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Abstract. The region of the genome of D. lebanonen-
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 qualitative differences 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 Scaprodrosophila 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



456

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. lebanonen-
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. lebanonensis using the nucleotide se-
quence of the Adh and Adh-dup genes.

Materials and Methods

Drosophila Strains. The D. melanogaster stocks AdhS (kindly sup-
plied by M. Aguadé) and Adh® cn; ry3% 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 Xbal genomic fraction from strain
323G (Gandesa, Tarragona) of D. lebanonensis (Fig. 1). The fragment
Xbal-EcoRI, which contains Adh, and the fragment EcoRI-EcoRI,
which contains Adh dup, were subcloned in BSKS+ and BSKS—. The
sequence of the fragment Xbal-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® (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 [¥*?]5’-end-1abeled primer SCAACGAAAATAACG-
TTCTTGTTGGT (from +53 to +77), which was gel purified after
end labeling, and 25 ug 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% 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 Xholl-Dral (2,825-3,385, 561 bp, Fig. 2) 3’end-labeled with
Klenow, [6*?P]dATP, [032P]dCTP, [¢*?P]TTP, and dGTP; 20 ug of
total RNA and the 3’end-labeled probe (10 cpm) were coprecipitat-
ed with ethanol, dried, resuspended in 30 ul 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 S1 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 pug 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
(HaellI-Pvull, 402 bp) and D. lebanonensis (BgllI-Hincll, 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
[0*2P]dCTP (Amersham) to a specific activity of 5 X 108 cpm/ug of
DNA. A specific probe for D. lebanonensis Adh-dup was prepared by
using 3,000 Ci per mmol of [0**P[dATP and [0 *2P]TTP to a specif-
ic activity of 5 X 10° cpm/pg 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 X 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. Filins were scanned by
laser densitometry with an LKB 2222-020 UltroScan XI. 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 AdhF™6 of D. melanogaster was used as
a conirol.

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 min at
14,000 rpm, and the supernatant was diluted fivefold with the same
buffer. The activity was quantified as described in Juan and Gonza-
lez—Duarte (1980). One unit of activity reduces 1 pmol 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.

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

6.3Kb

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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ctagaaacacactcagtgece ctagttgagaaactgtactcgtaagtcaagtgetgacaataatctacacacatctacttgtacatat tacaaatacg
ttgcatcagcgactctcagagcacatgctcgtattacatatttacatacgagtatgtactaagtacatatatagtacatagtatgcgaacacacagcact
atacaagtataatgcaaactacatttatacttgtatgtaaatgagaaatctactcttttcttggcattgagcactggcgtccaatctgttggcacagagc
tctgctggcatcaaataccggtcattcccattcctaggcatgttacaattattggatttgcatacctccgctctattgccatataagcttagtttttgtg
ctcagccttgagtggttcgctattaaaaaggcagctgctcacatcccctggatgactggggtcggctctggtacaatgtgcacctactaggggcctgttt
gtgagctcggcgcacccccaatcttttaaattgaaggtgatcctctggtcgctctgttgctgccccgcgcttatttctttgacattcactgaaggtgaaa
acagcatgtgccgggcccggcgggcccggacccgagcgccggtcgcttgtttacatatagttcatacacatacgatacatacgagtatgtacatacgtgg
gcaattgtataagcattattacaaaatatagaatgcaaaatacacacgagtcgtcgggttggcgatgctttcagctcttccgcgttcatctggctggqgg

acgagtatttacaaaatctattattggaaacggtgagttgagtgctagaagcgacagtgaagtgtgggagaactttagaaagcagtgataaaagagaact
ttaaataaccgaaaataatcaacaaatCgccgataaagaacaattaaagtaatagctgtaaaaagctctacacttcgtatggaattCgtagttaatttct
acgactacttttgccagcaaaatagtgatagacaccattcttgatttgttcgttcatctactatgactgcgagaatttttaatgtctaggacaatgatag
agcgataaaagcgactagacactcttcocaaacaattagegactagacacagactacacactcettectagtaattgeataattttttttttaaatttaata
attaaagtcagacgataagttatcgtetgaaaageattgaaaaagaaageccaggegacgctatagacatcgaactagaactagaaaaagtaagegtaac
tatgaccaagcgattttcatategttctetcagcaaattcaaatatacacgaatttaacgaactagtactaactataaataaagtetggegegegtettt
ctgtttgetgccecgeceggetygatagcaacaaaatgettgecggecgeteggteggcataacgtagaagattataatgetgtggaaaaaaccaaaacaaa
taatatgctggcgaagtactattttcagaatattcttttcgttgcgcgacttcggctagtgtttatcgagcacatgtagagagctacgtaatcgctatta
acagagctetgttaacttaacatacatacatacatacatacatacttatgtgtgtatatgategtttgataagacatgaatggtgagegtgttaatgttyg
taccgaaaagaaataaatacatacagacgtttacataaaacasacgacgegacagtgacgaggttgtttgetatttgtagegataagaggegacgegaty

Py
tttaaagcgcgttatacgcctaggacgacgattattgtcagtgcagtggtggcgtcgtgttcagcachathagaccaacqqctaattctaacqgaatt

tgtcgaaattttcacataaatagcccgactagctaaccagatctggttcgcacttcagcagccagcaaacaaacagttagaggcacaagatggatttgac
D L
caacaagaacgttattttegttgcecgetetgggeggtattggtetegacacgagtegggagetegtcaagegtaatctgaaggtgagtecaacegtaate
N K N VI FVAAULGOGTI G L DT S REL R N L K
tctggetggagatgaaacgatttaaacgattotgegtccacagaatttigteatettggacagagttgagaaccegactgetettgetgagetgaaggea
N FV I L DI RV ENUZPTA ATLATETLKA
ataaatcccaaggtgaacatcaccttecatacctacgatgtgacegtacecgttgetgagtegaagaagetgetgaagaagattttegatcagetgaaaa
I NP X VNI TVFHTY DV TV PV AESI KU KT LULZE KU KTITFDUGQTL K
ccgttgacattctgatcaatggtgctggtattttggatgaccatcagattgagegeaccattgeccatcaacttcactggtetggtcaacaccaccacege
T v DI L I NGAGTIULDUDHUOQTIERTTIAZATINTFTTETLUVNTTTTT
tattttggacttttgggacaagegtaagggeggtectggtggeatecattgecaacatttgetocgttactggettcaatgecatecaccaggtgeetgte
I L D FWUDI KU RI KGO GPGOGI I ADNIU CSUVTG N A I Q V P V
tactcggcatccaaggetgetgttgticagettcacaaatteectggeggtaaggagtatageattggattoctettatataatattaatgaacatttata
Y § A2 § K A AV V S F TN S L A
atgtttttatatagaaactggeteccatcactggegttactgectattegatcaacectggeatcaccaggacceecttggtgeacactttcaactectyg
K L API TGV TATSINWPGITT RT®PILVUHTTFNS
getggatgtagagecacgtgttgecgaactgetgetygtcecatecaacccagacctcocgageaatgegygtcagaactttgtcaaggecat tgaggecaac
W L DV EPR RV AETLTULTILSHPTOQQTSEQQCGQQNVFUV KATIEA AN
aagaatggegecatatggaaattggatctgggeacecttgaggecattgagtggaccaageact gggactegeacatetaageatttecacgecattgtyg
K N G I L DL G TULEA ATIZEWTIEKUHWD S H
ataagatagacgtgtatacggaattgaacaattaatatgaagtaaggetgattgataaacgticcatygttgtegaacgetgaatygtegaatitgttatt

o
tttatgaaaatatatcgaagagaattccaaacaggggggégaaaactgataactggaattaaaaaatatgataaataattgactgtggatcgggagttag
ToLlY A oly
gtaaacagtagagcagtgctagttcaaccattgaataaacaagtggatattttttetaaataccagtatgttegacttgacaggcaaaaatgtctgctat
M D G K N VvV ¢ Y
gtggcggactgtggaggeattgecttggagacctgcaaggtgtigatgacaaaaaatattgecagtgagtagtgaagagaatatgaatgataactggatga
vV A DC G G I A L E TC X V L MTZ XNTIA
tagtgaacatcaatattgtttaagtaattgtaatectattgggtcagecatcattttactaaaaaattgttaaacatattaatttaaacaaatattggaa
atgaaaagacttcacccacgatcgttectttacataactctgatataatacttattaatatacttcecatatetgttgatctattattaattgeaaattt
atcctctaattetgeccaaagaaattggcaatactgcatagtgttgagaacecgecaggecat tgcgeaactygcaatecctcaagectagcacgeaaatat
K L. A I L H SV ENUPOQATIAOQULIOQSTILI KUPSTOQ I
ttttectggacctatgatgtgaccatggeacgtgecgatatgeagaaatactitgacgaagtgatggttcagatggactatategatgtacteatctatygy
F FWTY DV TMARA ADMOGQ@E KY F DEV MV QMDY I D VUL I VY
cgeeaccttgtgegatgagacggacategatggeaccatcaatacaaacttgacgggtatgatgaacacctgtgeccactgtgttgeeccatatggacaag
G A TL CDETUDTIUDOGTTIDNTNUZ LTS GMMNTTOCA ATV L PHMMDUDIK
aaaaaggacggcageggeggtttgattttgaatgtaaccteogtcattggattagacecategecagttttttgegectacagtgettctaaatttggty
K XK b & s 6 L I LNV T SVIGLDUZPS?PVF CAY S A S KF G
tgattggatttacgegcagettggeggtgattgaacattaaacaattatgtgtagatgaattttgaatgactetttttetctgtaggateccetgtatta
v I 6 F T R 8 L A D P L Y
tacacaaaacggagttgetgtcatggctgtgtgetgtggt cecacaaaagtatttgtagatcgegagetaacegecttettgeecttacggacagtecttt
Y T Q NGV AV MAVYV CCG P T I KV F VD RETILTAVPFTLUPYG Qg 8 F
geegategectgegeactgocecctgecagtcaacagetgtttgtggecagaacattgtgegtgecat agaacgeggcgagaatggacagatttggatag
2 D R L R T AP C QL S T AV C G NI VZRAIERTGEHD NGOG GGTIMWTI
cggacaagggcggeciggaactggtcaagetgcaaagetattggcatatggeggacgtattectgeactacatgeagacaaagaggatgattagacaaat
A D K 6 GG L EL V EKILOQ S Y WHMADV F L HY M @ TZ XU RMTIR
aagaagtttccaaaaaactatatacatttgacgaacaatttttgtaaaaatgctgaaagaaagcagetgettaaataacgtagacatggaatatattgaa
I R 8 F Q K T I Y I
atatatgtatatattgacgtacaa

Fig. 2. Nucleotide sequence of the genomic region of D. lebanonensis which contains Adh and Adh dup genes. TATA box and polyA sig-
nals are underlined. Arrows indicate the most frequently 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 frequently used polyadenylation sites.

embryos and it begins to be actively transcribed from the
proximal promoter in 1%t-instar larvae, the level of prox-
imal transcript decreases in 2™-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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Fig. 3.  Primer extension using total RNA from different develop-

mental stages. 1, embryos; 2, 3, and 4, 18-, 2" and 3"-jnstar 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%
18 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-
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Fig.4. Analysis of Adh RNA through the development. RNA was
prepared from two developmental stages of D. melanogaster AdhS
(the first two lanes on the left) and from 10 different developmental
stages of D. lebanonensis (E, embryos; L1, 1.2, and L3, 15, 2. and
3d-instar larvae; P s 1-day-old pupae; Py, red eye pupae; P, black
pupae; Al, A4, and A8, 1-, 4-, and 8-day-old adults; 8 pg of total
RNA was loaded onto each track. A The filter was simultaneously hy-
bridized with the total probe of D. lebanonensis Adh (BgllI-HincIl)
and the total probe of D. melanogaster Adh (Haelll-Pvull) (Fig. 1).
B After washing out the hybridized total probe it was hybridized with
the distal probe (Dral-Dral) of D. lebanonensis Adh. C Ethidium-bro-
mide-stained gel.

L1L2 L3 P Pg Pc A1 M AB

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%, 2. and 3"-instar larvae and in 1-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 1%-instar larvae was also light-
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ADH activity (units 7 gr of flies)

Area (AUxmm)

Fig. 5. Adh gene expression during
the development (M) ADH activity
profile. (J) mRNA profile. E,
embryos; L1, L2, and 1.3, 1%t 2nd_,

and 3"-instar larvae; P,, 1-6-day-old

T
25 Days

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.

The pattern of ADH distribution along the gut in D.
lebanonensis is clearly different from that of D. melano-
gaster. ADH activity is detectable throughout 3"-instar
larvae midgut of D. melanogaster (Fig. 6D) while D.
lebanonensis 3"-instar larvae only show staining of the
anterior midgut (Fig. 6C). Four-day-old adult midgut of
this species stains over nearly all its length (Fig. 6H)
while in D. melanogaster the adult midgut staining is re-
stricted to the cardia (Fig. 6I).

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 motif overlaps 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 of D. 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

pupae; Py, red-eyed pupae; P, black
A pupae; A, adults.
Table 1. Adh gene expression throughout development
Adh
transcripts
ADH activity Northern
(U/gm flies) (AU X mm)P
D. lebanonensis
E 1.80 = 0.00 0.03
L1 3.03 £ 0.06 1.21
L2 10.66 = 0.21 0.68
L3 20.99 + 0.21 0.10
PA 8.19 = 0.85 0.18
PB 8.47 = 0.17 0.05
pPC 544 = 0.19 0.24
Al 2447 = 0.13 0.94
A4 37.60 = 0.98 4.41
A8 38.95 + 0.67 7.59
D. melanogaster
(Adh® strain)
L2-L3 ND? 3.98
Ad ND 1.60

ND, 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. Histochemical staining for ADH activity in dissected tissues tem from a 4-day-old male. D and I, digestive tract and Malpigian

of larvae and adult flies of D. lebanonensis. A, B, and C, digestive
tract, attached Malpigian tubules, and fat body from 1%, 27-, and 3d-
instar larvae, respectively. G and H, digestive tract and attached
Malpigian tubules from 1-day- and 4-day-old adult flies, respective-

tubules from 3™-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,

ly. E, dissected ovaries from a 4-day-old female. F, reproductive sys- ovarioles; ED, ejaculatory duct. Bar = 50 pm.
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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 intensifying screens were used for
longer exposure times. Northern blots carried out with
25 pg of total RNA 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 mRNA becomes
highly diluted in total RNA and is not detectable in
these conditions. Thus it was not possible to detect the
start site of transcription and the polyadenylation site ex-
perimentally.

Codon Usage in Adh and Adh-dup

The base composition 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). Apparently in D. melanogaster
as in unicellular organisms the extent of codon bias is
correlated with gene expressivity (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-
ditional results on the comparison of codon bias and
gene expressivity for D. melanogaster and D. simulans
Adh show that the former has a higher level of expres-
sion than the latter (Juan and Gonzalez—Duarte 1980;
Dickinson et al. 1984); however, both species have
identical codon bias. Thus it seems that the codon bias
cannot be correlated with gene expressivity among
species. Codon preference is less biased 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 approximately 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 Sullivan (1989) found a shift in the
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Table 2. Codon bias in Adh and Adh-dup genes

X'a
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

2 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. lebarnon-
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.
lebanonensis 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):

1. 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%-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 15 lar-
vae and reaches a maximum in 3"-instar larvae
where the level of transcript has reached a mini-
mum. The translation seems to take place in 1% and
2nd_jnstar larvae when mRNA is available but the
protein is activated progressively until the 3" 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 posttranslational
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 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. melanogaster
D. mauritiana
D. pseudobscura
D. ambigua

D. mauritiana
1.25

D. pseudobscura

14.53*
10.85*

D. ambigua D. lebanonensis
9.76% 2.04

7.70 2.14

0.37 11.32%

9.01%

2 Comparisons made with 2 X 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?

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. melanogaster
D. mauritiana

D. pseudoobscura
D. ambigua

D. lebanonensis

0.009 (0.004)
0.052 (0.009)
0.043 (0.009)
0.108 (0.014)

0.045 (0.016)
0.057 (0.010)
0.049 (0.009)
0.110 (0.014)

D. pseudoobscura D. ambigua D. lebanonensis
0.63 (0.08) 0.60 (0.08) 0.83 (0.11)
0.68 (0.09) 0.63 (0.08) 0.86 (0.11)
— 0.31 (0.05) 0.88 (0.12)
0.028 (0.007) — 0.85 (0.11)

0.101 (0.014) 0.112 (0.014) —

2 Values in parentheses are standard errors.

2. Adh of D. lebanonensis 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 actively transcribed from the
distal promoter.

3. In vivo the proximal and distal transcripts accumu-
late to different steady-state levels and at different
rates in larvae and adult flies. The amount of prox-
imal transcript in 1%-instar larvae is one-sixth of the
amount of distal transcript in 8-day-old flies and
the maximum level of proximal transcript is reached
in 1 day. The maximum level of distal transcript is
reached on the eighth day in adult flies. So the sit-
uation seems to be very different than that of D.
melanogaster Adh, where the maximum of proximal
transcript is reached at the beginning of 3-instar lar-
vae (Savakis et al. 1986) and where the proximal
transcript in larvae is more abundant than the distal
transcript in adults.

4. Primer extension analysis shows that D. lebanonen-

sis Adh is transcribed from the proximal promoter
at a basal level in adults. This situation is also dif-
ferent from D. melanogaster, in which proximal
transcripts are not detected in adults (Savakis et al.
1986) and a transcriptional interference mechanism
has been proposed to shut off transcription from
proximal promoter at the end of 3™-instar larvae
(Corbin and Maniatis 1989). If transcriptional in-
terference was applicable to Adh of D. lebanonen-
sis, a possible explanation for the presence of prox-
imal transcripts in adults would be that they are
produced in a different tissue from the abundant dis-
tal transcript.

. Spatial distribution of Adh in D. lebanonensis also

shows clear differences from D. melanogaster both
in larvae and adult guts.

Thus the differential features of the Adh expression

pattern in D. lebanonensis predict differences in the
regulation of this gene. It has been shown that regula-
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A UPGMA constructed using the synonymous substitution rate (K) (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 Adf1 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 Adf1 motif. Although the order and the sequence
of these motifs are highly conserved except for Adf1,
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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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 agccgaadtt
-618 -588

D. lebanonensis tacaagtata atgcaaacta catttatact

DEP1-DEP2
-500 -470
D.melanogaster gctatgcettg acattcac aaggtcaaagct
-258 -227

D. lebanonensis tatttctetg acattcactg aaggtgaaaaca

Adf2a
-215 -183
D.melanogaster tcacttatttgtt tctcagtgeca ctttectggtg
-730 -698

D.lebanonensis ttgcatcagcgac tctcagagca catgetcgta

Adf2b
-6 =27
D.melanogaster tcatgcattattg tctcagtgca gtt gtcagtt
-6 =23
D. lebanonensis acgacgattattg tcagtgca gtggtggcegtc

Adfl
-50
D.melanogaster
-233
D.lebanonensis

which do not allow the gene product, to residue 265, to
change as fast as ADH. However, from this residue to
the end of the molecule these constraints seem to be
more relaxed, since variation in length and composition
is observed throughout the genus. Higher synonymous
substitution rates than for the Adh gene could be ex-
plained by the higher bias in the codon usage (Ikemu-

aacgecgetyg ctgetgcate cgtegacgte gactgeacte geccccacga

aaaacageat gtgecgggee cggegggcce ggaccegage geeggtcget

Fig. 10.  Alignment of sequences that
have been proved to bind transcription
factors in D. melanogaster Adh. Bold
~184 letters indicate identical nucleotides in
both sequences.

-41

ra 1985). The conservation of the amino acid sequence
seems to predict that the gene product has an important
function in Drosophila, but the low expressivity which
makes it undetectable in the conditions assayed pre-
dicts a very different function of that of ADH.

The alignment of the phenylalanine or tyrosine at the
second position of Adh-dup with the phenylalanine 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-dup 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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