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Abstract. In the olive fruit fly Bactrocera oleae and
the med fly Ceratitis capitata previous studies have
shown the existence of two Adh genes in each species.
This observation, in combination with the former
finding that various Drosophila species of virilis and
repleta group encode two isozymes of ADH which
are the result of a gene duplication, challenged us to
address a scenario dealing with the evolutionary
history of the Adh gene duplication in Tephritidae. In
our lab we proceeded to the cloning and sequence
analysis of Adh genes from more tephritid species, a
prerequisite for further study of this issue. Here we
show that phylogenetic trees produced from either
the nucleotide or the amino acid sequences of 14 te-
phritid Adh genes consisted of two main clusters, with
Adh sequences of the same “type” grouping together
(i.e., Adhl sequences form a cluster and Adh2 se-
quences form a second one), as expected if there was
one duplication event before speciation within the
family Tephritidae. We used the amount of diver-
gence between the two isozymic forms of Adh of the
species carrying both Adhl and Adh2 genes to obtain
an estimate of the age of the duplication event. In-
terestingly, our data again support the hypothesis
that the duplication of an ancestral Adh single gene in
the family Tephritidae occurred before the emergence
of the genera Bactrocera and Ceratitis, thus suggest-
ing that Adh duplication was based on a prespecia-
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tion rather than a postspeciation event that might
have involved two independent duplication events,
one in each of the two genera.
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Introduction

The principal function of the enzyme alcohol dehy-
drogenase (ADH; EC 1.1.1.1) in insect metabolism is
the catalysis (in its homodimeric form) of the re-
versible conversion of various alcohols generated by
microbial fermentation in larval and adult feeding
sites to their corresponding aldehydes and ketones.
The ADH enzyme system has been studied in several
species of Drosophila as well as in Ceratitis capitata
(medfly) and Bactrocera oleae (olive fruit fly), with
the main aim of defining their functional and evolu-
tionary relationships, detecting biochemical differ-
ences of the enzyme among different species or
isozymes from the same species, and analyzing the
molecular organization of the respective Adh gene(s).

Drosophila ADH was first purified by Sofer and
Ursprung (1968) and it was shown that the best
substrates are secondary rather than primary alcohols
(Benach et al. 1999). Drosophila ADH belongs to a
broad, heterogeneous family of alcohol dehydrogen-
ases, called short-chain dehydrogenases/reductases
(SDR) (Jornvall et al. 1995). The refined three-
dimensional crystal structure of ADH of D. leb-



anonensis was recently solved at 1.9-A resolution
(Benach et al. 1998, 1999) and it represents a unique
example in a dipteran species enzyme, belonging in
the SDR family, with known structural features. The
Adh locus in most Drosophilidae is organized as
a single gene transcribed from two spatially and
temporally regulated promoters. Accordingly, in
D. melanogaster and D. simulans the Adh gene has the
same transcriptional organization in terms of the
position of the two promoters and the three introns,
with the distal and proximal transcripts being differ-
entially expressed during development but producing
identical proteins (Benyajati et al. 1983; Savakis et al.
1986). Since the Adh gene is expressed from two
tandem and temporally regulated promoters in
D. melanogaster as well as in Scaptodrosophila leb-
anonensis (Juan et al. 1994), two species that belong
in different genera, this organization was taken to be
the ancestral phylogenetic structure. However, some
species belonging to subgenus Drosophila, such as
D. mulleri and D. hydei (repleta group) or D. virilis
(virilis group), encode isozymes of ADH which are
the result of a gene duplication (Begun 1997). In D.
virilis and in some species of the virilis group, the Adh
locus has been duplicated and each copy consists of a
functional Adh gene with two temporally regulated
promoters (Nurminsky et al. 1996). In species of the
repleta group there are also two Adh loci, each of
them possessing its own promoter, expressed in both
larvae and adults (Fischer and Maniatis 1985; Sulli-
van et al. 1989). Furthermore, species of the Hawai-
ian group show a single Adh gene with two
temporally regulated promoters (Rowan and Dick-
inson 1986, 1988). Finally, in D. funebris the single
Adh gene is transcribed by a single promoter, in both
larva and adult, and exhibits qualitative and quanti-
tative species-specific differences in tissue distribution
(Amador et al. 2001). ADH activity has been identi-
fied in the fat bodies, intestines, and Malpighian tu-
bules of both larvae and adults of most species but
appreciable variation of tissue localization of ADH
exists in different species (Sullivan et al. 1989).

The family Tephritidae includes more than 4000
species arranged in about 500 genera throughout the
world. This family is the most important group of
agricultural pests of all fly families (Foote et al. 1993)
and studies of tephritids have contributed to devel-
opment of our understanding of speciation and evo-
lutionary biology (Feder et al. 1988; McPheron et al.
1988). Our knowledge of ADH in tephritids is mostly
concentrated on C. capitata and B. oleae. The ADH
system of these species is of major interest because of
its potential use in the biological control of the insects
(Zouros et al. 1982; Robinson and MacLeod 1993).
Ceratitis capitata has two Adh genes, Adhl and Adh2,
tightly linked (0.49 cM) on the end of the left arm of
the second chromosome, suggesting that these genes
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are products of gene duplication, followed by sub-
sequent divergence. Adhl is expressed mainly in
muscle, and Adh2 in fat body and ovary (Gasperi
et al. 1992, 1994; Malacrida et al. 1992).

The cloning of the Adh of B. oleae performed re-
cently and the subsequent sequence analysis also re-
vealed two genes, Adhl and Adh2 (Goulielmos et al.
2001). The authors attempted to address a firm sce-
nario dealing with the evolutionary history process of
the Adh gene duplication in tephritids. Phylogenetic
trees based on amino acid sequences grouped Adhl of
B. oleae with Adhl of C. capitata and Adh2 of B. oleae
with Adh2 of C. capitata, thus suggesting that the
duplication occurred before the splitting of the two
species from their common ancestor. However, sim-
ilar trees produced from nucleotide sequences
grouped Adhl from B. oleae with Adh2 of B. oleae
and Adhl of C. capitata with Adh2 of C. capitata,
thus suggesting that a duplication event occurred
within each species after speciation. Therefore, fur-
ther results were needed for the resolution of the
contradiction appearing between amino acid- and
nucleotide-based trees.

A more exact picture is probably possible only by
including either information on variation within spe-
cies or more sequences from various species belonging
to Ceratitis and Bactrocera genera. The first issue was
tackled recently (Goulielmos et al. 2003). Thus, the
purpose of this paper is threefold: (1) to clone and
sequence the Adh loci of various species classified in
the genera Bactrocera and Ceratitis, a prerequisite for
further studying of the molecular basis of the dupli-
cation events observed in several tephritid species; (2)
to analyze the putative phylogenetic relationships
among the Adh sequences of tephritids; and (3) to ex-
amine the significance of these results in our attempt to
elucidate the evolution of a common ancestral 4dh
gene in the family Tephritidae.

Materials and Methods
Ceratitis Species

The samples of the species Ceratitis cosyra (mango fruit fly) were
collected from farms near Nairobi (Kenya) in spring of 2000. In
particular, pupae were collected from different host fruits. Ceratitis
rosa individuals originating from Kenya were provided by Gerald
Franz of the Entomology unit of the IAEA, Seibersdorf, Austria,
who also provided us with a Ceratitis fasciventris sample. These
specimens were obtained from wild collections made in April of
1999. Fifteen C. cosyra, 15 C. fasciventris, and 15 C. rosa individ-
uals were used for DNA extraction and further analysis.

Bactrocera Species

Five Bactrocera species were considered in this study. The B. oleae
species used is the colony kept in our laboratory (Agricultural
University of Athens, Greece) for about 20 years (Cosmidis 1995).
The samples of B. dorsalis (oriental fruit fly), B. cucurbitae (melon
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fly), B. scutellatus, and B. tryoni (Queensland fruit fly) were col-
lected in different countries. The B. dorsalis flies used (15 adults)
were members of a laboratory strain, originated from flies collected
in Amami Oshima (Kagoshima, Japan) in 1979 and reared in the
laboratory ever since. The B. cucurbitae flies used (15 adults) were
members of a laboratory strain originated from flies captured in
Amami Oshima (Kagoshima, Japan) in 1987 and, therefore, kept in
the laboratory. The B. scutellatus sample used was represented by
15 adults, collected on May 2000 in Tsukuba (Ibaraki, Japan). A
total of 12 adult individuals of B. tryoni was used in this study,
collected from Australian tropical rain forests and kept as a labo-
ratory colony at the University of Sydney. All specimens of the
same species were used together for extraction of DNA.

Amplification of Genomic Adhl and Adh2 Genes

Preparation of genomic DNA from each of the species was done
according to the protocol described by Holmes and Bonner (1973).
The cDNA Adh sequences of C. capitata (GenBank accession Nos.
Z 30194 and Z 30195) and the genomic DNA Adh sequences of
B. oleae (EMBL Database Accession Nos. AJ277834 and
AJ277835) were used to design primers for PCR amplification
of the corresponding Adh genomic fragments of Ceratitis and
Bactrocera species. The upstream primers 5-ACGCGTCGACG-
AAATTCATGAG(C/T)TTGGCIGGIAAAAA(C/T)G-3" and 5'-
ACGCGTCGACGAATTCATGGGTTTGAGCGGCAAAAAT-3’
and the downstream 5-ACGGAGCTC(G/A)TAIGTGGG(T/C)
TCCCA(G/A)TAIAC-3* and 5-CGAGCTCGGATCCCTAG
TTTGAATGTGGGTTGCCA-3" were used to generate the Adhl
and Adh2 products, respectively. In any case the amplification was
carried out using high-fidelity conditions (Kwiatowski et al. 1991).
To this end, Pwo polymerase (a proofreading enzyme) (Boehrin-
ger—-Mannheim) was used to get amplification products of a high
fidelity. In the case of Adhl, a hot start was used, with initial
heating at 94°C for 5 min, followed by the addition of the poly-
merase and then 35 cycles of denaturing (at 94°C for 1 min), an-
nealing (at 63°C for 1 min), and chain extension (at 72°C for 1.5
min), followed by a final extension step at 72°C for 10 min. The
Adh2 genomic clones were generated according to the same PCR
reactions but with the annealing temperature lowered at 61°C.

Cloning and Sequencing of the Adh Genes

The resulting PCR products were cloned into the plasmid vector
pGEM (Promega). Restriction and DNA modification enzymes
were provided by MINOTECH and New England Biolabs. Aga-
rose gel electrophoresis and other recombinant DNA methods were
performed essentially as described by Sambrook et al. (1989). For
each genomic region both strands were completely sequenced and
the consensus sequence was obtained for two different clones,
generated from two independent PCR reactions. Sequencing of the
double-stranded plasmids was carried out according to the dide-
oxy-chain termination method, using either vector-specific (T7,
SP6) or custom gene-specific (internal) primers. A Li-Cor 4200L
sequencer at the Laboratory of Microchemistry (IMBB-FORTH,
Crete, Greece) was used as well.

The orthology of the Adhl and Adh2 genes across species is
based on the length of intron 1 and the number of amino acids of the
predicted polypeptides, as also reported by Goulielmos et al. (2003).
Thus, intron 1 of Adhl was longer than intron 1 of Adh2 by about
900 bp and ADHI1 was smaller than ADH2 by one amino acid.

DNA Sequence Analysis

The DNA sequences were analyzed with the GCG Sequence
Analysis Software Computer Package. Alignment of the sequences

was done using the Clustal X program (Thompson et al. 1997). The
rates of synonymous (K) and nonsynonymous (K,) substitutions
were estimated using the DnaSP computer program (Rozas and
Rozas 1999). The nucleotide sequences used in this study have the
following accession numbers: B. oleae Adhl, AJ277835; B. oleae
Adh2, AJ277834; B. dorsalis Adhl, AJ488554; B. dorsalis Adh2,
AJ539542; B. cucurbitae Adhl, AJ539546; B. cucurbitac Adh2,
AJS539541; B. tryoni Adh2, AJ539543; B. scutellatus Adh2,
AJ539544; C. capitata Adhl, Z30194; C. capitata Adh2, 730195,
C. cosyra Adhl, AJ539546; C. cosyra Adh2, AJ539540; C. rosa
Adh2, AJ539539; C. fasciventris Adh2, AJ539538; and Sarcophaga
peregrina Adh, D63669.

Phylogenetic Tree Construction

Phylogenetic trees were constructed using the neighbor-joining
(Saitou and Nei 1987), UPGMA (Sneath and Sokal 1973), mini-
mum evolution (Rzhetsky and Nei 1992), and maximum parsimony
(Fitch 1971) methods, through the MEGA-2 computer package
(Kumar et al. 2001). Kimura’s (1980) two-parameter distance was
used. To assess the confidence of individual nodes a bootstrap
analysis (Felsenstein 1985) with 1000 replications was performed
using the same computer package. The transition/transversion ra-
tio was calculated using the DnaSP 3.50 program (Rozas and
Rozas 1999).

Results
The Adhl Locus

The use of degenerate primers based on the cDNA
sequences of the Adhl of C. capitata and B. oleae
produced an ~2-kb fragment when 200 ng of geno-
mic DNA from the species C. cosyra, B. cucurbitae,
and B. dorsalis was used as template. The size of the
resulting products was reminiscent of the one ob-
served in the respective genes of C. capitata and
B. oleae. Nested PCR that was performed using a
series of degenerate primers based on internal se-
quences of the Adhl of these species produced the
initial positive, strong evidence for the existence of an
Adhl-like sequence. Therefore, we proceeded in the
cloning and sequencing of the PCR products. To
define the intron/exon splice junctions, the generally
approved (C/A)AGGTAAGTA and YYYNYAGG
consensus sequences were considered, thus defining
the 5" and 3’ boundaries of each intron, respectively
(Breathnach et al. 1978).

The Adhl genomic regions of all species under
examination consist of three exons interrupted by two
introns, and their coding sequences, with 257 codons,
exhibit a considerably high nucleotide sequence
identity with the respective coding sequences of
C. capitata and B. oleae. The positions of introns are
identical to those found in the Adhl gene of B. oleae
(Goulielmos et al. 2001), located immediately after
amino acid residues 31 and 165 of the predicted
protein. The organization, total length, and size of
the introns of all Adhl genes examined are reported
in Table 1 and Fig. 1.



Table 1.  Size (base pairs) of the Adhl and Adh2 genes determined in the tephritid species and their respective introns 1 and 2
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Species Gene Total length Intron 1 Intron 2
B. oleae Adhl 1981 1071 136
B. oleae Adh2 988 125 82
B. cucurbitae Adhl 1982 1072 136
B. cucurbitae Adh2 976 131 68
B. dorsalis Adhl 1982 817 118
B. dorsalis Adh2 967 110 80
B. tryoni Adh2 974 126 68
B. scutellatus Adh2 968 123 68
C. cosyra Adhl 1981 1071 136
C. cosyra Adh2 1011 164 70
C. rosa Adh2 968 121 70
C. fasciventris Adh2 1011 164 70

1 | 1982
| ]
exon 1 exon2 IMtron2 o053
1, , 988
[ I A ] I ]
intron 1 5 intron 2 3
exon1 exon exon Fig. 1.  Schematic representation of the
90bp Adhl and Adh2 genomic regions. White
a— Adh2 bars represent exons; gray bars, introns.

The Adh2 Locus

We cloned and sequenced the genomic region of the
Adh2 locus of four Bactrocera species: B. tryoni,
B. scutellatus, B. cucurbitae, and B. dorsalis. In
addition, we cloned this locus from three Ceratitis
species: C. cosyra, C. fasciventris, and C. rosa. In all
species examined, this region consists of three exons
interrupted by two introns and the coding sequence
corresponds to a polypeptide of 258 amino acids. The
position and size of the introns obtained by se-
quencing the genomic DNAs from the initial ATG
codon to the stop codon, located immediately after
amino acid residues 31 and 165 of the predicted
protein, are reported in Table 1 and Fig. 1.

The Adh Coding Sequence in the Family Tephritidae

In all Bactrocera and Ceratitis species examined in
this study, the amino acid coding region of Adh is
encoded by three exons interrupted by two introns as
reported above, similarly as happens in the species

B. oleae that were analyzed previously (Goulielmos et
al. 2001). The inferred amino acid sequences of the
two ADH peptides of B. cucurbitae were found to be
77.4% identical to each other; the ADHI1 and ADH2
enzymes of B. oleae, 79% identical; those of B. dor-
salis, 80.5%; those of C. cosyra, 81.3%; and those of
C. capitata, 81.7%. There is no evidence so far that
the Adhl genes of B. dorsalis, B. cucurbitae, B. oleae,
and C. cosyra produce active protein products. The
difficulty in detecting the second ADH isozyme of the
species under study is compatible with the fact that
the ADHI1 of C. capitata is expressed only in the in-
sect’s muscle, thus becoming difficult to detect (Benos
et al. 2000).

The alignment of 14 sequences showed 491 (of
749) variable and 228 parsimony-informative nu-
cleotide sites. Differences in the transition/trans-
version ratio and G + C composition are a
potential problem when inferring phylogenies from
sequence data; nevertheless, such a problem does
not appear in Adh sequences under study (see next
paragraph).
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Codon Usage Bias

When all codon sites are taken into account, the G +
C content of the Adhl sequences is virtually identical,
having a value of 47%, and the same is observed for
the G + C content of all Adh2 sequences, having a
value of 49%. At third codon positions, however,
there was a light excess of G + C content, only in
Adh2, ranging between 51% and 54%. The transition/
transversion ratio (r = si/sv) has an average value of
1.0. In particular, according to data referred to the
first, second, and third codon positions, the si/sv is
1.2, 0.6, and 1.0, respectively. Variation in Adh G +
C content among species of the genus Drosophila has
been noted earlier (Shields et al. 1988; Starmer and
Sullivan 1989), and it reflects a bias in codon pre-
ferences that is generally encountered in well-ex-
pressed genes in other taxa, ranging from bacteria to
humans (Sharp et al. 1988).

The values of codon bias for 4dh genes were es-
timated by calculating the deviation from random
synonymous codon usage (x°) (Shields et al. 1988),
the codon bias index (CBI), and the effective number
of codons (ENC) by summing the “effective number
of alleles™ used by each of the 20 amino acids (data
not shown). An extremely biased gene uses only 20
codons, whereas an unbiased gene tends to use 61
codons equally (Wright 1990). The Adh genes of all
the tephritid species examined have a very low codon
bias. Two exceptions that should be mentioned deal
with CCA and ACC codons (both of four possible
ones), which account for 54% and 64% of all prolines
and threonines, respectively.

Amino Acid Alignment of DNA Sequences and
Phylogenetic Relationships in the Family Tephritidae

Amino acid sequences of the Ceratitis and Bactrocera
Adh genes were aligned and the ADHI sequences of
all tephritid species were shorter compared to the
ADH2 sequences of the same species by one amino
acid at the end of the sequence. Fourteen and four-
tenths percent of the ADHI1 and 20.9% of the ADH2
amino acid sites are variable. Comparison of the te-
phritid sequences examined reveals conservation of
all the protein’s functionally important amino acids.
Nine amino acid residues that were determined to be
particularly important for enzymatic activity in
Drosophila (Scrutton et al. 1990; Cols et al. 1993;
Jornvall et al. 1995; Benach et al. 1999) were also
found to occur in the same positions in all tephritid
ADH products (data not shown). Further similarities
in amino acid sequence among Adh genes of the
tephritid species or among tephritids and drosophi-
lids can be attributed either to selective constraints or
to phylogenetic relationships. In a comparison of
ADHI1 and ADH2 sequences, 163 strictly conserved

sites were detected. This conservation confers ap-
parently to the maintenance of the protein’s func-
tionality. Among the conserved amino acids there are
18 glycines and 11 valines. Glycine is a small non-
polar amino acid that can fit in inner parts of the
folded protein structure (Jornvall et al. 1984). The
acid/base content (aspartic and glutamic acids/argi-
nine and lysine) ranges between 25/25 (B. oleae) and
27/19 (B. cucurbitae) in ADHI proteins and from 20/
23 (i.e., C. capitata) to 20/22 (i.e., B. tryoni) in ADH2
proteins. These rates do not deviate highly from those
calculated in ADH proteins of D. lebanonensis (23/22)
and D. melanogaster (22/21).

In Drosophila, an ancient duplication of the alco-
hol dehydrogenase gene gave rise to the fat body
protein-2 gene (Fbp2), which encodes a protein that
differs substantially from ADH in its very high me-
thionine content (20% of all amino acids in FBP2
(Rat et al. 1991; Meghlaoui and Veuille 1997). Such a
high methionine content is very unusual in proteins.
We attempted to answer the question of whether a
similar observation might be made for the amino acid
changes in the products of the Adh gene duplication
in the species of Tephritidae studied, but the number
of methionine residues in ADHI1 as well as ADH2
proteins does not differ significantly, remaining at the
expected very low percentage.

The Adh coding region in the tephritid species
examined is generally conserved but, nevertheless,
remains phylogenetically informative. In the present
paper we are interested primarily in phylogenetic
trees based on the exonic regions of Adh sequences
without considering the respective genomic sequences.
The most important reason for deciding this is be-
cause Adh genes were found to have introns of dif-
ferent sizes in each species, and in addition, the
introns of C. capitata Adhl and Adh2 are still un-
known. Phylogenetic analyses were carried out on 14
Adh sequences from nine species. Given the absence
of any A + T composition bias, we used Kimura
two-parameter distances for constructing phyloge-
netic trees. However, Jukes—Cantor’s distances
yielded almost-identical trees (data not shown).
Neighbor-joining and maximum parsimony trees
were generated for (1) nucleotide sequences of the
Adh coding region and (2) amino acid sequences. The
sequence of Sarcophaga peregrina, a member of the
family Calyptratae whose ADH protein is 36%
identical to Drosophila protein (Horio et al. 1996),
was chosen to be used as an outgroup, as reported
also by Goulielmos et al. (2001) and Brogna et al.
(2001).

The availability of cDNA sequences for the two
Adh genes of C. cosyra, C. capitata, B. oleae,
B. cucurbitae, and B. dorsalis, and of the Adh2 gene of
C. rosa, C. fasciventris, B. scutellatus, and B. tryoni
can be used in an attempt to answer the question of



whether there has been one duplication event that
preceded the separation of the two genera Ceratitis
and Bactrocera, thus generating Adhl and Adh2, or
whether there have been separate and independent
duplication events in each of the species where two
Adh genes have been found. In the first case, Adhl
and Adh2 genes would be considered paralogous to
each other, with Adhl or Adh2 of one species being
orthologous to the corresponding gene of the other
species. In contrast, if the second alternative is the
case, Adhl and Adh2 will be pairs of paralogous genes
within each species.

Taking into consideration all Adhl and Adh2
cDNA sequences available, we constructed the phy-
logenetic trees according to neighbor-joining (NJ) and
maximum parsimony (MP) methods (Fig. 2) as well as
UPGMA and minimum evolution (ME) (data not
shown). All these trees cluster the Adh sequences ac-
cording to “‘type” (i.e., Adhl sequences form a main
cluster and Adh2 form a second one) rather than
“species.” Moreover, the Adhl and Adh2 sequences of
Bactrocera and Ceratitis species form distinct sub-
clusters within each of the two main clusters, with con-
generic sequences thus clustering together. This type
of grouping is supported by a high bootstrap value.

The trees produced from the amino acid sequences
are similar to the ones obtained from cDNA se-
quences. Thus, all NJ and MP trees (Fig. 3) as well as
the UPGMA and ME trees (data not shown) consist
of two major clusters, with the ADH isozymes clus-
tering again according to “type” (i.e., ADHI iso-
zymes cluster together and ADH?2 isozymes form a
second cluster). This grouping is supported again by
high bootstrap values. Furthermore, the congeneric
ADHI1 and ADH2 sequences form separate subclus-
ters within each main cluster. All these findings
strongly support the idea that the Adh duplication in
the family Tephritidae occurred before the split of
this family in different genera.

The Age of Adh Gene Duplication

The Adh genes of tephritids have, as reported previ-
ously, very low codon usage bias. Low codon bias
was also observed in the Adh genes of the Hawaiian
Drosophila (Rowan and Hunt 1991). Hence, it seems
justified to use the evolutionary rate of Adh calcu-
lated from studies carried out in Hawaiian Drosophila
species to estimate the divergence between any con-
specific Adhl and Adh2 genes in tephritids. Using the
time of emergence of the Hawaiian Islands, Rowan
and Hunt (1991) suggested a rate of 1.5x107%
synonymous substitution per year (K), or 0.5 x 107*
for the total coding region (both synonymous and
nonsynonymous sites), for Adh of Hawaiian dro-
sophilids. Russo et al. (1995) concentrated exclusively
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Fig. 2. Nucleotide phylogenetic trees of 14 tephritid Adh genes.
The Adh gene of Sarcophaga peregrina was used as outgroup.
Numbers are bootstrap confidence values. The bar below each tree
indicates the distance measure. A Neighbor joining tree; B maxi-
mum parsimony tree.

on the total coding region substitution rate, which
they revised to 1 x 1075,

Goulielmos et al. (2003) recently presented evi-
dence that the Drosophila rate can be used as a first
approximation to estimate rates of divergence in
tephritids, since their estimate of divergence time was
in some cases almost identical to that given by Bev-
erley and Wilson (1984) based on immunological re-
action of larval serum proteins. Therefore, the
Drosophila evolutionary rate was used to estimate the
divergence time of various Bactrocera species as well
as the age of the ADH2 enzymatic polymorphism
appearing in B. oleae. In the current study, the
Kimura two-parameter K, and K values from the
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Fig. 3.  Amino acid phylogenetic trees of 14 tephritid Adh genes.
The Adh gene of Sarcophaga peregrina was used as outgroup.
Numbers are bootstrap confidence values. The bar below each tree
indicates the distance measure. A Neighbor joining tree; B maxi-
mum parsimony tree.

cDNA sequences of the Adh genes were calculated
and estimates were obtained by both methods. The
average divergence time for the two congeneric Adh
genes of the tephritid species is estimated at 38.48
Myr ago. According to the existing information from
the literature, the split of Bactrocera from Ceratitis is
placed at between 31.5 Myr (Beverley and Wilson
1984) and 32.05 Myr (Goulielmos et al. 2003) ago.
Thus, we suggest that our data support the hypoth-
esis that the duplication of a single ancestral Adh gene
in the Tephritidae family occurred before the emer-
gence of the genera Ceratitis and Bactrocera. As
a concequence, the Adh duplication was based on a
prespeciation rather than a postspeciation event,

a hypothesis that remains to be strengthened upon
accumulation of data from more tephritid genera.

Discussion

The alcohol dehydrogenase gene is one of the central
topics of interest in evolutionary and biochemical
genetics, as it is a promising tool for shedding light on
the biochemical and molecular factors that govern
the dynamics of evolutionary processes. Thus, the
study of Drosophila Adh genes occupies a prominent
position in evolutionary studies. Furthermore, these
genes have been extensively studied as tools for re-
constructing the phylogeny and estimating the di-
vergence times of drosophilid species. Nevertheless,
the issue of Adh duplication in the genus Drosophila
remains unsolved. In the subgenera Sophophora and
Scaptodrosophila there exist a functional gene and an
apparently nonfunctional gene, tightly linked to the
first one. The situation appears more complicated in
the subgenus Drosophila, where species of the repleta
group have three genes, one of which is nonfunctional
pseudogene (Sullivan et al. 1994). Russo et al. (1995)
have proposed a scenario according to which as many
as four independent duplications occurred in the last
180 Myr, thus yielding the present organization of the
Adh region in drosophilids. In addition, these authors
suggested that a single duplication event that hap-
pened 6-11 Myr ago could explain the origin of the
Adh genes in the D. mulleri subgroup, except in
D. hydei, where this event cannot be older than 4
Myr. Therefore, they concluded either that there have
been multiple duplication events within the repleta
group or that gene conversion may have increased the
similarity of conspecific genes in some species. Thus,
the species in the repleta group for which sequence
information on Adhl and Adh2 is available (i.e.,
D. mulleri, D. mojavensis, D. hydei) can be used to
infer that the likely sequence of events that led to the
formation of these genes in D. mulleri and D. mo-
Jjavensis preceded the speciation of D. mulleri and
D. mojavensis. This notion is supported by the overall
analysis performed and presented in more detail by
Sullivan et al. (1989). Surprisingly, Begun (1997)
presented evidence that Adh-\ys, which was hypothe-
sized to be a pseudogene derived from an Adh du-
plication in species of the repleta group, was actually
a new gene of unknown function that recruited a
large number of new N-terminal amino acids, thus
becoming more basic. Similarly, Brogna and Ash-
burner (1997) suggested that the Adh-related (Adhr)
gene in the Sophophora subgenus is an active gene,
with the function of the (paralogous) protein re-
maining still unknown. It should be mentioned here
that all Adhr genes detected are highly conserved in
Drosophila, even more conserved than 4dh (Benos



et al. 2000). However, we do not focus on the Adhr
gene in the present study because it has not yet been
described in any of the tephritid species.

To deepen the existing knowledge dealing with the
evolutionary pattern of tephritid alcohol dehydroge-
nase, several studies and analyses based on the overall
accumulated data have been performed. It is worth-
while noting that a remarkable variation in the
number of Adh loci was observed formerly in several
tephritid species from various genera of this family.
In this framework, we used the available information
from the Adh genes of Ceratitis and Bactrocera spe-
cies examined in our attempt to suggest a firm evo-
lutionary scenario dealing with the Adh duplication.
According to the phylogenetic trees constructed
based on the ADH proteins, we conclude that Adhl
and Adh2 genes form two independent phylogenetic
clusters. This type of clustering was produced by all
methods of tree construction used and is strongly
supported by bootstrap values. In addition, the fact
that the ADH2 proteins are longer by one amino acid
also supports the grouping observed. Furthermore,
comparison of all full-length cDNAs available pro-
duced an identical picture, with the Adh genes clus-
tering according to “type’ and, thus, the conspecific
genes being separated into two main clusters. This
topography is the same irrespective of the tree con-
struction method used, based on either the calcula-
tion of genetic distances (neighbor joining) or
character-state differences (maximum parsimony).
All these trees support a phylogenetic history of the
Adh genes that is based on a unique duplication event
of an ancestral gene, within the family Tephritidae,
before further speciation and splitting of the genera
and species. Accordingly, Benos et al. (2000) sug-
gested that the duplication of the Adh gene in Teph-
ritidae was more likely to have occurred prior to the
divergence of the genera Bactrocera and Ceratitis. A
similar answer has been given dealing with the Adh
duplication in the grasses (Poaceae). In particular,
phylogenetic analyses suggested that Adh duplicated
into Adhl and Adh2 before the radiation of the
grasses (Gaut et al. 1999). Further studies are re-
quired to characterize fully the Adh gene system and,
especially, to reveal whether or not B. scutellatus,
B. tryoni, C. fasciventris, and C. rosa have a second
copy of the Adh gene. The possibility that the second
gene has been lost during the evolution of these
species should be considered as well. Thus, the
absence of a second Adh gene in several (closely re-
lated) species of Tephritidae should not surprise
anybody. In Drosophila, apart from the species in the
D. virilis group, the other two species showing Adh
duplications, D. montana and D. lacicola, are not the
ones which are the most closely related to D. virilis.
This observation indicates that duplicate Adh genes,
at least in Drosophila, have also been found in two
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species that apparently originated independent of D.
virilis (Nurminsky et al. 1996).

The hypothesis suggested in this study, that the
presence of two Adh genes in tephritid species reflects
the result of an early duplication event that predates
the emergence of the various genera, is also favored by
the observation that many species of the family
Tephritidae have two (or, more rarely, three) isoen-
zymes for ADH. The latter again supports the view
that the Adh duplication is a rather early event in the
radiation of the family Tephritidae. Thus, a single 4dh
locus was found initially in Acinia fucata, Rachiptera
limbata, Rhagoletis nova, R. conversa, and R. striatella.
However, two Adh loci were detected in Ceratitis
capitata (Malacrida et al. 1992), in B. oleae (Gouliel-
mos et al. 2001), in several Rhagoletis species (Berl-
ocher and Bush 1982), and in Anastrepha fraterculus,
A. obliqua, A. bistrigata, A. striata, A. serpentina, and
A. grandis (Matioli et al. 1986, 1992). Surprisingly,
tephritid species showing two Adh loci infest plant
tissues during their larval stages and live inside rip-
ening fruit (i.e., those of the genera Anastrepha, Cer-
atitis, and Rhagoletis); in contrast, other species that
are members mainly of the genera Acinia, Rachiptera,
and Tomoplagia and carry a single Adh gene live inside
inflorescences or galls (Matioli et al. 1992). This ob-
servation may correlate ADH evolution with specia-
tion through adaptation to various feeding niches, an
issue approached by Atrian et al. (1998). Unfortu-
nately, for all the aforementioned species, except
several Ceratitis and Bactrocera species, the Adh genes
have not been cloned, thus precluding their contrib-
uting essentially to deciphering the evolutionary pro-
cess followed by the ancestral Adh gene.

In some cases of tephritids it was suggested pre-
viously that secondary bands resulted from the
binding of protein and NAD-carbonyl derivatives.
Indeed, the main effect of the addition of commercial
preparations of NAD was an increase in the negative
charge of the enzyme, as inferred by the changes in its
mobility (Matioli et al. 1992). This is why it was
supposed in the past that the presence of two Adh loci
in several genera might not be the result of indepen-
dent events of gene duplication. Apart from the high
level of amino acid homology observed, ADH1 and
ADH2 proteins exhibit similar enzymatic specificities
and corresponding electrophoretic mobilities. The
extreme hypothesis that the second Adh locus may be
the result of an evolutionary trend toward a broad
substrate specificity for the octanol dehydrogenase
locus, which was not found initially in tephritids,
seems unacceptable. In Anastrepha bistrigata, two
Adh loci in addition to Odh are expressed, thus the
aforementioned hypothesis that the second Adh locus
is the result of evolutionary modifications of the Odh
locus becomes inconceivable, at least in the case of
this species (Matioli et al. 1992). In addition, the
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existence of an octanol dehydrogenase locus has been
reported in B. tryoni and B. neohumeralis (McKech-
nie 1975). The allozyme polymorphism observed ex-
clusively in the Adh2 locus of B. oleae is compatible
with the reduction of selective constraints that fol-
lows a duplication event (Goodman et al. 1975).
However, in the case of the a-glycerol-phosphate
dehydrogenase gene duplication, an allozymic poly-
morphism was detected in both the standard and the
duplicated gene copy (Takano et al. 1989).

The deduced amino acid sequences confirmed that
ADH1 and ADH2 isozymes are highly related to each
other and to any known ADHs from other insects.
Therefore, all ADH proteins of tephritids examined
are classified as members of the short-chain dehy-
drogenase/reductase (SDR) family. Most members of
this family, apart from their average length of 250
amino acid residues, are characterized by distant du-
plications and divergence, are functionally and
structurally related, and lack metal ions in their active
site (Persson et al. 1991; Jornvall et al. 1995). Syn-
onymous codons are not always used with equal fre-
quency, and in several cases various genes from the
same species share similarities in codon usage prefer-
ence (Grantham et al. 1981). The Adh genes of the
tephritid species examined were found to have a very
low codon bias. In accordance with our findings, Rina
and Savakis (1991) noted previously that the codon
usage of medfly genes is, in general, less biased than in
Drosophila. However, some notable exceptions are the
cases of two codons of arginine (of six possible co-
dons) and two of glycine (of four possible codons),
which account for almost 90% of all arginines and
glycines, respectively. In contrast, highly biased codon
usage in some Drosophila genes was reported previ-
ously (Sharp and Li 1986), and, especially, a high bias
toward C- and G-ending codons was reported by
Nurminsky et al. (1996) for Adh in D. melanogaster
(79%). Two alternative explanations may be given,
assuming the possibility either that selective pressure
for specific synonymous codons is not as strong in the
Adh genes of Tephritidae or that selection of synon-
ymous codons may not be operating at all in some
species of Tephritidae if their effective population size
is small (Shields et al. 1988; Rina and Savakis 1991).

Recent progress in molecular biology has clarified
not only the genetic organization of several repeated
gene families but also the commonness of gene
duplication for ordinary gene loci. In particular, a
variety of studies on gene duplication have been
performed involving the urate oxidase gene of Dro-
sophila virilis (Lootens et al. 1993) and many genes of
Drosophila melanogaster, including the o-amylase
(Gemmill et al. 1985), rosy (Gelbart and Chovnick
1979), glycerol-3-phosphate dehydrogenase (Takano
et al. 1989), a-esterase (Robin et al. 1996), and me-
tallothionein (Mtn and Mto) (Maroni et al. 1987,

Lange et al. 1990) genes. It is a widely accepted hy-
pothesis that gene duplication is a major force in
molecular evolution. Since the original function can
be maintained by one of the two copies, the duplicate
may easily escape the act of natural selection, and
therefore, weakened selection pressure allows for the
appearance of similar or new gene function (Ohno
1970). Moreover, gene duplications are often fol-
lowed by an accelerated rate of evolution as observed
in phylogenetic analyses of 13 lepidopteran opsin
sequences that revealed two recent opsin gene dupli-
cation events within the papilionid butterfly family
(Briscoe 2001). The Papilio Rh3 gene showed an ac-
celerated rate of evolution and, in addition, has in
fact evolved a novel function relative to its ancestral
gene, Papilio Rh2. However, an analogous situation
has not been detected in Adh genes of tephritids so
far. For some gene families, DNA sequence analysis
showed that ancestral duplications and mutations of
different kinds managed to change the sequences
considerably, as reported for the y-globin genes in
mammals (Slightom et al. 1980) and the human
haptoglobin genes (Maeda et al. 1984), a situation
that has not been observed in the case of Adhl and
Adh2 genes in Tephritidae species examined in the
present study (see Results). In this context, it seems
interesting to examine further the potential advanta-
ges that accompany the Adh gene duplication as well
as the issue of whether the resulting duplication
products are active or inactive and to include in these
studies species from more tephritid genera.
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