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Abstract. The region of the genome of D. Iebanonen- 
sis that contains the Adh gene and the downstream Adh- 
dup gene was sequenced. The structure of the two genes 
is the same as has been described for D. melanogaster. 
Adh has two promoters and Adh-dup has only one pu- 
tative promoter. The levels of expression of the two 
genes in this species are dramatically different. Hy- 
bridizing the same Northern blots with a specific probe 
for Adh-dup, we did not find transcripts for this gene in 
D. lebanonensis. The level of Adh distal transcript in 
adults of D. lebanonensis is five times greater than that 
of D. melanogaster adults. The maximum levels of 
proximal transcript are attained at different larval stages 
in the two species, being three times higher in D. 
melanogaster late-second-instar larvae than in D. 
lebanonensis first-instar larvae. The level of Adh tran- 
scripts allowed us to determine distal and proximal ini- 
tiation transcription sites, the position of the first intron, 
the use of two polyadenylation signals, and the hetero- 
geneity of polyadenylation sites. Temporal and spatial 
expression profiles of the Adh gene of D. lebanonensis 
show qual i ta t ive  d i f f e rences  compared  with D. 
melanogaster. Adh and Adh-dup evolve differently as 
shown by the synonymous and nonsynonymous substi- 
tution rates for the coding region of both genes when 
compared across two species of the melanogaster group, 
two of the obscura group of the subgenus Sophophora 
and D. lebanonensis of the victoria group of the sub- 
genus Scaptodrsophila. Synonymous rates for Adh are 
approximately half those for Adh-dup, while nonsyn- 
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onymous rates for Adh are generally higher than those 
for Adh-dup. Adh shows 76.8% identities at the protein 
level and 70.2% identities at the nucleotide level while 
Adh-dup shows 83.7% identities at the protein level 
and 67.5% identities at the nucleotide level. Codon us- 
age for Adh-dup is shown to be less biased than for Adh, 
which could explain the higher synonymous rates and 
the generally lower nonsynonymous substitution rates 
in Adh-dup compared with Adh. Phylogenetic trees re- 
constructed by distance matrix and parsimony methods 
show that Sophophora and Scaptodrosophila subgenera 
diverged shortly after the separation from the Drosophi- 
la subgenus. 
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Introduction 

The region of the genome that contains the alcohol de- 
hydrogenase gene (Adh) was sequenced in species of 
Drosophila belonging to different subgenera. Sophopho- 
ra species, in addition to Adh, show a downstream 
ORF, named Adh-dup, whose gene product is still un- 
known. The Adh genes of Sophophora and Hawaiian 
Drosophila species have two promoters (Benyajati et al. 
1983; Schaeffer and Aquadro 1987; Rowan and Dick- 
inson 1988) and expression from the two promoters is 
spatially and temporally regulated. Species of the re- 
pleta group of the Drosophila subgenus have two close- 
ly linked Adh genes and one pseudogene. Each of these 
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two Adh genes is expressed at different times of devel- 
opment (Fischer and Maniatis 1985; Atkinson et al. 
1988). The spatial and temporal expression of the Adh 
in species with a single copy gene has been studied in 
detail in species of melanogaster subgroup (Goldberg et 
al. 1983; Savakis et al. 1986; Thomson et al. 1991) and 
in Hawaiian Drosophila (Fang et al. 1991). The inter- 
specific comparison of expression patterns shows some 
common and some differential features. Broadly, Adh 
is expressed primarily from the proximal promoter in 
larvae and from the distal promoter in adults. The com- 
mon spatial pattern of Adh expression is the larval and 
adult fat body, gut, and Malpighian tubules. There is 
variable expression along the gut, crop, rectum, and 
gonadal tissues in different species. Previous studies us- 
ing interspecific hybrids and P-element-transformed D. 
melanogaster flies have shown that differences in de- 
velopmental patterns of ADH production are under the 
control of cis-acting regulatory elements linked to struc- 
tural genes (Brennan et al. 1988; Wu et al. 1990). On 
the other hand D. melanogaster transformants with the 
Adh gene of D. affinidisjuncta show a number of dif- 
ferences that imply both cis-acting and trans-acting 
components in the evolutionary divergence of this ex- 
pression pattern (Brennan and Dickinson 1988). The di- 
vergence patterns in Adh gene expression throughout 
the genus Drosophila constitute a model system with 
which to study the evolution of gene regulation. 

D. lebanonensis is an interesting species since its al- 
cohol tolerance is nearly twice as high as that of D. 
melanogaster, which is itself much more tolerant than 
most Drosophila species (David et al. 1974, 1979). In 
these two species the high ethanol tolerance is correlated 
with a high alcohol dehydrogenase activity and the 
higher ADH activity in D. lebanonensis is due to a 
fourfold increase in content of ADH enzyme (Villarroya 
and Juan 1991). D. melanogaster and D. lebanonensis, 
which belong to different subgenera, seem to represent 
two independent origins of high ADH activity and 
ethanol tolerance. Therefore this is a rare case reveal- 
ing where to start to look for the common and distinct 
features concerning the way in which adaptive changes 
in gene regulation arise. As we are interested in the evo- 
lution of gene regulation using as a model the Adh sys- 
tem, we present in this paper the qualitative and quan- 
titative characterization of the two transcripts of the 
Adh gene, the profile of gene expression throughout the 
development, and the tissue distribution of ADH activ- 
ity. 

The availability of the nucleotide sequence of the 
Adh gene and the closely linked gene Adh-dup of D. 
lebanonensis allowed us to comparatively analyze the 
evolution of these two genes with a common ancestor 
but with very diverged functions, as is revealed by the 
differences in nucleotide substitution rates, gene ex- 
pression, and codon usage of the two genes. The first 
molecular datum for the species of the Scaptodrosophila 

subgenus was the amino acid sequence of D. Iebanonen- 
sis ADH which was used to derive the phylogenetic re- 
lationships with the other species of the genus at the 
molecular level (Villarroya and Juan 1991). Although 
D. lebanonensis was clearly separated from the species 
of the other subgenus, the order of divergence was am- 
biguous. We investigate here the phylogenetic rela- 
tionships of D. Iebanonensis using the nucleotide se- 
quence of the Adh and Adh-dup genes. 

Materials and Methods 

Drosophila Strains. The D. melanogaster stocks Adh s (kindly sup- 
plied by M. Aguadr) and Adh fn6 cn; ry 5°6 were used as controls. The 
D. lebanonensis stock G323 (from Gandesa, Tarragona) was used as 
a source of genomic DNA and RNA. 

Cloning and Sequencing. A 12-kb genomic clone containing the 
Adh and Adh-dup genes was isolated from a partial BSKS + plasmid 
library constructed with the 12-kb XbaI genomic fraction from strain 
323G (Gandesa, Tarragona) of  D. lebanonensis (Fig. 1). The fragment 
XbaI-EcoRI, which contains Adh, and the fragment EcoRI-EcoRI, 
which contains Adh dup, were subcloned in BSKS + and B S K S - .  The 
sequence of the fragment XbaI-EcoRI was obtained as described in 
Juan et al. (1990); 1.4 kb of the EcoRI-EcoRI fragment was single- 
strand sequenced with Sequenase using oligonucleotide primers along 
both strands (EMBL accession No. X63716). 

Staging of Larvae. To determine the three larval instars precise- 
ly, the morphology of mouth hooks and anterior spiracles was stud- 
ied throughout the larval development of D. lebanonensis. The mor- 
phology of mouth hooks and the number of teeth are different from 
those of D. melanogaster, as has been described in Quintana and Juan 
(1993). 

RNA Isolation and Analysis. Total RNA was isolated from dif- 
ferent developmental stages of  D. lebanonensis and D. melanogaster 
Adh s (Chirgwin et al. 1970) and spectrophotometrically quantified. 
Poly A RNA was purified by oligo dT (Okayama et al. 1987). 

Primer extension was carried out as described in Benyajati et al. 
(1983) using the [~2]5'-end-labeled primer 5 'CAACGAAAATAACG- 
TTCTTGTTGGT (from +53 to +77), which was gel purified after 
end labeling, and 25 gg total RNA from different developmental 
stages. The hybridization was performed at 45°C overnight. Extend- 
ed primers were run on 7% polyacrylamide, 7 M urea gels. Dried gels 
were exposed to X-ray film (XAR-5; Kodak) with intensifying screens 
(Lighting Plus, Dupont) at -80°C.  

The mapping of the 5' ends of transcripts and the donor and ac- 
ceptor 1 st intron splicing sequences was carried out by RNA se- 
quencing using the 5'end-labeled primer 5 'TCCATCTTCTGCCTC- 
TAACTGTTTG (from + 25 to + 49) following Geliebter (1987). The 
hybridization temperature was 45°C. 

S1 mapping of the 3' end was carried out using as a probe the frag- 
ment XhoII-DraI (2,825-3,385, 561 bp, Fig. 2) 3'end-labeled with 
Klenow, [o~32p]dATP, [~32p]dCTP, [~32p]TTP, and dGTP; 20 gg of 
total RNA and the 3"end-labeled probe (106 cpm) were coprecipitat- 
ed with ethanol, dried, resuspended in 30 gl of  hybridization buffer, 
and incubated at 85°C for 10 min and then for 7 h at 45°C. Annealed 
samples were diluted 10-fold in S1 nuclease buffer and further incu- 
bated at 37°C for 30 min in the presence of 2,200 units/ml of S 1 nu- 
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clease. After phenol:chloroform extractions and ethanol precipita- 
tion the DNA-protected fragments were run on 6% denaturing poly- 
acrylamide gels. Gels were dried and exposed to X-ray film (XAR- 
5; Kodak) with intensifying screens (Quanta III, Dupont) at -80°C.  

Northern blots were carried out with 8 gg of total RNA per lane. 
After electrophoresis in formaldehyde 1% agarose, the gels were 
blotted to a nylon filter. Total probes for Adh of D. melanogaster 
(HaeIII-PvuII, 402 bp) and D. lebanonensis (BgllI-HincII, 366 bp) and 
a distal probe of D. lebanonensis Adh were prepared independently 
by random priming using 100 ng of DNA and 3,000 Ci per mmol of 
[~32p]dCTP (Amersham) to a specific activity of 5 × 108 cpm/gg of 
DNA, A specific probe for D. lebanonensis Adh-dup was prepared by 
using 3,000 Ci per mmol of [c~32p[dATP and [ot3aP]TTP to a specif- 
ic activity of 5 × 109 cpm/gg of DNA. Filters were hybridized with 
equal amounts of the total probes of D. melanogaster and D. leba- 
nonensis simultaneously at 42°C in formamide overnight. Washings 
were carried out at 40°C in 0.2 × SSPE, 0.5% SDS. Filters were ex- 
posed to X-ray film (XAR-5; Kodak) without intensifying screens for 
filters hybridized with Adh probes and with two intensifying screens 
for filters hybridized with the Adh-dup probe. Films were scanned by 
laser densitometry with an LKB 2222-020 UltroScan XL Laser Den- 
sitometer. 

Histochemical Staining of Drosophila Tissues. ADH activity was 
analyzed in eggs, larvae, and adult flies as described in Ashburner 
(1989). The Adh nulo stock Adh Fro6 of D. melanogaster was used as 
a control. 

Spectrophotometric Determination of ADH Activity. Cultures of 
D. lebanonensis were grown at 22°C. Individuals from different de- 
velopmental stages were homogenized in 0.2 M Tris HC1 pH - 8.6 
at a concentration of 143 mg/ml for 30 s and centrifuged for 3 rain at 
14,000 rpm, and the supernatant was diluted fivefold with the same 
buffer. The activity was quant i fed as described in Juan and Gonza- 
lez-Duarte (1980). One unit of activity reduces 1 gmol of NAD/min 
at 25°C. 

DNA Sequence Analysis. Synonymous and nonsynonymous rates 
of nucleotide substitution were estimated by the method of Li et al. 
(1985) using a computer program which he kindly provided. 

Phylogenetic trees were obtained using the PHYLIP package (ver- 
sion 3.4, Felsenstein 1991) and neighbor-joining method with Kimu- 
ra 's  (1980) distances. The program for the neighbor-joining tree with 
bootstrap (Saitou and Nei 1987) was kindly supplied by K. Tamura. 

5 . 3 K b  

Fig. 1. A Restriction map of the 12-Kb 
XbaI-XbaI genomic clone of D. lebanonensis 
containing Adh and Adh dup genes. X, XbaI; 
E, EcoRI; B, BamHI. B Gene structure of 
Adh and Adh dup genes of D. lebanonensis 
and D. melanogaster. 

Results 

Transcriptional Analysis of Adh 

The structure of the Adh gene of D. lebanonensis is sim- 
ilar to that of the previously analyzed species with a sin- 
gle Adh gene. It has four exons and three introns (Figs. 
1, 2). RNA sequencing revealed that intron 1 has the 
longest sequence (1,026 bp) compared to the known 
Adh genes of other species of Drosophila (Fig. 2). In- 
trons 2 and 3 have been deduced from the comparison 
of the amino acid sequence of D. lebanonensis ADH 
(Villarroya et al. 1989) and the nucleotide sequence 
(Juan et al. 1990) and they do not differ significantly in 
length from other Drosophila species. Primer exten- 
sion analysis (Fig. 3) and RNA sequencing revealed 
two types of transcripts, which originate from two dif- 
ferent promoters. The shorter one is synthesized from 
the proximal promoter mainly in first-instar larvae and 
the longer one appears in 1-day-old pupae and adults. 
The types of transcript appear heterogeneous over two 
nucleotides although there is a major initiation site from 
each promoter. 

Two poly-A signals appear to be used both in larvae 
and adults; the first (AAUAUA) is less efficient than the 
second (AAUAAA) as has been previously shown in 
vitro by Sheets et al. (1990) for poly-A signals in ver- 
tebrate mRNAs. Heterogeneity is also observed in the 
polyadenylation addition sites of transcripts from adults 
and larvae (Fig. 2). Heterogeneity at the polyadenyla- 
tion site has also been observed in D. affinidisjunta 
Adh mRNAs (Rowan and Dickinson 1988) and in Pig- 
1 gene of D. melanogaster (Furia et al. 1991). It seems 
to be a fairly common phenomenon in Drosophila. 

Adh Gene Expression 

The profile of Adh expression is shown in Figs. 4 and 
5. There is no apparent transcription of the Adh gene in 
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1 c t a g a a a c a c a c e ~ a g ~ g c c c c c ~ a g e t g a g a a a c ~ g t a c t c g t a a ~ c a a ~ t g c t g a c a a t a a t c t a c a c a c a t c t a c t t g t a c a t a t t t a c a a a t a c g  

i01 ttg•at•ag•ga•t•t•agag•a•atg•t•gtatta•atattta•ata•gagtatgta•taagtacata•a•agta•atagtatg•gaa•a•a•ag•a•t 
201 atacaagtataatgcaaacta~atttata~ttgtatgtaaatgagaaatctactctttt~ttgg~attgagcactggc~caatctgttgg~acagagc 
301 tc~gctggcatcaaatac~ggt~attcccattc~taggcatgttacaattattggatttgcata~ctccgct~ta£tg~atataagcttagtttttgtg 
401 ctcagccttgagtggttcgctattaaaaaggcag~tgctcacatc~ctggatgactggggtcggctctggtacaatgtgcac~tactaggggcctgt~t 
501 gtgagctcggcgcacccc~aatcttttaaattgaaggtgatcttctggtcg~tctgttgctgccctgcgcttattt~tttgacattcactgaag~gaaa 
601 a~agcatgtg~cgggcccggcgggcccggacccgag~gccggtcgctt~tta~atatagttcatacacatacga~a~atacgagtat~acatacgtgg 
701 gcaattgtataag~attattacaaaatatagaatgcaaaatacacacgagtcgtcgggttgg~gatgctttcagct~ttccg~gttcatctgg~tggqt~ 

re-. 
801 tttaaagcgcgttatacgc~taggacgacgattattgt~agtgcagtggtgg~gtcgtg~tcagcagcgatcgagaccaacggctaattctaacgg~tt 
901 a-~-~tatttacaaaatCtattattggaaacggtgagttgagtgctagaagcgaca~gaagtgtgggagaactttagaaagcagtgataaaagagaact 

I001 ttaaataaccgaaaataatcaacaaattgccgataaagaacaattaaagtaatagctgtaaaaagctctacacttcgtatggaat~tgta~taa~tt~t 
ii01 acgactacttttgccagcaaaatagtgatagacaccattcttgatttgttcgttcat•tactatgactgcgagaatttttaatgtctagga•aatgatag 
1201 agcgataaaagcgactagacactcttccaaacaattagcgactagacacagactaca~actcttcctagtaattgcataattttttttttaaatttaata 
1301 attaaagtcaga~gataag~tatcgtctgaaaagcattgaaaaagaaagcccaggcgacgctatagacatcgaactagaactagaaaaagtaagcgtaac 
1401 tatgaccaagcgattttcatatcgttctc£cagcaaatt~aaatatacacgaatttaacgaactagtactaa~tataaataaagtctg~cgcgc~cttt 
1501 ctgtttgctgcccgcccg~tgatagcaacaaaatgctt~ccggccgctcggtcggcataacgtagaagattataatgctgtggaaaaaaccaaaa~aaa 
1601 taatatgctggcgaagtactattttcagaatattcttttcgttgcgcgacttcggctagtgtttatcgagcacatgtagagagctacgtaat•gctatta 
1701. acagagctct~taacttaacatacatacatacatacatacatacttatgtgtgtatatgatcgtttgataagacatgaatggtgagcgt~taat~tg 
1801 taccgaaaagaaaZaaatacatacagacgtttacataaaacaaacgacg~gacagtga~gaggttgtttgctatttgtagcgataagaggcgacgcgatg 

1901 tgtcgaaatttt~aca~aaatag~cga~tagctaac~agatct~t~tcgcaCttcagcag~Cag~aaa~aaaca~ttagagg~aCaa~tggatttga~ 
M D L 

2001 caa~aagaaCgttattttcgtt~cgctctgggcggtat~ggtctcgacacgagtcgggagctcgt~aagcgtaat~tgaaggtgagtc~aaccgtaa~c 
T N K N V I F V A A L G G I G L D T S R E L V K R N L K 

2101 t~tggctggagatgaaacgatttaaacgatt~tgcgtccacagaattttgtcatc~tgga~aga~tgagaa~ga~tgctcttgct~g~tgaaggca 
N F V I L D R V E N P T A L A E L K A 

2202 ataaat•c•aaggtgaacatca••ttccatacctacgatgtgaccgtacccgttgctgagtcgaagaagctgctgaagaagattttcgatcagctgaaaa 
I N P K V N I T F H T Y D V T V P V A E S K K L L K K I F D Q L K 

2301 cc~tgacattctgatcaatggtgctggtattttggatga~cat~agattgagcgcac~attgccatcaact~cactggtct~tcaacac~accaccgc 
T V D I L I N G A G I L D D H Q I E R T I A I N F T G L V N T T T 

2401 tat~tt~gacttttggga~aagcgtaagggcggtcctggtggcat~attgccaacatt~g~tc~gttac~ggcttcaatgccat~accaggtg~ctgt~ 
A I L D F W D K R K G G P G G I I A N I C S V T G F N A I H Q v p V 

2501 tactcgg~atccaagg~tgctgttgtcagcttcacaaattccctggcggtaagga~tatageattggattcctcttatataatattaatgaacatttata 
Y S A S K A A V V S F T N S L A 

2601 atgtttttatatagaaactggct~ccatcactggcgttactgccta~tcgat~aaccctggcat~accaggac~c~cttggtgcaca~t~tcaa~t~ctg 
K L A P I T G V T A T S I N P G I T R T P L V H T F N S 

2701 gctggatgtagagccacgtgttgccgaa~tgctgctgtc~catccaacccagacctccgagcaatg~ggtcagaactttgtcaagg~ca~tgaggccaa~ 
W L D V E P R V A E L L L S H P T Q T S E Q C G Q N F V K A I E A N 

2801 aagaatggcgcca~atggaaattggatctggg~acc~ttgagg~cattgagtgga~caagcactgggactcgcacatctaagcatttccacgccattgtg 
K N G A I W K L D L G T L E A I E W T K H W D S H I 

2901 ataa~atagacgt~tata~ggaa~tgaacaattaatatgaagtaag~tgattgataaacgtt~ca~gttgt~gaacg~tgaatggtc~attt~tat~ 
oooooooo o o e e o  

3001 tttatgaaaatatat~gaagagaattc~aaa~aaataaacaaaaactgataac~c~aattaaaaaatatgataaataattgactgtggatc~ggagttag 

3101 gtaaacagtagagcagtg~tagt~caa~attgaataaacaagtggatatttttt~taaataccag~atgttcgac~t~a~agg~aaaaatgtctgcta~ 
M F D L T G K N V C Y  

3201 g t g ~ c g g a c t g t g g a g g c a t t g c c t t g g a g a c c ~ g c a a g g t g t t g a ~ g a c a a a a a a t a t t g c a g t g a g t a g t g a a g a g a a t a t g a a t g a t a a c t g g a t g a  
V A D C G G I A L E T C K V L M T K N I A 

3301 ~agtgaacatcaatattgtttaagtaattg~aatcctatt~gg~cagccat~a~ttta~taaaaaattgttaaaca~attaatttaaa~aaatattggaa 
3401 atgaaaagac~t~ac~acgatcg~tc~ttta~ataactctgatataata~ttattaatatacttc~atatctgt~gatc~attattaatt~aaattt 
3501 atcctctaattctgcccaaagaaattggcaatactgcatagt~tgagaacccgcaggccattgcgcaactgcaat~c~t~aag~ctagcacgcaaatat 

K L A I L H S V E N P Q A I A Q L Q S L K P S T Q I  
3601 ttttctggacctatgatgtgaccatggca~gtg~cgatatgcagaaatactttgacgaagtgatggttcagatgga~tatatcgatgtactcat~tatgg 

F F W T Y D V T M A R A D M Q K Y F D E V M V Q M D Y I D V L I Y 
3701 ~gccaccttg~gcgatgaga~ggacatcga5gg~accatcaatacaaacttgacgggtatgatgaacacctgtgcca~tgtgttgc~c~atatgga~aag 

g A T L C D E T D I D G T I N T N L T G M M N T C A T V L P H M D K 
3801 aaaaagga~ggeaqcggcggtttgattttgaatgtaa~ctccg~cattgg~ttagacccatcgccagttttttgcgcctacagtgcttctaaatttggtg 

K K D G S G G L I L N V T S V I G L D P S P V F C A Y S A S K F G 
3901 tgattggattta~gcgcagcttggcggtgattgaacattaaacaattatgtgtagatgaattttgaatgactc~ttttCtctgtaggatccc~tgtatta 

V I G F T R S L A  D P L Y  
4001 ta~acaaaacggagttgctgtcatggctgtgtgctgtggtcc~acaaaagtat~tgtagatcgcgag~taaccgccttcttgccttacggacag~c~ttt 

Y T Q N G V A V M A V C C G P T K V F V D R E L T A F L P Y G Q S F 
4101 gccgatcgcctgcgcac~gccccctgc~agtcaa~agctgtttgtggccagaacattgtgcgtgccatagaa~cgg~gagaatggacagatttggatag 

A D R L R T A P C Q S T A V C G Q N I V R A I E R G E N G Q I W I 
4201 cggacaagggcggcctg•aactggtcaa•ctgcaaagctattggcatatgg•ggacgtattcctgcacta•atgcagacaaagaggatgattagacaaat 

A D K G G L E L V K L Q S Y W H M A D V F L H Y M Q T K R M I R Q 
4301 aagaagtttccaaaaaactatata•atttgacgaacaatttttgtaaaaatgctgaaagaaa•cagctgcttaaataacgtagacatggaatatattgaa 

I R S F Q K T I Y I  
4401 atatatgtatatattgacgtacaa 

F i g .  2 .  Nucleotide sequence of the genomic region of D. lebanonensis which contains Adh ~ d  Adh dup genes. TATA box and polyA s i g -  

n a l s  ~ e  underlined Arrows indicate the most ~equently used initiation sites and asterisks the alternative sites in the expression of the Adh 
gene. Circles show the polyadenylation sites and black dots the most ~equently used polyadenylation sites. 

embryos and it begins to be actively transcribed from the 
proximal promoter in 1 st-instar larvae, the level of prox- 
imal transcript decreases in 2nd-instar larvae and it re- 
mains at a basal level throughout the remaining stages 
of development (Fig. 3). Transcription from the distal 
promoter is apparent in 1-day-old pupae and adults and 
the level of distal transcripts increases dramatically as 
the adults get old (Fig. 4A,B). Transcription from the 
distal promoter is at a basal level in larvae and pupae 
(Figs. 3 and 4). The shortness of the specific proximal 

probe (13 bp) made it impossible to obtain the profile 
of transcription from the proximal promoter in North- 
ern blots. As a control of loading we used rRNA in bro- 
mide-stained gels (Fig. 4C) since none of the house- 
keeping genes used was sufficiently similar to give a 
reliable signal and the rRNA has been shown to be a re- 
liable control (Correa-Rotter et al. 1992). 

The quantification of each signal from the films by 
laser densitometry revealed that the amount of distal 
Adh mRNA is approximately five times higher in adults 
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T C G A  1 2  3 4 5 6 7 8 9 10 

Fig. 3. Primer extension using total RNA from different develop- 
mental stages. 1, embryos; 2, 3, and 4, 1 st-, 2 nd-, and 3r<instar lar- 
vae; 5, 6, and 7, white, red eye, and black pupae; 8, 9, and 10, 1-, 
4-, and 8-day-old adults. A sequence reaction using the same end- 
labeled primer and the mRNA-like single-stranded DNA yields the 
molecular weight markers. 

of D. lebanonensis than in D. melanogaster adults, al- 
though in the latter it is much higher in larvae, as is 
shown in Table 1 and Fig. 4A. In D. melanogaster the 
length of the total probe is 401 bp, of which 381 bp are 
common to distal and proximal mRNA and the G+C% 
is 52.1%. In D. lebanonensis the length is 366 bp, of 
which 347 bp are common to distal and proximal 
mRNA, and the G+C% is 47.7%. The design of these 
probes and the experimental conditions indicate that 
the results reported are reliable. 

Developmental Profile and Tissue Distribution of 
ADH Activity 

The profile of ADH activity of D. lebanonensis is shown 
in Fig. 5. ADH activity per gram of flies rises during lar- 
val development until the third instar; at the end of this 
period and during the pupal stage the activity falls off, 
but it increases again after eclosion, reaching a maxi- 

L2 A4 E L1 L2 L3 P A P .  Pc A1 A4 A8 

Fig. 4. Analysis of Adh RNA through the development. RNA was 
prepared from two developmental stages of D. melanogaster Adh s 
(the first two lanes on the left) and from 10 different developmental 
stages ofD. lebanonensis (E, embryos; L1, L2, and L3, 1 st-, 2 n<, and 
3ra-instar larvae; PA, 1-day-old pupae; PB' red eye pupae; Pc' black 
pupae; A1, A4, and A8, 1-, 4-, and 8-day-old adults; 8 lag of total 
RNA was loaded onto each track. A The filter was simultaneously hy- 
bridized with the total probe of D. lebanonensis Adh (BgllI-HincII) 
and the total probe of D. melanogaster Adh (HaeIII-PvuII) (Fig. 1). 
B After washing out the hybridized total probe it was hybridized with 
the distal probe (DraI-DraI) of D. lebanonensis Adh. C Ethidium-bro- 
mide-stained gel. 

mum in 6-day-old adults. Notably, there is a delay of 4 
days in the detection of the larval maximum ADH ac- 
tivity after the maximum of proximal mRNA is detect- 
ed. ADH activity profile in adults parallels the mRNA 
profile. 

Tissue distribution of ADH activity was analyzed in 
eggs in 1 st-, 2 nd-, and 3ra-instar larvae and in l-day, 4- 
day-, and 8-day-old adults. ADH activity was detected 
in all developmental stages except in eggs. As in D. 
melanogaster, the major sites of ADH activity are the 
larval and adult guts, fat bodies, Malpigian tubules, and 
the crop and the rectum of the adults (Fig. 6). The ADH 
activity pattern of the gut changed in different stages. 
Second-instar larvae showed ADH activity throughout 
the midgut (Fig. 6B) while in third-instar larvae it was 
only detected in the anterior midgut (AMG) (Fig. 6C). 
The anterior midgut of lSt-instar larvae was also light- 
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Fig. 5. Adh gene expression during 
the development (B) ADH activity 
profile. ([~) mRNA profile. E, 
embryos; L1, L2, and L3, 1 st-, 2 nd-, 
and 3ra-instar larvae; PA, 1-6-day-old 
pupae; PB, red-eyed pupae; Pc, black 
pupae; A, adults. 

ly stained. One-day-old adults only show staining of the 
anterior midgut (Fig. 6G), while 4-day and 8-day adult 
flies show ADH staining throughout the midgut (Fig. 
6H). Ovarioles of 4-day-old adult females (Fig. 6E) 
and ejaculatory ducts of 4-day-old adult males (Fig. 

6F) also show ADH activity, o. lebanonensis 
The pattern of  ADH distribution along the gut in D. E 

Iebanonensis is clearly different from that ofD. melano- L1 
gaster. ADH activity is detectable throughout 3rd-instar L2 
larvae midgut of D. melanogaster (Fig. 6D) while D. L3 
lebanonensis 3rd-instar larvae only show staining of the PA 

PB 
anterior midgut (Fig. 6C). Four-day-old adult midgut of Pc 
this species stains over nearly all its length (Fig. 6H) nl 
while in D. melanogaster the adult midgut staining is re- A4 
stricted to the cardia (Fig. 6I). A8 

Features of the D. lebanonensis Adh-dup Gene 

Adh-dup of D. lebanonensis (Figs. 1, 2) has the same 
structure as the sequenced Adh-dup genes of a Sopho- 
phora species (Schaeffer and Aquadro 1987; Kreitman 
and Hudson 1991; Marfany and Gonzalez-Duarte 1991). 
The putative promoter CTAATTAAAA, which is not 
predicted by the method of Bucher (1990), has a tran- 
sition in the first position compared with the other 
known Adh-dup genes.  This mot i f  over laps  with 
polyadenylation sites of the second polyadenylation 
signal of the Adh gene. The sequences GGCAATAAG- 
GCTGATT and AATGG present in the four Sophopho- 
ra species in which the gene has been sequenced are 
missing in the Adh-dup gene olD.  lebanonensis as well 
as the polyadenylation signal AATAAA in the position 
described for those species. Exons 1 and 2 have the 
same length as in Sophophora species. Interestingly, ex- 
on 1 has a residue of phenylalanine or tyrosine in these 
five species. This residue at the second position in the 
product of  the Adh-dup gene aligns with the third 

Table 1. Adh gene expression throughout development 

Adh 
transcripts 

ADH activity Northern 
(U/gm flies) (AU × ram) b 

1.80 _+ 0.00 0.03 
3.03 _+ 0.06 1.21 

10.66 _+ 0.21 0.68 
20.99 _+ 0.21 0.10 
8.19 _+ 0.85 0.18 
8.47 + 0.17 0.05 
5.44 + 0.19 0.24 

24.47 _+ 0.13 0.94 
37.60 + 0.98 4.41 
38.95 _+ 0.67 7.59 

D. melanogaster 
(Adh s strain) 

L2-L3 ND a 3.98 
A4 ND 1.60 

aND, not determined 
bArea 

residue in Adh of species of the melanogaster group, but 
it is not present in the Adh of the other species whose 
Adh sequence is known. Exon 3 has 342 bp, which is 
the same length as Adh-dup of D. ambigua but longer 
than in the other species. The amino acid percent iden- 
tity up to residue 264 is 87.5, 84.4, and 82.4 for exons 
1, 2, and 3, respectively, but from residue 265 to the C- 
terminus there is a great variability in length and in 
amino acid composition. The length of the Adh-dup 
deduced amino acid sequence varies from 272 to 281 
amino acids, as shown in Table 3 and Fig. 7. 

The hybridiZation of the filter used to analyze the ex- 
pression of the Adh gene with a specific probe for Adh- 
dup did not yield any signal although the specific ac- 
tivity of the probe was 10 times higher than for Adh 
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Fig. 6. Histochemicat staining for ADH activity in dissected tissues 
of larvae and adult flies of D. lebanonensis. A, B, and C, digestive 
tract, attached Malpigian tubules, and fat body from 1 st-, 2 nd-, and 3 rd- 
instar larvae, respectively. G and H, digestive tract and attached 
Malpigian tubules from 1-day- and 4-day-old adult flies, respective- 
ly. E, dissected ovaries from a 4-day-old female. F, reproductive sys- 

tem from a 4-day-old male. D and I, digestive tract and Malpigian 
tubules from 3rd-instar larvae and 4-day-old adults of D. melanogaster, 
respectively. FB, fat body; AMG, anterior midgut; MMG, mid midgut; 
PMG, posterior midgut; AHG, anterior hindgut; PHG, posterior 
hindgut; MT, Malpigian tubules; CR, crop; CA, cardia; R, rectum; O, 
ovarioles; ED, ejaculatory duct. Bar = 50 gm. 
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Fig. 7 Alignment of the deduced amino acid sequences of the Adh-dup gene of five species of Drosophila• 

probes  and two in tens i fy ing  screens  were  used for  
longer  exposure times. Northern blots carr ied out with 
25 gg  of  total R N A  per lane also gave negative results. 
The expression of  Adh-dup  must  be very low and per- 
haps specific to a small  organ, so its m R N A  becomes  
highly di luted in total  R N A  and is not detectable  in 
these condit ions.  Thus it was not poss ible  to detect  the 
start site of  transcription and the polyadenylat ion site ex- 
perimental ly.  

Codon Usage in Adh and Adh-dup 

The base composi t ion  and hence the pattern of  syn- 
onymous codon usage vary considerably  among differ- 
ent D. melanogaster genes. The group of  genes with a 
high codon bias is known to have high expression lev- 
els (Shields et al. 1988). Apparent ly  in D. melanogaster 
as in unicel lular  organisms the extent  of  codon bias is 
correlated with gene expressivi ty  ( Ikemura 1985). 

The extent  of  codon bias for the Adh  gene in differ- 

ent species of  Drosophila varies as is shown in Table 
2, the lowest  value being that of  D. lebanonensis. Ad- 
di t ional  results on the compar ison of  codon bias and 
gene expressivi ty  for D. melanogaster and D. simulans 
Adh show that the former has a higher  level of  expres-  
sion than the latter (Juan and Gonza lez -Duar t e  1980; 
Dick inson  et al. 1984); however ,  both  species  have 
identical  codon bias. Thus it seems that the codon bias 
cannot  be cor re la ted  with gene express iv i ty  among 
species. Codon preference is less b iased for Adh-dup 
than for Adh in the five species in which both genes 
have been sequenced,  as is shown in Table 2. Interest-  
ingly, D. lebanonensis Adh-dup shows a value of  codon 
bias similar  to the species of  melanogaster group; how- 
ever, the value of  Adh codon bias is approximate ly  half  
that of  melanogaster subgroup species. Thus not even 
the ratio between Adh  and Adh-dup  codon bias is the 
same for the species of  melanogaster subgroup as for D. 
lebanonensis. 

Starmer  and Sul l ivan (1989) found a shift  in the 
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Table 2. Codon bias in Adh and Adh-dup genes 

X2a 

Adh Adh-dup 

D. melanogaster 0.88 0.11 
D. mauritiana 0.92 0.14 
D. ambigua 0.91 0.37 
D. pseudobscura 0.63 0.40 
D. lebanonensis 0.47 0.18 

a From deviation from random synonymous codon usage, scaled by 
gene length (Shields et al., 1988) 

third-codon-position nucleotide frequency in alcohol 
dehydrogenase genes when the species of the two sub- 
genera Drosophila and Sophophora were compared. 
When the frequency of nucleotides at the third codon 
position for all codons in Adh of D. lebanonensis is com- 
pared with the Adhs of seven Sophophora and nine 
Drosophila species in which Adh has been sequenced, 
significant differences were found between D. lebanon- 
ensis and the species of the Sophophora subgenus. How- 
ever, only some Drosophila species genes differed from 
D. lebanonensis Adh. Significant differences were found 
for D. mojavensis and D. mulleri but not for D. hydei 
and D. affinidisjuncta. Thus the shift in the third-codon- 
position nucleotide frequency observed for Adh of Sopho- 
phora and Drosophila subgenera does not extend to D. 
lebanonensis of the Scaptodrosophila subgenus. When 
this comparison is performed with the five sequenced 
Adh-duplo genes (Table 3), no shift is detected. 

Evolutionary Differences Between Adh and Adh-dup 

Synonymous substitution rates among Adh-dup genes 
are much higher than synonymous substitution rates for 
Adh genes while nonsynonymous rates are generally 
lower among Adh-dup genes than among Adh genes, as 
is shown in Table 4. This result is reflected in the av- 
erage percentage identity at the amino acid and nu- 
cleotide level of Adh and of Adh-dup genes of the five 
species compared. The average percentage identities, at 
the amino acid level, are 76.8 for ADH and 83.7 for the 
deduced amino acid sequences of Adh-dup. At the nu- 
cleotide level they are 70.2 for Adh and 67.5 for Adh- 
dup. The amino acid sequence for Adh-dup product is 
better conserved than for ADH although at the nu- 
cleotide level more divergence is observed. 

Phylogenetic Relationships among Drosophila Species 

The phylogenetic trees obtained by UPGMA with syn- 
onymous substitution rates for Adh and for Adh-dup 
show the same topology as the trees reconstructed by the 
neighbor-joining method and maximum parsimony. D. 
lebanonensis is clearly separated from the Sophophora 
species (data not shown). 

The phylogenetic relationships of D. lebanonensis to 

16 Drosophila species have been obtained by UPGMA 
and by bootstrapped neighbor-joining and maximum 
parsimony analyses with the sequence of the Adh gene. 
The tree reconstructed by UPGMA, using synonymous 
substitution rates (Li et al. 1985) with error estimates for 
the branching points, places the divergence of D. leba- 
nonensis from the Sophophora subgenus shortly after 
the divergence from the Drosophila subgenus (Fig. 8A). 
The neighbor-joining method unambiguously places D. 
Iebanonensis nearer to the Sophophora subgenus than 
to the Drosophila subgenus (Fig. 8B). The topology of 
the neighbor-joining tree differs from UPGMA for 
closely related species of the melanogaster and mulleri 
subgroups. 

The method of maximum parsimony with bootstrap 
estimates (100 replicates) was used to construct a ma- 
jority-rule consensus tree (Fig. 9). It has a topology 
which agrees with the UPGMA for D. lebanonensis but 
not with the topology given by UPGMA for species of 
melanogaster and mulleri subgroups, although the num- 
ber of trees that show the topology of Fig. 9 at those 
nodes is below 50%. 

Discussion 

The temporal and spatial profile of expression of the 
Adh gene of D. lebanonensis shows some features dis- 
tinct from D. melanogaster (Savakis et al. 1986): 

. The gene does not seem to be expressed in embryos. 
It begins to be expressed in larvae from the proxi- 
mal promoter but the maximum level of transcript is 
reached at the 1 st-instar larvae, decreasing over lar- 
val development. Interestingly, the level of tran- 
script is not correlated with ADH enzyme activity in 
the three instars. ADH activity is very low in 1 st lar- 
vae and reaches a maximum in 3ra-instar larvae 
where the level of transcript has reached a mini- 
mum. The translation seems to take place in 1 st_ and 
2nd-instar larvae when mRNA is available but the 
protein is activated progressively until the 3 ra instar, 
where it reaches the maximum activity. Similar re- 
sults have been reported in D. melanogaster and D. 
simulans in which mRNA appears to anticipate 
changes in both activity and cross-reacting material 
(Thomson et al. 1991). However, in D. lebanonen- 
sis, the time interval between the maximum levels of 
mRNA and ADH activity is doubled. One possible 
explanation for this result, in larvae, is that the degra- 
dation of mRNA is associated with translation which 
has been described for histone mRNA (Graves et al. 
1987) and that the protein would have to be modi- 
fied to yield the active enzyme. We do not have fur- 
ther evidence to support this interpretation but if 
this is so it would be a case of posttranslationa! 
modification of the ADH, which has not been de- 
scribed up to now. 
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Table 3. Third-codon-position base utilization for Adh and Adh-dup genes a 

A T G C Total G + C% 

Adh 
Subgenus Scaptodrosophila 

D. lebanonensis 15 75 70 94 254 64.5 
Adh-duplo 

Subgenus Sophophora 
D. melanogaster 50 71 82 69 272 55.5 
D. mauritiana 50 68 89 74 281 58.0 
D. pseudobscura 26 62 91 99 278 68.3 
D. ambigua 30 62 96 93 281 67.2 

Subgenus Scaptodrosophila 
D. lebanonensis 52 68 75 86 281 57.3 

D. mauritiana D. pseudobscura D. ambigua D. lebanonensis 
D. melanogaster 1.25 14.53' 9.76* 2.04 
D. mauritiana 10.85" 7.70 2.14 
D. pseudobscura 0.37 11.32" 
D. ambigua 9.01" 

a Comparisons made with 2 × 4 contingency ~2 statistics (*P < 0.05, 3 df) 

Table 4. Synonymous (above diagonal) and nonsynonymous (below diagonal) substitution rates for Adh-dup and Adh genes a 

D. melanogaster D. mauritiana D. pseudoobscura D. ambigua D. lebanonensis 

D. melanogaster - -  0.16 (0.03) 1.29 (0.18) 1.14 (0.15) 2.15 (0.60) 
D. mauritiana 0.006 (0.003) - -  1.18 (0.16) 1.07 (0.14) 2.23 (0.89) 
D. pseudoobscura 0.043 (0.008) 0.36 (0.008) - -  0.42 (0.06) 1.60 (0.11) 
D. ambigua 0.052 (0.009) 0.044 (0.008) 0.020 (0.006) - -  1.42 (0.22) 
D. lebanonensis 0.101 (0.013) 0.103 (0.013) 0.108 (0.014) 0.116 (0.014) - -  

D. melanogaster D. mauritiana D. pseudoobscura D. ambigua D. lebanonensis 

D. melanogaster - -  0.045 (0.016) 0.63 (0.08) 0.60 (0.08) 0.83 (0.11) 
D. mauritiana 0.009 (0.004) - -  0.68 (0.09) 0.63 (0.08) 0.86 (0.11) 
D. pseudoobseura 0.052 (0.009) 0.057 (0.010) - -  0.31 (0.05) 0.88 (0.12) 
D. ambigua 0.043 (0.009) 0.049 (0.009) 0.028 (0.007) - -  0.85 (0.11) 
D. lebanonensis 0.108 (0.014) 0.110 (0.014) 0.101 (0.014) 0.112 (0.014) - -  

a Values in parentheses are standard errors. 

2. Adh  of  D. l e b a n o n e n s i s  is expressed at a low level 
from the distal  promoter  in 1-day-old pupae and the 
level of  transcript  decreases until the eclosion, when 
the gene begins  to be act ively t ranscr ibed from the 
distal  promoter.  

3. In  v ivo  the proximal  and distal  transcripts accumu- 
late to different  s teady-state  levels and at different  
rates in larvae and adult  flies. The amount  of  prox-  
imal  transcript  in 1 st-instar larvae is one-sixth of  the 
amount  of  distal  t ranscript  in 8-day-old  flies and 
the max imum level of  proximal  transcript is reached 
in 1 day. The max imum level  of  distal  t ranscript  is 
reached on the eighth day in adult  flies. So the sit- 
uation seems to be very different  than that of  D. 
m e l a n o g a s t e r  Adh, where the maximum of  proximal  
transcript is reached at the beginning of  3rO-instar lar- 
vae (Savakis  et al. 1986) and where the proximal  
transcript  in larvae is more abundant  than the distal  
t ranscript  in adults. 

4. Pr imer  extension analysis  shows that D. l e b a n o n e n -  

5. 

s is  Adh is t ranscr ibed from the proximal  promoter  
at a basal  level in adults. This situation is also dif- 
ferent  f rom D. m e l a n o g a s t e r ,  in which  p rox imal  
transcripts are not detected in adults (Savakis  et al. 
1986) and a t ranscript ional  interference mechanism 
has been proposed  to shut off  t ranscr ipt ion from 
proximal  promoter  at the end of  3rd-instar larvae 
(Corbin and Maniat is  1989). I f  t ranscript ional  in- 
terference was appl icable  to Adh of  D. l e b a n o n e n -  

sis, a poss ible  explanat ion for the presence of  prox-  
imal  t ranscr ipts  in adults  would  be that they are 
produced in a different tissue from the abundant dis- 
tal transcript.  
Spatial  distr ibution of  Adh  in D. l e b a n o n e n s i s  also 
shows clear  differences from D. m e l a n o g a s t e r  both 
in larvae and adult  guts. 

Thus the differential  features of  the Adh expression 
pattern in D. l e b a n o n e n s i s  predict  differences in the 
regulat ion of  this gene. It has been shown that regula-  
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Fig. 8. A UPGMA constructed using the synonymous substitution rate (Ks) (Li et al. 1985). B Unrooted phylogenetic tree constructed with 
the coding region of Adh using the neighbor-joining method (Saitou and Nei 1987) and Kimura's two-parameter distance (Kimura 1980). The 
numbers on the tree are the bootstrap probability values based in 1,000 replications. 

tory elements are functionally conserved in closely re- 
lated species which show similar patterns of alcohol de- 
hydrogenase expression (Moses et al. 1990). The align- 
ment of the 5'region flanking the distal promoter of the 
Adh gene of D. melanogaster and D. lebanonensis is 
very poor, although some motifs that have been shown 
to bind transcription factors (Ayer and Benyajati 1990, 
1992; Benyajati et al. 1992) have been conserved (Fig. 
10). The octamer motif ATGCAAATTA (Singh et al. 
1986) included in the negative element described by Ay- 
er and Benyajati (1990) is 90% conserved but the sec- 
ond motif of this element GCAACAAC (DTF-1, Perkins 
et al. 1988) is not found in the sequence. The positive 
element DEP1-DEP2 (Ayer and Benyajati 1992) is 95% 
conserved. The repeats Adf2a and Adf2b which are 
sites for the binding of Adf2 repressor factor in D. 
melanogaster Adh-negative cells (Benyajati et al. 1992) 
are partially conserved in D. lebanonensis where Adf2a 
and Adf2b show 90% and 80% identity, respectively. 
The sequence from position 601 to 642 only is 46% 
identical to the Adfl  site described in D. melanogaster 
Adh (Heberlein et al. 1985), but after alignment it shows 
two inverted and two direct repeats at a similar position 
to the Adfl  motif. Although the order and the sequence 
of these motifs are highly conserved except for Adfl ,  
the spacing among them is very different from that of 
D. melanogaster. Experiments in progress may demon- 
strate whether these elements are functionally conserved 
in the Adh gene of D. lebanonensis. 

The abundance of Adh mRNA and protein in D. 

lebanonensis and a lower value of codon bias than in 
Sophophora species is surprising at first glance but the 
relation between codon bias and gene expressivity 
seems to be valid only within a species because it may 
depend on the G + C  content of genomic DNA and on 
the composition of tRNA population in a particular 
species. What is more surprising is that the ratio of Adh 
and Adh-dup codon bias is very different in the differ- 
ent species. So in melanogaster subgroup species this 
ratio is 8; in species of the obscura group has an aver- 
age of 2 and in D. lebanonensis 2.6. Therefore although 
the trend "the more biased the codon usage, the higher 
the expression of a gene" (Ikemura 1985) seems to be 
broadly true, it may not fit a perfect correlation. We 
would need more data on DNA composition, codon us- 
age, composition of tRNA populations, and gene ex- 
pression in the different species to draw correct con- 
clusions. 

Adh-dup of D. lebanonensis does not show any 
known motif in the spacer between Adh and Adh-dup 
coding region. Even the sequence that has been de- 
scribed as the putative promoter (Schaeffer and Aquadro 
1987) is not predicted by the method of Bucher (1990), 
which clearly predicts the two promoters of Adh. In con- 
trast with the Adh gene, whose product is very abundant 
in the fly, the product of Adh-dup is undetectable in the 
conditions assayed. Nevertheless, the deduced amino 
acid sequence of this gene product is better conserved 
than that of ADH in the five species compared. Adh-dup 
appears to be under stronger evolutionary constraints, 
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Fig. 9. Maximum parsimony three for Adh coding regions of 17 species of Drosophila. Numbers at the nodes show the number of times, per 
100 replicates of bootstrapped parsimony, that the set of those descendent taxa occurs together. 

Octamer 
-574 -544 

D.melanogaster tattacacgt atgcaaatta agccgaagtt 
-618 -588 

D. lebanonensis tacaagtata atgcaaacta catttatact 

DEPI-DEP2 
-500 -470 

D.melanogaster gctatgcttg acattcac aaggtcaaagct 
-258 -227 

D. lebanonensi~ tatttctttg acattcactg aaggtgaaaaca 

Adf2a 
-215 -183 

D.melanogaster tcacttatttgtt tataagtgca ctttctggtg 
-738 -698 

D. lebanonensiz ttgcatcagcgac tctcagagca catgctcgta 

Adf2b 
-6 -27 

D.melanogas~er tcatgcattattg tctcagtgca gtt gtcagtt 
-6 -23 

D. lebanonensi~ acgacgattattg t c a g t g c a  gtggtggcgtc 

D.melanogaster 

D. lebanenensis 

Adfl 
-90 -41 
aacgccgctg ctgctgcata cgtcgacgta gactgaactc gaccccacga 

-233 -184 
aaaacaqcat gtgccgggcc cqgcgggccc ggaccagagc gccggtcgct 

Fig. 10. Alignment of sequences that 
have been proved to bind transcription 
factors in D. melanogaster Adh. Bold 
letters indicate identical nucleotides in 
both sequences. 

which do not a l low the gene product ,  to residue 265, to 
change as fast as ADH.  However ,  f rom this residue to 
the end of  the molecule  these constraints seem to be 
more relaxed, since variat ion in length and composi t ion 
is observed throughout  the genus. Higher  synonymous  
substitution rates than for the Adh gene could be ex- 
pla ined by the higher  bias in the codon usage (Ikemu- 

ra 1985), The conservat ion of  the amino acid sequence 
seems to predict  that the gene product  has an important  
function in Drosophi la ,  but the low expressivi ty  which 
makes it undetectable  in the condit ions assayed pre- 
dicts a very different  function of  that of  ADH.  

The al ignment of  the phenylalanine or tyrosine at the 
second posi t ion of  Adh-dup  with the phenyla lanine  at 
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the third position of Adh in the species of melanogaster 
subgroup suggests that this residue was present in the 
ancestral gene, which gave rise to Adh and Adh-dnp by 
duplication before the divergence of Sophophora and 
Scaptodrosophila. The loss of this residue in the ADH 
of species of other groups and subgenera would repre- 
sent independent events, at least in the lineages which 
gave rise to the obscura group and Scaptodrosophila. 

The phylogenetic tree obtained by UPGMA using 
synonymous substitution rates for Adh shows that 
Sophophora and Scaptodrosophila diverged shortly af- 
ter the separation from the Drosophila subgenus; thus 
the ambiguous order of divergence obtained with the 
amino acid sequence data (Villarroya and Juan 1991) 
disappears. However, the UPGMA constructed with 
Kimura's two-parameter model for the whole coding re- 
gion of Adh gives the same ambiguity as with amino 
acid data (data not shown). The neighbor-joining 
method (Saitou and Nei 1987) using Kimura's two-pa- 
rameter model groups D. lebanonensis with the species 
of the Sophophora subgenus in all bootstrap replicates, 
while the bootstrap analysis of the parsimony tree in- 
dicates that this is supported in 91% of the replicates. 

The phylogenies in Figs. 8 and 9 and the existence 
of Adh-dup in the same position as for the species of the 
Sophophora subgenus indicate that the phylogenetic re- 
lationships between Sophophora and Scaptodrosophila 
are reliable. 
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