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Abstract The alcohol dehydrogenase genes make up
one of the best studied gene families in Drosophila, both
in terms of expression and evolution. Moreover, alcohol
dehydrogenase genes constitute potential versatile
markers in insect transformation experiments. However,
due to their rapid evolution, these genes cannot be
cloned from other insect genera by DNA hybridization
or PCR-based strategies. We have therefore explored an
alternative strategy: cloning by functional complemen-
tation of appropriate yeast mutants. Here we report that
two alcohol dehydrogenase genes from the medfly
Ceratitis capitata can functionally replace the yeast en-
zymes, even though the medfly and yeast genes have
evolved independently, acquiring their enzymatic func-
tion convergently. Using this method, we have cloned an
alcohol dehydrogenase gene from the olive pest
Bactrocera oleae. We conclude that functional comple-
mentation in yeast can be used to clone alcohol dehy-
drogenase genes that are unrelated in sequence to those
of yeast, thus providing a powerful tool for isolation of
dominant insect transformation marker genes.
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Introduction

The enzyme alcohol dehydrogenase (ADH; alcohol:
NAD " oxidoreductase; EC 1.1.1.1.) catalyses the re-
versible conversion of a variety of alcohols to their cor-
responding aldehydes and ketones. The reduction of
acetaldehyde to ethanol is the final step in alcoholic fer-
mentation in yeast and the reverse reaction is the initial
step in the catabolism and detoxification of ethanol in a
variety of organisms. Insect ADHs belong to the super-
family of short-chain dehydrogenases/reductases (SDR)
(Jornvall et al. 1995); members of which have been found
in organisms as diverse as bacteria and humans. Inter-
estingly, all four yeast Adh genes, as well as those from
other organisms, belong to the medium-chain (formerly
“long-chain) dehydrogenase family. In light of the
major differences in structure and catalytic mechanism
between the two dehydrogenase families, it is believed
that they have evolved independently and acquired the
same function by convergence (Jornvall et al. 1981).
Until recently, insect Adh genes had been cloned ex-
clusively from species of the genus Drosophila, where
this gene-enzyme system has been the subject of inten-
sive studies on gene evolution and expression (for a re-
cent review, see Ashburner 1998), as well as its response
to natural selection (Kreitman 1983; Bodmer and Ash-
burner 1984; Kreitman and Aguade 1986; Kreitman and
Hudson 1991; McDonald and Kreitman 1991). Because
of their low levels of sequence similarity to the Droso-
phila genes, cloning of the two Adh genes from the
medfly Ceratitis capitata was only accomplished by first
purifying the proteins to homogeneity (Gasperi et al.
1994) and using peptide sequences and RT-PCR to
amplify the corresponding cDNA sequences (Brogna
et al., in preparation). The deduced medfly ADH pep-
tide sequences are 83% identical to each other, but show
only about 35% identity with the Drosophila proteins.



Using a similar approach, Horio et al. (1996) cloned one
Adh gene from Sarcophaga peregrina (a member of the
family Calyptratae), which is also 38% identical to
Drosophila proteins. The low degree of sequence simi-
larity between Drosophila and non-Drosophila adh
genes suggests that cloning them from non-Drosophilid
insects by conventional techniques will not be straight-
forward. Thus there is a need for the development of an
alternative cloning technique.

Functional complementation of yeast mutants has
been used successfully in the past for cloning conserved
genes from various species, such as the gene encoding
the Drosophila ade3, and human and Drosophila cyclins
(Henikoff et al. 1981; Léopold and O’Farrell 1991; Lew
et al. 1991). Saccharomyces cerevisiae has four alcohol
dehydrogenase genes (Williamson and Paquin 1987), all
of which belong to the medium-chain dehydrogenase
family (Young and Pilgrim 1985). A previous attempt to
detect complementation of ADH-deficiency in yeast cells
following transformation with the Drosophila Adh gene
failed; although the insect ADH protein was detected by
immunoblotting (Atrian et al. 1990). In the present
study, we show that two short-chain alcohol dehydrog-
enases from medfly Ceratitis capitata can complement
ADH deficiency in yeast, thus allowing mutant cells to
grow when respiration is inhibited. We have used this
finding to develop a method that allows cloning of short-
chain alcohol dehydrogenase genes. Using this method
we have successfully cloned an Adh gene from another
major agricultural pest, the olive fruitfly Bactrocera
oleae (Dacus).

Materials and methods

Strains

C. capitata flies are derived from the stock ‘Benakeio’, and were
raised at 22-25° C as described previously (Rina and Savakis 1991).
Bactrocera oleae flies were provided by Dr. Chaniotakis
(Entomology Laboratory, Research Center “Demokritos”, Greek
Atomic Energy Commission). The Adh-deficient yeast strain
MC892-1C (M ATw; adhl, adh2, adh3, ura3-52, trpl, leu2, his3) and
MC71-27A (MATa, adhl, ADH2, adh3, ura3-52, trpl-289) were
used to select for insect Adh genes, and the wild type RH1168
(MATuo, mal, gal2, ura3-52, leu2-2) was used as a positive control.
Initial propagation of the B. oleae cDNA library was accomplished
in E. coli strain XL1-Blue MRF’ (Stratagene). In all other cases, the
E. coli strain DHS5« [F” endA1 hsdR17 supE44 thi-1 recAl gyr A
relAl A(lacZY A-argF)] was used as a plasmid host.

Transformation in E. coli and yeast

Transformation of E. coli cells was generally done as described by
Hanahan (1983). The B. oleae cDNA library was introduced into
the host cells by electroporation (0.1 cm electroporation cuvette;
pulse at 25 pF, 200 Q, 1.65 kV). All yeast cells were transformed as
described by Ito et al. (1983).

Plasmid constructs

The two medfly genes were cloned in the yeast expression vector
pDB20 (Fikes et al. 1990). Total RNA was isolated from adult flies,
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as described in Holmes and Bonner (1973), and single-stranded,
oligo(dT)-primed cDNA was synthesized by standard methods
(Sambrook et al. 1989). Adhl and Adh2 cDNAs were amplified by
PCR, using Vent polymerase (New England Biolabs) to increase
fidelity. The following set of primer pairs was used to amplify
the two cDNAs. 5-CTAAGCTTCATAATGAGTTTGGCCGG-
TAAAAAT-3 and 5-CTAAGCTTCTAGTAAGTGGGTTCC-
CAGTA-3 for Adh-1; and 5-CTAAGCTTCATAATGAGTTTG-
GCCGGTAAAAAT-3’ and 5-CTAAGCTTCTAGTGGTAG-
GTGGGCTGCCA-3" for Adh-2. The PCR was first run for five
cycles at the annealing temperature of 52°C and then for another
35 cycles at 62° C. Southern analysis using an Adh-2 cDNA clone as
a probe under stringent conditions (60°C), verified that the am-
plified fragments were indeed derived from the two medfly genes.
The constructs pDBCcA1 and pDBCcA2 resulted from cloning the
two PCR products into vector pDB20. Construct pDBScAI, con-
taining the S. cerevisiae ADH 1 gene, was used as a positive control
for the complementation experiments. The Sphl fragment of the
vector pDB20 (extending from the 4DCI promoter to the termi-
nation signal) was replaced by the yeast genomic fragment that
extends from 414 bp upstream of ATG to 528 bp downstream of
the termination codon of the ADH1I gene.

Screening for ADH activity

Transformed yeast cells were plated on MIN plates (2% glucose,
0.7% yeast nitrogen base without amino acids, and 2% agar), with
the addition of the appropriate amino acids, and allowed to grow
for three days. They were then replica plated onto plates of the
same medium supplemented with 0.5 ppm antimycin A, which in-
hibits respiration. To clone the B. oleae Adh gene, DNA was re-
covered from yeast that were capable of growing in the presence of
antimycin, and was used to re-transform yeast cells, which were
then re-screened for ADH activity. This method revealed that three
out of the 18 clones initially recovered were false positives.

Construction of the B. oleae cDNA library

Total RNA was prepared from adult B. oleae as described by
Holmes and Bonner (1973). mRNA was subsequently isolated on
an oligo-d(T) column. cDNA was synthesized using the cDNA
synthesis reagents provided by Stratagene, according to supplier’s
instructions. The resulting ¢cDNAs contained EcoRI and Xhol
overhangs at the 5’- and 3’-end, respectively. This allowed direc-
tional cloning into a modified version of the vector pDB20.

Sequencing

The B. oleae Adh cDNA clone was sequenced using the transposon-
based method described by Strathmann et al. (1991). Whenever
single-pass sequencing was used, this was done as described by
Sambrook et al. (1989).

Results and discussion

Complementation of ADH-deficient yeast strains
by medfly genes

Since all yeast Adh genes belong to the medium-chain
dehydrogenase family and are thus substantially differ-
ent from the insect enzymes, we tested whether a short-
chain ADH could adequately complement the yeast
deficiency, before attempting to use complementation to
clone new Adh genes from other insect species. We first
cloned the two medfly Adh cDNAs (EMBL Accession
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Nos. 230194 and Z30195) separately in the shuttle vec-
tor pDB20 (Fikes et al. 1990). pDB20 is a multicopy
vector that can be propagated and selected in both E. coli
and yeast, using ampicillin resistance and uracil auxo-
trophy, respectively. Expression in yeast cells is con-
trolled by the promoter of the Adhl gene (4ADC1), which
is one of the strongest constitutively active yeast pro-
moters (Nasmyth and Hall 1980). In order to maximize
the efficiency of translation, both constructs with medfly
cDNAs contained the CATA sequence immediately
upstream of the initiator ATG, which matches the
consensus at this position in yeast genes that are highly
expressed (Cigan and Donahue 1987). Furthermore, we
confirmed, by single-pass sequencing, the absence of any
upstream ATGs that might cause a decrease in expres-
sion levels. The vector without insert was used as a
negative control and the vector containing the S. cere-
visiae ADHI gene (construct pDBScAl) as a positive
control.

These four constructs were used to transform the
yeast strains MC892-1C and MC71-27A. Strain MC892-
1C is deficient for the three major alcohol dehydroge-
nase genes; whereas MC71-27A is deficient for ADHI
and ADH3, but retains the ADH2 gene intact. Three
independent colonies of each of these transformants
were screened for ADH activity, using antimycin A
plates. Antimycin A, at a concentration of 0.5 ppm,
blocks cell respiration, leaving the glycolytic pathway as
the only source of NAD " Thus, only cells that are able
to metabolize acetyl Coenzyme A to ethanol can grow.
The results are shown in Fig. 1. Each of the two medfly
Adh genes, as well as the yeast ADHI gene, comple-
mented both mutant yeast strains, allowing them to
grow under anaerobic conditions i.e. in the presence of
antimycin A (Fig. 1). When transformed with the empty
vector, the triple mutant (strain MC892-1C) failed to
grow; whereas the double mutant (strain MC71-27A)
did exhibit some limited growth. This residual growth
must be due to its intact ADH2 gene (which would be
repressed, by the glucose in the medium, during early
phases of growth). Both mutant strains transformed
with medfly genes grew about 20% more slowly than the
wild type strain and that transformed with the yeast
ADHI gene.

To verify expression of the insect proteins in vivo,
crude extracts from transformants of strain MC892-1C,
carrying the plasmids pDBCcA1, pDBCcA2, pDBScA1
and pDB20 were fractionated by SDS-polyacrylamide
gel electrophoresis. The proteins on the gel were elec-
trotransferred to a membrane and immunostained with
a rabbit polyclonal antibody against medfly ADHI,
which cross-reacts with ADH2 (Gasperi et al. 1994). We
confirmed the expression of the medfly ADHs (Fig. 2).
No other protein cross-reacted with this antibody.

These results support the view that the short-chain
alcohol dehydrogenases can functionally replace the
yeast medium-chain enzymes. This is a clear case where
molecules that are completely unrelated, in both their
primary structure and the mode of formation of the

aah-1 adh-3 adh-1 adh-2 adh-3

Fig. 1 Complementation of alcohol dehydrogenase-deficient yeast by
C. capitata Adh genes. The ADH-deficient yeast strains MC71-27A
(MATa, adhl, adh3, ura3-52, trpl-289), which expresses ADH2
(bottom left) and MC892-1C (MATw, adhl, adh2, adh3, ura3-52,
trpl, leu2, his3), which completely lacks ADH activity (bottom right),
were transformed with the plasmids pDBCcA1 (lower left sector of the
plates) and pDBCcA2 (lower right sector of the plates). Both these
plasmids are derived from the yeast expression vector pDB20 and
carry the C. capitata genes Adh-1 and Adh-2, respectively. We used the
vector containing the S. cerevisiae ADH1 gene (plasmid pDBScA1) as
a positive control (top left sector of the plates); and the empty vector
(pDB20) as a negative control (top right sector of the plates). Three
individual transformants from each plate were replica-plated onto
agar plates containing antimycin A (Sigma), at a concentration of
0.5 ppm, which blocks cell respiration. Cells transformed with
pDBCcAl, pDBCcA2 or pDBScA1 can grow, whereas cells carrying
the empty vector did not grow, under these conditions
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Fig. 2 Electrophoretic and immunoblot analysis of the C. capitata
proteins expressed in yeast. Crude extracts from cells of the yeast
strain MC892-1C, transformed with the plasmids indicated, were
fractionated on a 12% SDS-polyacrylamide gel. Left panel Gel stained
with Coomassie Brilliant Blue. The positions of the ADH proteins are
indicated by the arrowheads. Right panel An identical gel was
electroblotted onto a nitrocellulose filter, which was probed with a
polyclonal antibody (diluted 1:1000) against C. capitata Adhl
(Gasperi et al. 1994), and stained with an anti-rabbit antibody
(Boehringer Mannheim), conjugated to horseradish peroxidase. Low
molecular weight bands in the pDBCcAl lane are probably
degradation products



active enzyme complex, are found to replace each other
functionally in vivo.

Cloning of a novel gene from B. oleae
by complementation of a yeast mutant

A small cDNA library from B. oleae was constructed in
the shuttle vector pDB20. The library consisted of about
12,500 clones, of which more than 80% contained in-
serts greater than 200 bp long. The sizes of the inserts
varied from 100 bp to 2.5 kb, with the majority being
around 1000 bp long. Plasmid DNA from this library
was used to transform yeast cells of strain MC892-1C;
these were subsequently screened for ADH activity in
the presence of antimycin A. Library plasmids were re-
covered from a total of 18 candidate positive colonies,
all of which could grow in the presence of antimycin A.
Of these, 15 had inserts of about 1000 bp in length; the
other three were about 900, 500 and 450 bp long. Single-
pass sequencing of the 5” ends of the 15 larger clones
proved that they were identical. DNA from each of the
four classes of clones was used to re-transform yeast,
which were plated on minimal medium containing
antimycin A. The clone containing the 1-kb insert
successfully complemented yeast ADH deficiency upon
re-transformation (Fig. 3); whereas the three shorter
clones failed, indicating that they were false positives.

adh-71 adh-2 adh-3

pDB20{+)

Fig. 3 Cloning of an alcohol dehydrogenase gene from B. oleae.
A cDNA library was constructed in the yeast expression vector
pDB20, using poly(A +) RNA from adult flies. Plasmid DNA from
this library was used to transform MC892-1C cells (MATuw, adhl,
adh2, adh3, ura3-52, trpl, leu2, his3), which were subsequently plated
on minimal medium plates. Approximately 10,000 yeast colonies were
then replica-plated onto the same medium containing 0.5 ppm
antimycin A (Sigma) and 18 putative clones were recovered. Three
of these failed to complement the ADH deficiency phenotype upon
retransformation; the other 15 proved to be identical. Three of the 15
clones were plated onto a minimal medium plate containing antimycin
A (lower left quadrant), together with three yeast colonies transformed
with one of the following plasmids pDBScAL1 (top left), pDB20 (top
right) and pDBCcAL1 (bottom right)
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The complete sequence of this cDNA clone was de-
termined (EMBL Accession No. AJ2500007). It is
967 bp long and contains an ORF of 777 bp (starting at
the first ATG), with a 50-bp 5 UTR and a 3 UTR of
140 bp [excluding the poly(A) tail]. The corresponding
protein is predicted to be 258 amino acids long. It shows
78% and 84% overall sequence identity with medfly
ADH-1 and ADH-2 respectively; and is 33% identical to
D. melanogaster ADH (Fig. 4). The sequence contains
also the “‘short-chain dehydrogenase” motif (PROSITE
Accession number PS00061; ADH_SHORT). There
appears to be one single amino acid insertion and two
double amino acid deletions in the D. melanogaster
ADH relative to those from Tephritids.

A number of studies have attempted to identify
the amino acid residues that are important for the
structure and function of the D. melanogaster enzyme.
Site-directed mutagenesis has shown that glycine-14,
glycine-129, glycine-132, tyrosine-152, lysine-156 and
glycine-183 are amongst the most important; mutations
in each of these positions resulted in a non-functional
protein (Abalat et al. 1992; Chen et al. 1990, 1993; Cols
et al. 1993). In agreement with these studies, the B. oleae
ADH (as well as that from S. peregrina and both
C. capitata proteins) retain all these amino acids in the
corresponding positions (Fig. 4), despite the relatively
low overall sequence similarity. Another gene (Adhr or
Adh-related), located at the 3’ to Adh, has been charac-
terised in many Drosophilids. Adh and Adhr have the
same intron-exon structure (Schaeffer and Aquadro
1987) and it has been shown that in D. melanogaster
these two genes are initially transcribed as a single di-
cistronic message from the same promoter (Brogna and
Ashburner 1997). It is generally believed that they
originated from a common ancestor by gene duplication
(Schaeffer and Aquadro 1987; Kreitman and Hudson
1991; Jeffs et al. 1994). Adhr is a highly conserved gene
in Drosophilids; even more conserved than Adh.
D. melanogaster ADH and ADHR share only 37.6%
overall sequence identity (calculated with the program
GAP in the GCG software suite). Based on the high
degree of divergence between ADH and ADHR and on
the fact that, in the latter, glycine-14 is replaced by
aspartic acid, it has been suggested that Adhr might have
no alcohol dehydrogenase activity (Jeffs et al. 1994;
Brogna and Ashburner 1997). This notion is in agree-
ment with our observations. When yeast ADH-deficient
strains were transformed with D. melanogaster Adhr
cDNA, they failed to grow in the presence of antimycin
(data not shown).

These data support the hypothesis that the gene from
B. oleae, which was cloned by functional complemen-
tation in yeast, indeed represents an alcohol dehydro-
genase gene. By cloning a novel 4dh gene from another
member of the Tephritid family, we have demonstrated
that yeast complementation can, in principle, be used as
a tool for cloning short-chain alcohol dehydrogenase
genes from insect species that are remote from Droso-
phila.
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Fig. 4 Multiple alignment of
insect Adh genes. Although the
overall degree of sequence con-
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BOADH.FA_T

servation between the Sarcop- ADH_DROME

haga, Tephritid and ADH_SARPE

D. melanogaster ADHs is rather

low (approximately 30%), all

residues that have been charac- ADH1_CERCA

terized as critical for the enzy- ADH2_CERCA

matic activity (bold) are BOADH.FA_T

conserved. The alignment was ADH_DROME
ADH_SARPE

done with the ClustalW pro-
gram (Thompson et al. 1994)
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SFTLTNKNVIFVAGLGGIGLDTSKELLKRDLKNLVILDRIENPAAIAELKAINPKVTVTF

-MDLTGKNVVFVAGLGGIGFEACKQLMTRNAAYLVVLDVVENPKAVQTLQALNPKTKVVY
*

>* dkk  kk dxkk Kk * * * kK *

TKFDITN-KESIKQSLADVISKVQHIDALINGAGILTDPNVELTMNINLIGLINTTLEAL
TKFDITS-KQSIKSALADVVAKVKYIDALINGAGILTDPNVELTMNINLIGLINTTLEGL
TKFDITN-KASIKSAFADVIAKVQYIDVLVNGAGILTDPNVELTMNINLIGLINTTLEATL
YPYDVTVPIAETTKLLKTIFAQLKTVDVLINGAGILDDHQIERTIAVNYTGLVNTTTAIL
MKFDVTN-KMSIKNTISQVVGVVKYIDVLVNGAGVIADRNIELTINVNLIGLINTTMEAL

* % * ok Kk kK * * ok * kK Kk ok Kk

PLMDKNKHGRGGVIVNIASVLGLEPCPPAAVYCASKFGVVGFSRSLGDPFYYEHTGVAVV
PLMDKNKQGRGGVIVNIASVLGLEPCPPAAVYCASKFGVMGFSRSIGDPYYYNITGVAVV

BOADH.FA_T PLMDKNKKGRGGLIVNIASVLGLEPAPPAATYCASKFGVMGFSRSISDPYYYNLTGIAVA
ADH_DROME DFWDKRKGGPGGI ICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSSLAK - -LAPITGVTAY
ADH_SARPE PYMDKTQKGRGGVLLNTASVLGLEPCPPIAVYSASKFGVVGFTRSLADPYYFNRSGVAVT
* * . *"k*'. *k kK K .*. .* 7‘('.*. "k. .*'.
ADH1_CERCA TFCPGLTDTPLKNNIGSKYTFDYSKEIGEKLNS SKTQKPEVCGAHLAQATELMDNGATYT
ADH2 CERCA TFCPGLTETPLKNNTGSKYTFEYSKKISEELNSTKTQRPEVCGAHLAQVVESHENGGIYI
BOADH.FA_T TFCPGLTETPLKNNIATKYTFEYSKVIGDKLNNTKTQK PEACGAHLAQVLDTAENGGIYI
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ADH_DROME LDLGTLEATQWTKHWDSGI -
ADH_SARPE SDRSTLTKVEPKLFWQAYD-
* % *
Adh gene duplication in Tephritids? .
Conclusion

It is known that the Adh locus has undergone mul-
tiple duplication events in insects. In Drosophilids the
remnants of these duplications include (depending on
the species or group): a second copy of the gene, a
pseudogene and the Adh-related gene. Russo et al.
(1995) have proposed a scenario according to which
as many as four independent duplications occurred in
the last 180 Myr, resulting in the present status of the
Adh region in the Drosophilid species. Apart from the
four proposed duplications in Drosophilids, there is at
least one duplication in Tephritids. Medfly C. capitata
has two copies of the Adh gene, tandemly arranged
on the chromosome. The two genes are expressed in
different tissues of the fly. ADH2 is the fat body/
midgut enzyme (like the one in D. melanogaster) and
ADHI1 is expressed in muscle (Brogna et al., submit-
ted).

The B. oleae ADH appears to be more similar to
the C. capitata ADH-2 (B. oleae ADH 1is 84% iden-
tical to C. capitata ADH-2, compared to 77% to
C. capitata ADH-1), which is consistent with the ex-
pression profile of the ADH-2 protein. These data also
show that the duplication of the Adh gene in Tephri-
tids is more likely to have occurred prior to the di-
vergence of the genera Bactrocera and Ceratitis.
Further studies will be required to reveal whether
B. oleae has a second copy of the Adh gene and/or an
Adhr gene.

We have shown that insect short-chain alcohol de-
hydrogenases can functionally substitute for the yeast
enzymes in vivo. Using this observation, we have de-
veloped a cloning method for insect 4dh genes, based on
functional complementation of yeast mutants. This lifts
the barrier to cloning Adh genes from genera other than
Drosophila, and allows the further evolutionary study of
this locus and its products. With this method, we have
cloned a novel Adh gene from another Tephritid species,
B. oleae, which we used to make a preliminary estima-
tion of the amino acid substitution rate within Tephri-
tids. Our results suggest that this rate is higher than that
within Drosophilids. Further studies are needed to
address this problem more definitively.

By conferring resistance to environmental ethanol,
Adh genes constitute dominant (selectable) markers.
Until recently, transformation was possible only in
members of the genus Drosophila. Advances in trans-
formation of non-Drosophila insects, including the ag-
ricultural pest C. capitata (Loukeris et al. 1995; Handler
et al. 1998) and the yellow fever mosquito Aedes aegypti
(Coates et al. 1998), make the development of pest
control methods based on gene-transfer technology po-
tentially feasible. Thus, the method we have reported for
cloning insect Adh genes, apart its usefulness as a tool
for evolutionary studies of the locus, will also provide a
tool for insect transformation.
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