Adh
gene appears to be expressed from two distinct pro-
moters.

Drosophila affinidisjuncta Adh RNA 3’ ends are
polyadenylated and map to several locations within
a 250-bp genomic region. The observed 3’ ends in
larval RNA (Fig. 2, “lv.” and “+”) and in adult
RNA (Fig. 2, “ad.” and “+") differ from each other
at some positions (Rowan et al. 1986). The more
proximal of these termini are not correlated with
the presence of generally recognized polyadenyla-
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AAGCTTCAAGAAGATGACGTTGAAATGTTGCAATCGTTGATCCAAGCCTCCACAGTTTACTTCACTTTTA 70
TTGCACACCTCGTCTCCTCTCCCATCAACTTACAACAATAACTATTGTAATATGTATAGGTTTCTGTGCA 140
TGTATTGTGAGAGAGTGAGGTGTGTCAAGTGTCGAGTGTGTGTGAGCTGCCACGTTTTCAAAATCAAATT 210
GAAACTTAATTTTCACCTGAGTGCTCTTTTATAGAGCACARAACAGAAATTAGGAATTATTTAAAACTGG 280
GGCCAAGTGGATTTTTATGACCAGATAAAGATAAGGTACAATATAAATCGGCTCATATTTTTGTAGTTTC 350
TTGATCAAGCTAATTTAATACAATTAGAATTCTAGAATTTATAGATTAATAAATTGGACTTTCTTTGTTG 420
TTGTTAAATAGCTGTAATGTAATCTATTGATAATTATAAAACATTGCTARAGGCAARACAGCAAACATTTT 490
AAGAACCCTAACTTGTCGTCGGATTAAGAAGCGTGGCGACTTATATAATAGATTGACTACAAAGTGTGTT 560
TTATTTCGAGTTTCGTTGACAATCAAATTCAATATGTGTGGCAATAGCGCAGAATAGGTCAGTAATTGTC 630
TGCGCCTCGCTCTCACGTCACAATTCATGGTGATTATGTATAATCAGCAACTCGTCTGATTGCGGTTAAG 700
ARAGCGACCCATTCCTARCAAGAGTGATAACCCGGACTAGTGTGACATGCCTGATATCAGGCCATATTGGC 770
GTCAGACGTCAGAGGTATTTTGTGGTATATTGTATATAAGTCAGGTTCTGCTAATCATTTCATARATGAA 840
ATGCATTTATTCTTATTCTACTTGAATCTGTTATTATACCCATATTAATATTATATTTATGTTGCCTATG 910
TTTTTTATAGTAACAACGTAGBATCATATATAATGATTACTCTTTCACTTCCTGTTCTAATCAAGATACT 980
TGTCAAAACTCAATTGAATAATCTGAATGAATTCTTAATGTATATGTATAAATTACATAACTTGTATCAA 1050
TATGGTATACTACCTAGTGAARAATGTACGTAAATGCCATATACTTGTAATACCACTCCCCCACTTCTCG 1120
CATTCTCGGCGCCGTCAGTCAATTTGAATAATAATGCAAATAATGCAATCTGCGAACATAACAACAGCAA 1190
CAACAACAATATAAGCCGACTAATATTGCTTTGACATTCAGTGAAGGTCGAGGCTTCAAGTGTGTTCCGC 1260
TCTCTGCAGCTCAGTTTCATCTCTATCTTATTAATAACCTCCCCTATTTGTTGTGTTATATTCAAAGTAG 1330
( box )
AGGTTTACATCTCTTAAGCATTCACGATTTCAACATCGACTCGTGTGTGTAAGTATAARAGGTGTTACTC 1400
(ddd d>)
GTATTGAGAGCACTGATTATTGCCATAGCAGTCGACGCACGCAGATCGGACCAGTTACAATATTTTCARR 1470
(intron 1
ééGTAAGTGCAGTTCAGACAGTCCAAACCAGAACTGGCGCGTCGGGCAAAAATAATTTAATCTGAATTTT 1540
CTGGCAAAAGTTTCCACGGGCAAAGGCTGATAAACAAATGAATAAAAGATTAAAATAAGCAAAATATACA 1610
CACGTACATAAACATAAAAAATATGTCTGTATGTGCATGTACATCCAAGAATATATATTCTAGGTTTTAT 1680
TATTTGTTTGGTGATATGACCTTCAATATGTTARATAATGCTGGACAAAATTAGAATACCCCAATTGAAG 1750
AGCATATAAAAAATACACATATGTACCTAAATTAAGCAAGTAGAATGAGAAGCGCCGGCAATATTTGACT 1820
GCAATAACCAAAACAACAAATCAAAATARAAAAAAGTCAAGACCACGAGCAGTGCTGATGATCGCCAACA 1890
( box )
TTACTGATAAACAGCTGCGAGGAAATACTCAAACTTAGCAGACTGTTCGCCTATAAATAGAAGGTATCAA 1960
(ppPpPP>) intron 1)
CCGGCCAAACTCATATAGTGTTTTGAATTCTCTGTCTGAACAGGTGAACAGAGTTGAGGGTATCGCTGAA 2030
{*** start)
ABATGGTTATCGCTAACAGTAACGTCATCTTTGTCGCTGGTCTGGGTGGCATTGGCCTGGACACCAGTCG 2100
(intron 2
CGAGATTGTCAAGAGTGGCCCCAAGGTAGGTTACAGCCTGTCAATCTCAGGAAAAAGTATGGAAGAATAA 2170
intron 2)
AATAAAATTATTATTATTTTTTTTTTTTTCGTTTAGAACCTGGTGGTGCTTGACCGCGTTGACAACCCCG 2240
CTGCCATTGCCGAGTTGAAAGCCCTTAATCCCAAGGTGACCGTTACATTCTATCCGTATGATGTAARCCGT 2310
GCCGTTGGCTGAAACCAAAAAGCTATTGAAGACAATCTTCGACAAGCTGAAGACAGTTGATCTGCTCATC 2380
AATGGCGCTGGTATCCTGGACGATAATCAGATTGAGCGCACAATTGCGGTGAATTTTACAGGTACAGTGA 2450
ACACCACAACTGCGATCATGGATTTCTGGGACAAGCGTAAGGGCGGCCCAGGTGGTGTTGTTGCCAACAT 2520
TTGCTCAGTAACTGGATTCAACTCCATCTATCAGGTGCCCGTTTACTCTGCCTCAAAAGCGGCTGCTCTA 2590
(intron 3
AGCTTCACCACTTCCATTGCGGTAAGTAAATATACATATATATATATATATATATACTTATACTTCATCA 2660
intron 3)
GTGACTACCTATTGAATCTTAACAGAAATTGGCGCATATTACTGGCGTTACGGCATATTCCATCAACCCG 2730
GGCATTACCAAGACTGTTCTGGTGCATAAATTCAACTCCTGGCTGAGTGTTGAGCCACGCGTTGCCGAGC 2800
TACTGCTTGAGCACCCCACACAGACAACATTGCAGTGCGCACAGAACTTTGTGAAGGCCATTGAGGCCAA 2870
CCAGAATGGTGCCATCTGGAAACTGGATCTTGGCCGTCTGGATGCAATCGAATGGACCAAGCACTGGGAL 2940
(stop xxx)
TCAGGCATCTAAACTGTGCATGAAATCCGTACAAGGAGTGAAACTGCATTTAACATACCATTGTCARAAT 3010
polyA? polyA?

Fig. 2. Nucleotide sequence of the mRNA-like strand in the 5’ to 3’ orientation of the D. affinidisjuncta Adh genomic region. A
HindIII recognition sequence (AAGCTT) at position 2590 identifies the center (position 0) of the published restriction enzyme map
(Brennan et al. 1984a; Rowan et al. 1986). The sequence of the distal Adh mRNA, extending from the most distal 5’ cap site to the
most highly expressed polyadenylation site (see Rowan et al. 1986), is underlined. Notations above the sequence: “box” indicates
TATA sequences; “d” and “p” identify the cap sites of distal and proximal, respectively, 4dh mRNAs; the locations of introns 1, 2,
and 3; asterisks identify the translational start and stop codons; “lv.” and “ad.” identify polyadenylation sites unique to larvae and
adults, respectively; “+” indicates a polyadenylation site common to both larvae and adults. Below the sequence, “polyA?” and
“polyA” indicate possible and known, respectively, polyadenylation signal sequences; two overlapping signals are indicated by
“polyAs.” The sequence from 3127 to 3652 is presented in an alignment with the sequence from 1501 to 2031, the latter in lowercase
letters. Within this alignment, a blank space in either sequence indicates the absence of a nucleotide at that position, sequence identity
is indicated by the dashed line, and sequence differences are explicitly indicated.

tion signal sequences (reviewed by Birnstiel et al.
1985). Other A/T-containing hexanucleotide se-
quences (Fig. 2, “polyA?”) do occur at appropriate
positions, and might therefore be functional signals
for this gene. Distal 3’ termini follow recognizable
polyadenylation signals (Fig. 2, “polyA”) by 541
nucleotides. For comparison, the consensus value
for this distance has been given as a range of 10-30
nucleotides (Birnstiel et al. 1985).

Interestingly, 525 bp of DNA on the 3’ side of
the ADH coding region is apparently a direct, im-
perfect duplication of the sequence immediately 5’
to the coding region. Most of intron 1 and all of the
(proximal) mRNA leader sequence, but none of the
ADH codons, are duplicated. Blot hybridization data
(Brennan et al. 1984a and unpublished) also indicate
that the entire Adh region is not duplicated. This
duplication is displayed in Fig. 2 by aligning the
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Fig. 2. Continued.
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Fig. 3. Drosophila affinidisjuncta Adh mRNA sequences. Sequences covering the regions interrupted by introns 1, 2, and 3 are given
in A, B, and C, respectively. See text for methods. Arrows mark the location of intervening sequences.



48

sequence in the 3’ region (numbered 3127-3652)
with the 5’ sequence (numbered 1501-2031). The
divergence between these sequences is similar to the
divergence of the 3’ Adh region within the picture-
winged species group (R.G. Rowan and J.A. Hunt,
unpublished), suggesting that the duplication is about
as ancient as this taxonomic group. Several of the
observed Adh mRNA polyadenylation sites, includ-
ing the most abundant site at position 3238 (Fig. 2),
are in the duplicated region. Consequently, it is
tempting to speculate that the unusually large num-
ber of 3' ends in D. affinidisjuncta Adh mRNA is a
result of the disruption, by the duplication event,
of an ancestral gene organization that was more con-
ventional.

There is no suggestion that different D. affinidis-
Jjuncta Adh transcripts encode different proteins.
Proximal and distal RNAs utilize the same putative
initiation (position 2033, Fig. 2) and termination
(position 2950) codons, and no data imply hetero-
geneity in the central portion of the Adh transcrip-
tion map (Rowan et al. 1986).

Comparison of the D. affinidisjuncta and
D. melanogaster Adh regions

Conceptual translation of the DNA sequence en-
coding the ADH protein from D. affinidisjuncta
yields an amino acid sequence that is very similar
to that from D. melanogaster (Fig. 5). At the DNA
level (data not presented), the two species’ Adh pro-
tein coding sequences are 75% identical, with 54
nonsynonymous and 86 synonymous codon changes.
Adh introns 2 and 3 are not large and interrupt the
protein coding sequence at the same positions (Fig.
5, arrows) in each species.

Flanking the protein coding sequence, very lim-
ited similarities are observed between the D. af-
finidisjuncta and D. melanogaster Adh sequences.
Accordingly, subjective methods contributed sig-
nificantly to the detection of similarity in these re-
gions. An evaluation of the similarity between the
D. affinidisjuncta and D. melanogaster genomic DNA
sequences around the distal Adh promoter is given
in Fig. 6A. The alignment extends continuously
through the D. affinidisjuncta sequence for 357 bp
upstream (—357) and for 78 bp downstream (+78)
from the predominant distal Adh RNA 5’ end po-
sition (+1). Possibly homologous D. melanogaster
DNA sequences occur in two large blocks (—620 to
—466 and —185 to +108), separated by approxi-
mately 280 bp of DNA that could not be assigned
to the same genomic location in the D. affinidis-
juncta sequence. Interestingly, 23 bp of this “de-
leted/inserted” D. melanogaster DNA (position
—-302 to —280) is very similar to a 28-bp D. affini-
disjuncta sequence that occurs just outside of the

long alignment (position —357 to —329; see Fig.
6A). The TATA sequence occupies position —31 to
—25 in the DNA sequence of both species.

The D. melanogaster DNA region —86 to —46
(region D1) contributes to the activity of the distal
Adh promoter in vitro, and a putative Adh tran-
scription factor can be specifically bound to this
region in vitro (Heberlein et al. 1985). This region
is not well conserved in D. affinidisjuncta, and over
one-half of region D1 has been excluded from the
alignment in Fig. 6A. However, D. affinidisjuncta
sequences with similarity to parts of this D. mela-
nogaster region do occur at their homologous lo-
cation (—60 to —53, Fig. 6D and E) and also in
relatively upstream (Fig. 6B and C) locations. The
upstream similarity contains one copy of the se-
quence CTGC, which is repeated four times, and
also twice in reverse, in the D. melanogaster D1
region. Overlapping the D. affinidisjuncta CTGC is
GCAGC (Fig. 6B); the related sequence GCTGC
overlaps the D. melanogaster CTGC repeats. The
single D. affinidisjuncta CTGC aligns with one other
of the four D. melanogaster CTGC repeats (Fig. 6C).
Relatively downstream similarities to region DI
emphasize a different sequence repeat, TCGAC (Fig.
6D and E). This sequence and the related TCAAC
in the D. affinidisjuncta sequence form a conserved
tandem repeat that aligns with the D. melanogaster
sequence in two ways. The two species’ promoter
sequences are slightly displaced, relative to each oth-
er and the TATA sequences, in these instances.

A comparison of the exon | sequences (Fig. 6A,
D. affinidisjuncta +1 to +58) shows a reduction in
size for D. affinidisjuncta, but appreciable sequence
conservation. As presented (Fig. 6A), the size dif-
ference is accounted for in two similarly sized blocks
of D. melanogaster DNA (+42 to +57 and +72 to
+86) located in the 3’ half of exon 1. In all, the
alignment produces a sequence similarity of 67%
(39 out of 58 D. affinidisjuncta nucleotides matched)
for exon 1. For comparison, the first 92 bp of Adh
protein-coding sequence (from exon 2) correspond
one to one with a 68% sequence similarity (not pre-
sented).

Proximal Adh promoter regions are compared in
Fig. 7. This alignment includes a sequence from
intron 1 and includes the untranslated 5’ leader se-
quence of proximal RNA. Identical TATA se-
quences occur at —31 to —24 in the D. affinidis-
juncta and at —32 to —25 in the D. melanogaster
sequences. The most upstream similarity in the
alignment is an A-rich sequence that includes lesser
amounts of T and C (Fig. 7, boxed).

The D. affinidisjuncta sequence between —95 and
—72 aligns with the homologous D. melanogaster
sequence (Fig. 7). The latter (designated PO) binds
a possible transcription factor in vitro (Heberlein et
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Fig. 4. Primer extension mapping of the 5’ ends of proximal (A) and distal (B and C) Adh transcripts from D. affinidisjuncta. See
text for methods. Asterisks mark the alignment of cDNA termini (lane X in A and B) with the genomic DNA sequence (A and B,
lanes G, A, T, C). The 5’ ends of distal AdA transcripts from separate adult tissues (FB, abdominal fat body; H, head; MT, Malpighian

tubules) are identified in C.

al. 1985). A second upstream region of the D. mel-
anogaster sequence (— 150 to — 104, designated P1)
possesses a binding activity that is related to that of
the distal promoter region D1 (Heberlein et al. 1985;
see above). Recall that the D. melanogaster D1 se-
quence is not well represented in D. affinidisjuncta
(Fig. 6A), and note from Fig. 7 (see asterisks) that
the related region P1 is also not similar to the D.
affinidisjuncta sequence. A third protein-binding re-
gion of the D. melanogaster proximal Adh promoter
(P2; Heberlein et al. 1985) is not apparent in the D.
affinidisjuncta sequence, and is also not present in
the D. melanogaster sequence that is used in the
present analysis. )

The two species’ proximal Adh RNA 5’ leaders
are of similar size, and the conserved DNA sequence
is clustered around the intron 1 splice acceptor se-
quence (+28 to +42 in D. affinidisjuncta; Fig. 7).
In all, the proximal 5' leader sequences are 45%
similar (28 of 62 D. affinidisjuncta nucleotides
matched). For comparison, the distal leader simi-
larity is 55%. A fraction of both of these values can
be attributed to the conservation of intron 1 splicing
sequences.

Downstream (3’) to the Adh protein-coding re-
gion, D. affinidisjuncta and D. melanogaster DNA
sequences are not similar (not presented). Only two
polyadenylation signal sequences occur in the D.
melanogaster sequence, and only one of these (122
nucleotides from the translation termination codon)
is used in vivo (Benyajati et al. 1983). This orga-
nization contrasts sharply with the multiple occur-
rences of apparently functional polyadenylation sig-
nals in the D. affinidisjuncta Adh gene sequence (Fig.
2).

Discussion

Previous reports have stressed the apparent simi-
larity between D. affinidisjuncta and D. melanogas-
ter Adh. Distal and proximal Adh mRNASs occur in
both species, and the two transcipt types show the
same developmental restriction in both species (Ro-
wan et al. 1986). Also, the two species’ ADH ac-
tivities are biochemically similar (Dickinson and
Carson 1979; Dickinson 1980a). The present com-
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parison shows the correlates of this similarity at the
DNA sequence level.

Drosophila melanogaster and D. affinidisjuncta
are not closely related. One measure of the evolu-
tionary distance between these species is the dis-
parity of their ADH amino acid sequences (Fig. 5):
of the 254 positions in the D. affinidisjuncta se-
quence, 54 are different in D. melanogaster. His-
torical and biogeographical data (Throckmorton
1975) and immunological distance measurements
(Beverley and Wilson 1982, 1985) indicate that the
subgenera Drosophila (which includes D. affinidis-
Jjuncta) and Sophophora (which includes D. mela-
nogaster) diverged approximately 40-60 million
years (Myr) ago. Accordingly, the amino acid re-
placement rate for Drosophila ADH appears to be
approximately 0.5/Myr. Amino acid replacement
rates in Adh genes from closely related members of
the melanogaster species group, e.g., 2 per approx-
imately 2 Myr in D. simulans/D. melanogaster and
3 per approximately 1 Myr in D. simulans/D. mau-
ritiana (Bodmer and Ashburner 1984), are similar
to this value.

It is commonly observed that a given protein
evolves at a uniform rate in separate lineages (Dick-
erson 1971; Kimura 1983). For Drosophila ADH,

a relative rate test (Sarich and Wilson 1967) may
be performed using the published D. mulleri ADH-1
sequence (Fischer and Maniatis 1985). Drosophila
mulleri and D. affinidisjuncta are members of dif-
ferent radiations within the subgenus Drosophila
(Throckmorton 1975), and are therefore equally re-
moved from the sophophoran species D. melano-
gaster. The pairwise comparisons D. affinidisjuncta/
D. melanogaster (54 amino acid replacements; see
above), D. mulleri/D. melanogaster (47 replace-
ments; not presented), and D. affinidisjuncta/D.
mulleri (27 replacements; not presented) indicate a
uniform rate of ADH protein evolution, and pro-
vide an estimate of the time of divergence between
members of the virilis—repleta (D. mulleri) and the
immigrans—Hirtodrosophila (D. affinidisjuncta) ra-
diations (see Throckmorton 1975).

Benyajati et al. (1981) previously discussed phys-
ical properties of the D. melanogaster ADH enzyme
as inferred from its amino acid sequence; their con-
clusions are germane to the present analysis. Briefly,
the first 140 amino acid residues of D. melanogaster
ADH probably include the cofactor (NAD+)-bind-
ing domain, and catalytic activity therefore resides
in the remaining sequence (Benyajati et al. 1981).
Four Drosophila ADH amino acids, which are in-
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distal Adh promoters from D.
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stream, from the 5’ end of Adh
mRNA at +1. Only the most
abundant of four D. affinidis-
Jjuncta RNA §' ends (see Fig.
4B) is considered. The TATA
sequences at —25 are boxed.
Underlined sequences exhibit
the indicated identity (percent-
age of nucleotide positions
=1 matched), and these occur in
the same relative order in each
species’ genome. An overlined
sequence occurs in a different
+50 position in the two species.
TACAATATT (a) The D. affinidisjuncta sequence
GTGTTCC at —137 is given
in parentheses in two alternate
alignments with the D. mela-
nogaster sequence. Asterisks
indicate conserved repeats of
(G)YCAG(A/T). The vertical ar-
row at D. affinidisjuncta posi-
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tion +58/+59 marks the
boundary between exon 1 and
intron 1 (see Fig. 1). B, C, D,
E Alignment of distai 4d# pro-
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variantly positioned in the coenzyme binding do-
mains of all dehydrogenases (Benyajati et al. 1981),
are indicated by arrowpoints in Fig. 5. Also, amino
acid replacements that appear in D. gffinidisjuncta
ADH are “conservative’ (Zuckerkandl and Pauling
1965; Miyata et al. 1979), and are equally parti-
tioned between both putative domains (28 changes
in the first 138 residues and 26 changes in the re-
maining 116 residues).

Functions other than protein coding are not easily
recognized from DNA or RNA sequence data alone,
but molecular genetic analyses do suggest consensus
properties for sequences that regulate gene expres-
sion (Davidson et al. 1983). Because some regula-
tory sequences appear as similarities in the DNA
sequences of homologous or similarly regulated genes
(e.g., Pelham 1982; McKnight et al. 1984; Parslow
et al. 1984), we have compared the Adh promoter

CACGATTTCAAEATCGA TCGTGTGTGTAAG

moter sequences from D. affini-
disjuncta (lower sequence) with
those from D. melanogaster re-
gion D1 (see text). Numbering
of sequences as in A.

sequences from D. affinidisjuncta to those from D.
melanogaster.

As aligned in Fig. 6A, distal 4dh promoter se-
quences contain 10 areas of limited interspecific
similarity (underlined; average size 17 bp, average
identity 79%). Proximal promoter sequences con-
tain three such areas (Fig. 7, underlined; average
size 13 bp, average identity 80%). The biological
significance of these similarities remains untested,
but more thorough studies of other genes (e.g., Da-
vidson et al. 1983; Donahue et al. 1983; Dynan and
Tjian 1985; Karin et al. 1984; McKnight et al. 1984,
Stuart et al. 1984; Johnson and Herskowitz 1985;
Osborne et al. 1985; Simon et al. 1985) show that
the sizes, percentage similarities, and organization
of these 4dh sequences are appropriate for se-
quences that encode regulatory function(s). P ele-
ment-mediated gene transfer methods (Rubin and
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Spradling 1982) are being developed to test this hy-
pothesis directly (Brennan et al. 1984b; Brennan and
Dickinson 1988).

Nontranslated leader sequences (in exon 1) of the
two species’ distal Adh transcripts are similar to each
other (Fig. 6A, sequence +1 to +56, and asterisks).
In contrast, similarities between the nontranslated
leaders of the proximal Adh transcripts are limited,
and these probably reflect the conservation of intron
1 splice recognition sequences (Fig. 7, sequence +1
to +61). Distal, more than proximal, mRNA leader
sequences might be important for Adh translational
control (e.g., Klemenz et al. 1985; see Kozak 1983),
or perhaps exon 1 sequences regulate the abundance
of Adh transcripts. In principle, these too are testable
hypotheses.

Functional tests of the D. affinidisjuncta Adh gene,
placed into the D. melanogaster genome by P ele-
ment-mediated transformation, show that D. affini-
disjuncta Adh does indeed contain regulatory infor-
mation that is accurately expressed in the D.
melanogaster milieu (Brennan and Dickinson 1988).
With the reservation that the introduced D. affini-
disjuncta Adh clone was larger (by about 900 bp at
the 5’ and about 600 bp at the 3’ end) than the Adh
sequence reported here, these data do strengthen the
inference that observed DNA sequence similarities
are functionally significant.

The present study found a partial duplication of
an Adh sequence immediately following the com-
plete Adh gene. This duplication is in turn followed
closely by a sequence that is repeated several times
within the D. qffinidisjuncta genome. This repetitive
element has not been characterized, but blot hy-
bridizations show that at least part of its sequence

D. affinidisjuncta. The vertical
arrow marks the intron l-exon
2A boundary (see Fig. 1).

+T1
is included in Fig. 2 (Brennan et al. 1984a and un-
published). These and other data distinguish the D.
affinidisjuncta Adh duplication from duplications of
the Adh region in other Drosophila species.

A probable tandem duplication of 4dk has been
preserved in D. melanogaster and in Drosophila
pseudoobscura as a gene encoding a protein now only
vaguely similar to ADH (Schaeffer and Aquadro
1987). This putative gene is directly 3’ to the single
Adh gene in these two species; related sequences
have been cloned from D. affinidisjuncta and mapped
{by in situ hybridization) to a chromosome location
unlinked to Adh (Brennan et al. 1984a and unpub-
lished).

The Drosophila mulleri genome contains three
tandem copies of Adh, two of which encode ADH
(Fischer and Maniatis 1985). Unlike the duplication
of Adh intron 1 in D. affinidisjuncta, sequences that
flank the duplicated ADH coding regions in D. mul-
leri have diverged greatly from each other and are
notrecognizably similar (Fischer and Maniatis 1985).

Thus, three unique tandem duplications of Adh
DNA have now been described. At the least, these
kinds of data should be valuable for phylogenetic
analyses.
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