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Abstract. We report the cloning and structural char- split of BactroceraandCeratitis from their common an-
acterization of twoAdh loci of the olive fruit fly, Bac-  cestor and the hypothesis of two independent duplication
trocera oleae Each of the two genes, namédihland events, one in each of the two genera.

Adh2,consists of three exons and two introns for a total

length of 1981 and 988 nucleotides, respectively. TheilKey words:  Alcohol dehydrogenase gene — Gene du-
deduced amino acid sequences of 257 and 258 residugdication — Tephritidae

exhibit a 77% identity and display the characteristics of
the insect ADH enzymes, which belong to the short-
chain dehydrogenases/reductases family. Adlegenes

of B. oleaeare compared to the two genes of the Medi-
terranean flyCeratitis capitatathe only other species of

Introduction

" o . The principal function of the enzyme alcohol dehydro-
the Tephritidaefamily in which theAdhgenes have been genase (ADH: EC 1.1.1.1) in insect metabolism is the

studied. On the basis of amino acid divergence the fou . . : X
- catalysis of the reversible conversion of various alcohols
genes form two clusters each containing one gene from . . L
: . . .. generated by microbial fermentation in larval and adult
each species, as expected if there was one duplicatio : . : .
eeding sites to their corresponding aldehydes and ke-

event before speciation. On the basis of nucleotide S€nes

quence the four sequences form two clusters each con- . .
e : The Adhgenes from severdrosophilaspecies have
taining the two sequences from the same species, as eﬁ-

. - . een cloned and sequenced. In melanogasterthe
pected if there was a separate duplication event in €aCh oL anzvme is encoded by a single aene with two pro-
species. To help decide between the two alternatives, we y y g€ g P

compared at both the amino acid and DNA level At moters, activated at different developmental stages

) . . (Benyajati et al. 1983; Savakis and Ashburner 1985).

genes of fiveDrosophilaspecies that are known to carry > - . .
. This pattern appears to be true in all species of the sub-
two such genes and observed that, with only one excep-

tion at the amino acid level, conspecific loci cluster to- generaSophophoraand Scaptodrosophilain contrast,

. . species belonging to subgenDsosophila, such asD.
gether. We conclude that the information we have atrepletaand D. virilis, contain a duplication of thé&dh

present does not allow a firm choice between the hypoth- ene producing two distinct isozymes (Batterham et al.

esis of a single duplication event that occurred before th€984' Nuzminsky et al. 1996; Begun 1997). The ADH

enzyme system ddrosophilahas also been studied with
the aim of understanding the mechanisms of mainte-
Correspondence toG.N. Goulielmos nance of genetic polymorphism in natural populations
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(Gibson and Oakeshott 1982; Van Delden 1982; Kreit-cation event that predates the emergence of the two gen-
man 1983; Bodmer and Ashburnee 1984; David 1988gra or of independent duplication events that occurred
Kreitman and Hudson 1991). To detect biochemical dif-after the genera had emerged.

ferences of the enzyme among different species or

among isozymes from the same species, the enzyme has

been purified from sever&rosophilaspecies (Sofer and Materials and Methods

Ursprung 1968; Thatcher 1980; Juan and Gonzalez-

Duarte 1980. 1981: Batterham et al. 1984: Moxon et alB- oleaeFlies. The olive fruit fly stock used in this study was the
1985) ' ' ' ADH-FF homozygous line maintained at the Laboratory of Genetics,

. . . Agricultural University of Athens. The origin, extraction and mainte-
Beside Drosophilidae, our knowledge of ADH in nance of the stock is described in detail by Cosmides et al. (1997).

insects is limited and is mostly concentrated on two

Tephritidae species, the medflLeratitis capitataand Cloning of the Olive Fruit FlyAdh1 and Adh2 GenesPreparation
the olive fruit ﬂy, Bactrocera oleaeboth of which are of genomic DNA was done according to the protocol described by
serious agricultural pests. Apart from evolutionary andimes and Bonner (1973). The cDNA sequenceS.afapitata(Gen-
functional aspects the ADH enzyme system of t},‘(:"SegankAccessmn nos. 230194 and Z30195) and the smghacDN_Aof '

. . . ’ - . . . oleae(EMBL Accession no. AJ2500007) were used to design prim-
species is of interest because of its potential use in thers for PCR amplification of the corresponding genomic fragments.
biological control of the insects (e.g., Robinson et al.The upstream primers’SACGCGTCGACGAATTCATGAG(C/
1986; Robinson and MacLeod 1993 for medfly and Zou-T)TTGGCIGGIAAAAA(CIT)G-3" and 3-ACGCGTCGACGAATT-

: CATGGGTTTGAGCGGCAAAAAT-3 and the downstream’5
ros et al. 1982 foB. oleaerespectively). The ADH from ACGGAGCTC(GIA)TAIGTGGG(T/C)TCCCA(G/A)TAIAC-3 and

C. capitata(medfly, Diptera;Tephritidag is well char-  5.ccGAGCTCGGATCCCTAGTTGAATGTGGGTTGCCAGwere
acterized. Biochemical and genetic studies have showutsed for the search of akdh1 product and amdh2 product, respec-
that two ADH proteins exist in this insect (Gasperi et al. tively. The resulting PCR products containEgoRl and Sal over-
1992) encoded by two tightly linked genes on the S(_}C()l,]drangs,, which allowed their directional cloning into the plasmid vector

h babl ted b duplicati IﬁBIuescript Il KS (Stratagene). Because oftzgoRlI internal site in the
chromosome, probably generate Yy géne duplicatio agment that corresponded to thelhl gene, the pGEM (Promega)

(Malacrida et al. 1992; Gasperi et al. 1994). vector was used for the cloning of this fragment. In both cases standard
In B. oleaebiochemical studies have shown the exis-PCR amplification procedures were followed (Sambrook et al. 1989).

tence of an a||ozyme polymorphism with three a||e|es,AdditionaI degenerate primers were used for nested PCR, designed

according to the sequence of the ADH1 cDNA®fcapitata,as a first

the fast (F), the intermediate (1), and the slow (S), map_step to verify that the PCR fragment tentatively referred tA@dislwas

ping. at a sing!e |OCU_S (Zouros et al. 1982). ArtiﬁCia! a genuineAdh locus. To this end, the upstream oligonucleotide 5
rearing of the insect in the laboratory results in drastiCACGCGTCGACGAATTCTTCGTIGGIGGITTGGGCTTCATIG-3
changes in its physiology, behavior, and reproductiveand the downstream oligonucleotide$-SCGGAGCTCCTC(C/

iol Mazi L1 “Th han i mDACATTGGGATCGGTGAG(G/T)ATGCC-3 and 5-ACGGA-
bio o9y (. azi et a 998a). These changes are acco GCTCCAA(T/A)GTGCCTTGGTTGCTIAT(A/G)TA(A/G)ATG-3
panied with a rapid increase of the frequency of allele |

g were used. Restriction and DNA modification enzymes were provided
from the low levels of 1% to 3% that occur in natural from MINOTECH and New England Biolabswo polymerase (a
populations to about 35%. Even though a tight causabproofreading enzyme) (Boehringer-Mannheim) was used to get ampli-
relationship between a”OZyme frequency Change an(ﬁcaﬁof‘ products qf high fidelity. _Sequencing of the dou_ble-strgndgd
changes in the physiology and behavior of the insecf)lasmlds was _carrled out accordlng to the di-deoxy-chain termination
. . . method following the manufacturer’'s protocol (Sequenase, USB), us-
under laboratory conditions remains to be establishedng either vector-specific (T3, T7, SP6) or custom gene-specific prim-
there is strong evidence that these changes are controllegs. For each genomic region, both strands were completely sequenced
by frequency-dependent selection (Cosmidis et al. 1999)and the consensus nucleotide sequence was obtained for two different
Further insight into the evolutionary and adaptationalc'ones from at least three sequencing reactions. Agarose gel electro-
N . . . phoresis and other recombinant DNA methods were performed essen-
significance of ADH enzymes in this insect requires thati, a5 described in Sambrook et al. (1989).
the Adh system be studied at the molecular level. This
would allow the comparison gkdhsystem of this insect DNA Sequence Analysishe DNA sequences were analyzed with
with that of the medfly and, at a broader level, with thatthe GCG Sequence Analysis Software Computer Package. The align-
in drosophilids. Recently, a cDNA encoding for an ADH ment of the sequences was d_one using the Clustal X program (Thomp-
enzyme has been cloned and sequenced.iroleae Eon et al. 1997). The nucleotide sequences reported in this study have
. een deposited in the EMBL Database (Accession ib®leae Adhl,
(Benos et al. 2000). Even though this study referred t0y;577835:8. oleae Adh2AJ277834).
oneAdhgene inB. oleae there exist biochemical infor-
mation that suggests the presence of two isozymes in this phylogenetic Tree ConstructioPhylogenetic trees were con-
species (Gasperi et al. 1994). structed using the neighbor-joining, UPGMA, and maximum parsi-
We report here the successful cloning and sequenceony methods, through the MEGA computer package (Kumar et al.
analysis of genomic regions that contain t&ohloci of 1993). Kimura’'s (1980) two-parameter distance was used. To assess
s e the confidence of individual nodes a bootstrap analysis (Felsenstein
B. oleae.We the_n take advantage of this flndlng to ad- 1985) with 1000 replications was performed using the same computer
dress the question of whether the presence of AU package. The same package was also used to estimate the transition/

genes in tephritid species is the result of an early duplitransversion ratio. The rates of synonymolg) @nd nonsynonymous
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BstXI (87) EcoRI (683) Clal ﬁ1322) BamHI (1702)
1 | 1981
exon 1 exon 2 n2  exon3
100bP Adhl
. Fig. 1. Physical map of thédhland
BstXI (8 lal (37 BamHI (706) HindIII (864
1 SIXI®7) Cla 1(3 N amHI (706) Hin | 864) . 988 Adh2genomic DNA using the
| restriction enzymeg&caRl, HindllIl,
intron 1 intron 2 BstXl, BarrHI, and Clal. White boxes
exon 1 exon 2 exon 3 represent the exons and gray-shaded
boxes the introns. Bars indicate the
scale (in base pairs) that these physical
90bp Adh2 ¢ pairs) physt

maps were drawn.

substitutions ) were estimated using the DnaSP computer programThe Adh1 Locus
(Rozas and Rozas 1999).

The following nucleotide sequences, available from the EMBL and .
GenBank databases, were usedcapitata Adh1730194:C. capitata 1 e use of degenerate primers based on the cDNA se-

Adh2: Z30195;B. oleae Adh1AJ277835;B. oleae Adh2AJ277834;  quence of theAdhl of C. capitata produced a2-kb
D. melanogaster AdhU75652;D. buzzatii AdhlandAdh2: U65746;  fragment. To determine whether this product contained
D. montana Adh1U26842;D. montana Adh2U26845;D. hydei Adh1 anAdhlike sequence, nested PCR was performed using

andAdh2:X58694;D. virilis Adhl andAdh2: U26846;D. mojavensis fi fd nerat rimers b d on internal )
Adhland Adh2: X12536; andSarcophaga penegrina Adi63669. a series of degenerale primers based 0 ernal se

The latter was used to provide a common outgroup for the comparisolU€NCes of thé\dh1of C: capitata.This pTOduced posi-
of the 4 tephritid and of the 10 drosophilid sequences. tive evidence for the existence of a coding sequence, so

we proceeded in the cloning and sequencing of the frag-
ment. TheAdhl1genomic region that resulted consisted
Results of three exons interrupted by two introns and its coding
sequence, with 257 codons, exhibits a considerably high
nucleotide sequence identity with theh2 coding re-
The Adh2 Locus gion of B. oleae The positions of the introns are identical
to the ones found for thAdh2gene, located again im-
The deduced amino acid sequences of one PCR produntediately after nucleotides 32 and 165 of the cDNA.
from the B. oleaegenomic DNA exhibited high homol- However, the sizes of the introns are quite different from
ogy (85%) with theAdh2 sequence of. capitata.We  those of theAdh2.The first intron is 1071 bp long and
will therefore consider this to be homologous to &&h2  the second 136 bp. The organization and the restriction
locus ofBB. oleae.The corresponding cDNA is identical map of theAdhlgenomic region are shown in Fig. 1.
to that reported by Benos et al. (2000) for the same These data provide firm evidence for the presence of
species, with the exception of two amino acid residuesa secondAdh gene inB. oleae.Benos et al. (2000) re-
that may correspond to the electrophoretic differences gborted only onéddhgene in this species but left open the
the ADH enzyme of the two strains used; we have usegossibility of a second. The deduced amino acid se-
a line that was fixed for the fast (F) allozyme, while quence forAdhlof B. oleaewas found to have a nucleo-
Benos et al. (2000) used a line fixed for the slow (S)tide divergence of 22% comparedAdhZlof C. capitata.
allozyme. This confirms that the cDNA isolated by Be- Moreover, the two ADH isozymes @&. oleaeshare ap-
nos et al. (2000) corresponds to tAelh2 locus of B.  proximately 86% amino acid sequence identity.
oleae.The position and size of the introns were obtained There is indirect evidence that thedh1 gene ofB.
by sequencing the genomic DNA from the initial ATG oleae also produces an active protein product, even
codon to the stop codon (TAG). There are two introns ofthough this must not yet be considered as proven. Gas-
125 and 82 nucleotides each, located immediately afteperi et al. (1994) reported that when ADH allozymes of
amino acid residues 32 and 165 of the cDNA. The intron/B. oleaewere separated by isoelectric focusing the zy-
exon organization and the restriction map of the genomienograms were suggestive of two ADH allozyme loci.
Adh2DNA are shown in Fig. 1. The difficulty in detecting the second ADH allozyme of
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BoADH1 -MSLAGKNVVFVGGLGFIGYEACKTLITRDLASSLVFDIWDKPEAVKALEEINPKTKVFEYT
BoADH2 -MGLSGKNVVFVGGLGFIGYEACKQIMTKNVASFFVFDVLENAENIKALQAINPKTKVYYT
CcADH1 -MSLAGKNVVFVGGLGFIAYEACKYLMNNDLASLFVFDVLDKPEAIKALQEINPKTKVYYT
CcADH2 -MGLSGKNVIFVGGLGFIGYEACKQLMAKNMASFFVFDVLDKPENIKALQALNPKTKVYYT
DmADH SFTLTNKNVIFVAGLGGIGLDTSKELLKRDLKNLVILDRIENPAAIAELKAINPKVTVTFEY

* *kk kK kkhkk Kx * * * * k% *

BoADH1 KFDITS-KDNIKQSLADVIAKVQYIDVLVNGAGILTDPNVEWTLNINLIGLINTTLEAIPL
BoADH2 KFDITN-KASIKSALADVIAKVQYIDVLVNGAGILTDPNVELTMNINLIGLINTTLEAIPL
CcADH1 KFDITN-KESIKQSLADVISKVQHIDALINGAGILTDPNVELTMNINLIGLINTTLEALPL
CcADH2 KFDITS-KQSIKSALADVVAKVKYIDALINGAGILTDPNVELTMNINLIGLINTTLEGLPL
DmADH PYDVTVPIAETTKLLKTIFAQLKTVDVLINGAGILDDHQIERTIAVNYTGLVNTTTAILDF

*  * * Kk kkkkkk * * ok * **x ok kk

BoADH1 MDKNKKGRGGVIVNIASVLGLEPGPPAAIYCASKFGVMGFSRSLGDPHYYEHTGIAVVTF
BoADH2 MDKNKKGRGGLIVNIASVLGLEPAPPGAIYCASKFGVMGFSRSISDPYYYNLTGIAVATF
CcADH1 MDKNKHGRGGVIVNIASVLGLEPCPPAAVYCASKFGVVGFSRSLGDPFYYEHTGVAVVTF
CcADH2 MDKNKQGRGGVIVNIASVLGLEPCPPAAVYCASKFGVMGFSRSIGDPYYYNITGVAVVTF
DmADH WDKRKGGPGGIICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSSLAK--LAPITGVTAYTV

Kk Kk Kk K*dk Kk **k K**k * * * * % * % *

BoADH1 CPGLTDTPLKNNFATKYTFDYSKEIGEKLNHCKTQKPEVCGAHLAQVVELRDNGAIYISN

BoADH2 CPGLTETPLKNNIATKYTFEYSKVIGDKLNNTKTQKPEACGAHLAQVLDTAENGGIYISN ) ) .
Fig. 2. Multiple alignment of the

CcADH1 CPGLTDTPLKNNIGSKYTFDYSKEIGEKLNSSKTQKPEVCGAHLAQAIELMDNGAIYISN deduced amino acid sequence of the
CcADH2 CPGLTETPLKNNIGSKYTFEYSKKISEELNSTKTQKPEVCGAHLAQVVESHENGGIYISN Adh genes ofB. oleae(BoADH1

and BoADH2) andC. capitata
DmADH  NPGITRTTLVHKFNS--WLDVEP
S LDVEPQVAEKLLAHPTQPSLACAENFVKAIELNQNGAIWKLD (CCcADH1 and CcADH?2). The
*%k Kk * * * * % * * % Kk

Drosophila melanogasteADH

protein (DmADH) is also given to
highlight the conservation of
residues characteristic of short-chain
BOADH2 QGTLSKVTPTVYWQPTEN dehydrogenases. Gaps have been
CcADH1 QGTLTKVKPSVYWEPTY- introduced to obtain maximum

CcADH2 QGTLAKVTPTVYWQPTYH 'ma.tchlng. Identlcal _re5|dues are
indicated with asterisks. Bold

DmADH LGTLEAIQWTKHWDSGI- residues are considered essential for
ok x * enzymatic activity.

BoADH1 EGTLTKVKPSVYWEPTY-

B. oleaeis compatible with the fact that the second ADH (Chen et al. 1993; Cols et al. 1993; Jornvall et al. 1995)
allozyme of the medfly is also difficult to detect, as it is were also found to occur in the same positions in all four
expressed only in the insect’s muscle (Benos et al. 2000}ephritid ADH products (Fig. 2). These amino acids are
apparently conserved in many inséathloci as pointed

) S out by Benos et al. (2000). Further similarities in amino
Amino Acid Alignment of ADH Sequences acid sequence amomgdh genes of the two tephritids or
among tephritids and drosophilids can be attributed to
either selective constraint or phylogenetic relationships
(see below).

Amino acid sequences of the tv& oleaeand C. capi-
tata Adh genes were aligned together with the corre-
sponding sequence Bf. melanogaste(Fig. 2). Ignoring
terminal residues, all four tephritid sequences have an

internal deletion of one amino acid and two additions of Phylogenetic Trees of the Tephritktlh Genes and

two amino acids each, for a net increase of three amin@ifferences in Amino Acid and Nucleotide

acid residues. The ADH1 of botR. oleaeandC. capi-  Substitution Rates

tata are shorter compared to ADH2 of the same species

by one amino acid at the very end of the sequence. Nindhe availability of cDNA sequences for the twadh
amino acid residues that were determined to be particugenes oB. oleaeandC. capitatacan be used to answer
larly important for enzymatic activity iD. melanogaster the question of whether there has been one duplication
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257 & 153 CcADH1
- s BoADH2
Al W‘ 183 CCADH?
59.0 SpADH
1
o 1
185
BoADH1
837
185
29, ©2) CcADH1
20.
88) BoADH2
88)
A2 6.87 20. CCADHZ
55.8
SpADH
1
o 1
125
CcAdhl
008
147 “8) 19 CcAdh2
098
1 (87) BoAdh?
B w o L BoAdhl
: SpAdh
M
o 001
122 Fig. 3. Phylogenetic trees of four tephritidldh genes.
09 - CcAdhl The Adh gene ofSarcophaga penegrinaas used as
A 122 outgroup. Numbers give branch lengths in number of
149 2 CcAdh?  amino acid(A) or nucleotide substitutioné) and
©6) - BoAdh2 numbers in parentheses are bootstrap confidence values.
B2 T 102 BoAdhl A: Amino acid treesB: Nucleotide trees. A1 and B1
281 are neighbor-joining and A2 and B2 are UPGMA trees.
- SPAdh The bar below each tree indicates the distance measure.

event that preceded the separation of the two species artckes, the four ADH isozymes cluster according to “type”
generated thddhland Adh2genes (which, then, would (i.e., Adhlwith Adhland Adh2with Adh2 than “spe-

be considered as paralogous to each other, Adthlor  cies.”

Adh2 of one species being orthologous to the corre- A careful inspection of the data suggests a more com-
sponding gene of the other species) or there have begriex pattern in the rate of amino acid substitutions in the
two separate and independent duplication events, one ifour proteins. The 257 amino acid positions can be clas-
each of the two species (in which caddhland Adh2 sified in five classes according to the number of different
will be pairs of paralogous genes within each species)amino acids in the four sequences (Table 1). The first
We have used the ADH amino acid sequenceSaf-  class (4:0) consists of sites in which the same amino acid
cophaga penegringHorio et al. 1996) to construct occurs in all four sequences. These are assumed to be the
neighbor-joining and UPGMA trees (Fig. 3A). In both most conservative sites. The second most conservative
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Table 1. Classification of amino acid sites of the four ADH proteins tained from amino acid sequences. Both the neighbor_

according to shared amino acid residues joining and the UPGMA trees cluster the sequences ac-
Number of  cOrding to species (Fig. 3B). The maximum parsimony
sites method produced the same result (data not shown). Fi-

nally, from the calculation of the rates of synonymous

1. Res!due same in all four sequences (pattern 4:0) 180 (Ks) and non-synonymousKQ substitutions (Table 2),
2. Residue same in three sequences (pattern 3:1) hat th | | d
a. Residue different in BoADH1 12 one may see that the two owK, values correspond to
b. Residue different in BOADH2 12 the “same type” comparisonddhlto AdhlandAdh2to
c. Residue different in CcADH1 5 Adh2, whereas the two loweK, values correspond to
d. Residue different in CCADH2 7 the two “same species” comparisons. Consequently,

3. Two different residues, each in two sequences

(pattern 2:2) trees constructed df, andK, values differ in exactly the

2. BoADH1= BoADH2 and CcADHECCADH2 7 same way as the trees producgd from amino acids and

b. BoADH1 = CcADH1 and BoADHZCCADH?2 16 nucleotides: Synonymous substitutions clustered the se-

c. BoADH1 = CcADH2 and BoADH2CcADH1 1 gquences according to species, whereas non-synonymous
4. Three different residues (gattem 2:1:1) substitutions clustered them according to type (data not

a. BoADH1= BoADH2 and CcADHZCcADH2 2 S : :

b. BOADHL = BoADH2 ard CeADHEGEADH? 5 f]hown). ghg pr)]ossmmty Fhat the nucler?tlde dlverggnc;al

c. BoADH1 = CCADH1 and BoADH2:CCADH2 5 as reached the saturation point, so that no meaningfu

d. BOADH1 # CcADH1 and BoADH2= CcADH2 5 phylogenetic information can be extracted from their

e. other 1 comparison, is not very strong given that the transver-

5. Four different residues (pattern 1:1:1:1) 1 sions/transitions ratio varies from 0.5B.(oleae Adhl
Total 257 versusC. capitata Adh)to 1.08 B. oleae Adhlto B.
ADH products are symbolized as in Fig. 3. The symbond+# mean oleae Adh, but it exceeds the value of one only in the
the amino acid residue is the same or different, respectively. latter case. But even if we assumed that the nucleotide
sequences have diverged to the point that no phyloge-
netic signal can be extracted from their comparison, the
class is of the 3:1 form, i.e., sites in which only one question remains what is the probability that the branch
sequence has a different amino acid. There are 36 sudbpography of Fig. 3B that joins the sequences according
sites, 24 of which occur in one or the other sequence ofo species could be obtained by chance alone. There are
B. oleaeand 12 in one or the other sequenceCofcapi- 15 bifurcating rooted trees one may obtain for four end-
tata. This is a statistically significant difference. On the points (Li 1997), which means that each of the two prob-
contrary, there is no difference among conspecific seable evolutionary histories, that of Fig. 3A or Fig. 3B,
quences either withiB. oleaeor C. capitata(Table 2).  have each a probability of 0.067 to arise by chance. This
This suggests that the two ADH proteins Bf oleae  probability is slightly higher than the conventional 5%
evolve faster at the amino acid level than the correspondfor the rejection of the null hypothesis that the clustering
ing ADH proteins ofC. capitata(Table 2). The third of nucleotide sequences by species is accidental. How-
class is of the 2:2 form, i.e., sites in which there occurever, the observation that a similar clustering occurs in
two amino acids, each in two sequences. The importanDrosophila(see below) reinforces the view that nucleo-
observation here is that the sites at which the proteins ofide saturation has not erased the phylogenetic signal in
same “type” (i.e., type “1” or “2") have the same amino the four tephritid sequences and that duplication after
acid are twice as common as the sites of same species. gpeciation remains a viable hypothesis.
similar trend occurs in the fourth class of the 2:1:1 form,
i.e. three amino acids at a site of which one is shared by
two sequences. Here the sites in which the commoriscussion
amino acid occurs in sequences of same type outnumber
those in which in common amino acid occurs in se-This is the first report of a secorsidh gene inB. oleae.
quences of same species. The latter two classes can B® comply with the nomenclature followed for talh
used jointly to ask what is the probability that a site will genes ofC. capitata,we have named these sequences
have the same amino acid residue in two sequences @fdhland Adh2.The cDNA of theAdh2locus was pre-
same type as opposed to two sequences of same speciggusly identified following a cloning procedure based
These two probabilities are significantly different in fa- on the functional complementation of appropriate yeast
vor of sequences of the same type (Table 2). The overalinutants (Benos et al. 2000). The present study provides
conclusion is that th®. oleaegenes evolve faster at the data that fully demonstrate the presence of a seéatid
amino acid level than th€. capitatagenes, yet there is gene in the olive fruit fly. Together witlC. capitata
a higher similarity between loci of same type than be-these are the two species of thephritidaefamily whose
tween loci of same species. Adhgenes have been studied in any extent. The fact that
The trees produced from the nucleotide sequence dfoth species have twAdh genes suggests that this may
the four cDNAs are quite different from the ones ob- be a common feature of the familjephritidae. This




35

Table 2. Tests for homogeneity in differences among the fAdh amino acid sequences (from
Table 1) and nonsynonymots, and synonymou¥ values of the corresponding DNA sequences

1. Presence of a single amino acid difference (pattern 3:1)

Species Type

Adhl Adh2
B. oleae 12 12
C. capitata 5 7

d.f X2 p
Between species 1 4.000 0.046
Between types 1 0.111 0.739
Interaction 1 0.223 0.637
2. Common amino acid (patterns 2:2 and 2:1:1)

a. In at least one conspecific pair 11
b. In at least one pair of same type 26

x? = 6.081, d.f.= 1, P= 0.014
3. K, (above the diagonal) arié, (below the diagonal).

BoAdh1 BoAdh2 CcAdhl CcAdh2
BoAdhl — 0.1158 0.0799 0.1329
BoAdh2 0.5292 — 0.1222 0.0944
CcAdhl 1.4190 1.1052 —_ 0.1020
CcAdh2 1.0636 1.0874 0.9198 —

conclusion may, however, be premature in view of theAdhl.It also remains to identify which of the twadh
fact that inDrosophilidaethere are species groups with genes oB. oleaecorresponds to the locus that segregates
one and others with two function&dh genes. for the three ADH electrophoretic allozymes®foleae.
The deduced amino-acid sequences confirmed that th&gain the fact that these allozymes are abundantly ex-
two isozymes are highly related to each other and tgressed in all life stages &. oleaesuggests that they are
known ADHSs from other insects. The two ADH proteins coded byAdh2.The ADH allozymes oB. oleaerepre-
of B. oleaeare therefore classified as members of thesent a polymorphism under selection, possibly in re-
short-chain dehydrogenases/reductases (SDR) familysponse to the concentration of various types of alcohols
All these proteins have a polypeptide consisting of abouin the larval food (Mazi et al. 1998b). Given that any
250 amino acid residues. It is worth mentioning that mostattempt to control this insect would require its rearing on
members of this family are characterized by distant du-artificial food, the response of the ADH enzyme poly-
plications and divergence, are functionally and structur-morphism to this food will determine the suitability of
ally related, and lack the zinc-liganding cysteine residueghe artificial larval substrate. This study opens the way to
in their coenzyme binding regions (Jornvall et al. 1981,the understanding of the allozyme polymorphism at the
1995; Persson et al. 1991). In contrast, most ADHs frommolecular level and of the role of selection in the evo-
other organisms, including those of mammals, plantsjution and maintenance of this polymorphism under
and yeasts, belong to the medium-chain family of dehy-natural and laboratory conditions.
drogenases/reductases (MDRs) (formerly “long-chain”) We have used the available information from tkath
that have a longer polypeptide of about 370 residues andenes ofC. capitatain an attempt to reconstruct the phy-
usually contain zinc ligands in their active site (Jornvall logenetic history of theAdh genes in the twdephritid
et al. 1981). species. The comparison of proteins suggests that the two
TheAdhlandAdh2genes are known to have different Adhl and the twoAdh2 genes form two phylogenetic
expression patterns and tissue-specific distributior@.in  clusters. This type of grouping was produced by both
capitata(Benos et al. 2000Adh1seems to be expressed methods of tree construction attempted and has good
in muscle and was separated from third-instar larvae byootstrap support for the cluster of the tvxdh1genes.
ion exchange chromatography (Gasperi et al. 1994)The fact that the ADH2 polypeptides are longer by one
Adh2is expressed in gut, ovaries, and fat body and caramino acid also supports this grouping. But comparison
be detected in all stages. Thelhgenes oB. oleaethat  of the full cDNA lengths produced a different result. The
we describe here have not been examined for differencefsct that the cDNA analysis failed to produce the same
in stage- or tissue-specific expression. It remains, theretree as the amino acid sequences is not surprising in
fore, a matter of interest whether tihelh2 of B. oleae itself, yet the fact that the latter analysis has joined the
will have the expression characteristics Afh2 of C.  two conspecificAdh genes in separate pairs is remark-
capitata, which has been studied more intensively thanable. Again, the cDNA tree topography is the same
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whether the neighbor-joining or the UPGMA method is of their evolution (Sullivan et al. 1989) or as tools for
used. Both these trees are based on molecular distanaeconstructing the phylogeny and estimating divergence
The maximum parsimony method which is based ontimes of drosophilid species (Russo et al. 1995). We have
character-state differences produced the same resulised here information from only those specieDob-
(data not shown). As mentioned earlier, a regular pattersophilafor which two functionalAdh genes, also named
of this type has a low probability to arise by change AdhlandAdh2,were known to exist. We have used this
alone. The difference between the trees of Fig. 4A andnformation in a way similar to that we have applied to
Fig. 4B is important, because each of these figures supthe four tephritidAdh genes. The five species that we
ports a different phylogenetic history of the genes, one ohave examined (Fig. 4) belong to tBeosophilasubge-
a uniqgue duplication within the familyephritidae(Fig.  nus of the familyDrosophilidae.Two of these D. virilis
4A), or one of separate duplications within each speciesindD. montand belong to thevirilis group and the other
(Fig. 4B). The question is not merely about the history ofthree to therepletagroup. Of the latter specieB, hydei
an important enzyme but also about the selective forcebelongs to thénydeisubgroup andd. mojavensigandD.
that have guided its evolution. buzzatiito the mulleri subgroup. The amino acid se-
At present there is no further information from the quence trees produced a picture in which At genes
Adhgenes ofTephritidaethat we may use to resolve this clustered according to species for three of the five spe-
disagreement between amino acid and nucleotide sesies butin a mixed way for the two species of thalleri
quences. On the other hand théhgenes oDrosophila  subgroup. In contrast, cDNA nucleotide sequences pro-
have been extensively studied either from the standpoinduced very clear highly supported trees (Fig. 4A) that
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joined together the conspecific sequences for all fivethe two Adh genes arose by separate duplication events
species (Fig. 4B). In addition, these trees successfullyhat occurred after the emergence of each species or that
separated the species according to species groups atlte two genes have resulted from a prespeciation dupli-
subgroups. No argument about substitution saturatiomation event and have subsequently been subjected to
may explain a pattern of such consistency. Examinatiorconcerted evolution, possibly through gene conversion.
of introns of the 10Adh genes of Fig. 4 also supports a  The issue ofAdhduplication in the genuBrosophila
grouping according to species than type. In each pair ofemains unsolved (Ashburner 1998). In the subgenera
conspecific genes, the first intron is of the same size an@&ophophoraand Scaptodrosophilathere exist a func-
the second intron is also of the same size, but sizes dfonal gene and an apparently nonfunctioAdhrelated
homologous introns vary amomglhgenes of same type (Adhr) gene, which is tightly linked to the functional
from different species. When intron 1 and intron 2 of gene. The situation is more complex in the subgenus
each locus are amalgamated to produce an intronic sédrosophilawhere species of theepletagroup have as
quence, the 10 resulting sequences can be used to provany as three genes. Of these one is a nonfunctional
duce a new set of phylogenetic trees. These trees, baspdeudogene (Sullivan et al. 1994), even though in some
either on neighbor-joining or UPGMA methods, are species, in particuldd. mettleri,this would be functional
similar in topology to those shown in Fig. 4B based on(Begun 1997). Russo et al. (1995) have attempted to time
exonic sequences, i.e., they cluster thgenes accord- the events ofAdh duplication in species of theepleta

ing to species rather than type, with the exception of thegroup and suggested that a single duplication that hap-
D. mojavensisand D. buzzatiisequences, which cluster pened 6-11 Mya could explain thedh genes in theD.

in a mixed way (data not shown). The conclusion mustmulleri subgroup, except i>. hydeiwhere this event

be either that in the species of the subgeDussophila  cannot be older than 4 Mya. As a result these authors
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have concluded that either there have been multiple du- site-directed mutagenesis of conserved positiorBrosophilaal-
plication events within th®. repletagroup or that gene ~_ cohol dehydrogenase. FEBS Lett 319:90-94

. . L Cosmides N, Loukas M, Zouros E (1997) Differences in fithess com-
conversion may have increased the Slmllamy of conspe ponents among alcohol dehydrogenase genotypes of the olive fruit

cific genes _in some SpeCi?S- The latter hypothesis was f (piptera: Tephritidae) under artificial rearing. Ann Entomol Soc
also entertained by Menotti-Reymond et al. (1991), who Am 90(3):363-371

could not find compelling evidence for it. This is also Cosmidis N, Loukas M, Zouros E (1999) Rarer need not be better if
supported by our observation that the divergence of in- commoner is worse: frequency-dependent selection for develop-

. . . mental time at the alcohol dehydrogenase locus of the olive fruit
traspecific sequences vary considerably among species fly, Bactrocera oleaeEvolution 53(2):518-526

from nil in D. _Vir”is to 0-0_8 inD. bu;zatii(_Fig. 4B) ON  pavid JR (1988) Ethanol adaptation and alcohol dehydrogenase poly-
face value this could be incompatible with a single pre-  morphism in Drosophila: from phenotypic functions to genetic

speciation duplication event, since in this case homog- stru(_:tures._ln: de Jong G (ed) Population genetics and evolution.
enization through concerted evolution would have been Berlin: Springer, pp 163-172

Felsenstein J (1985) Confidence limits on phylogenies: an approach
the same for every twAdh genes drawn from the same using the bootstrap. Evolution 39:783-791

species. Unfortunately, we know nothing about the prob-gasperi G, Baruffi L, Malacrida A, Robinson AS (1992) A biochemical
ability distribution of the rate of this homogenization, SO  genetic study of alcohol dehydrogenase isozymes of the medfly
no statistical support can be provided for this observa- Ceratitis capitataWied Biochem Genet 30:289-304
tion. But one can observe that whatever the range of it§a5g‘z”9% ;<afeltz‘?pou'oz D, C_h:iStr‘]’dOU”do_“ A, BOL]{”O“S \1 S:"Iac'j‘is

s L . . . . 1994) Isolation and partial characterization of two alcohol de-
distribution, stochastic homogemzauon .could be hardly hydrogenase isozymesﬁmm the med@gratitis capitata.Insect
expected to cluster the species according to taxonomic gjochem Molec Biol 24(1):87-94
subgroups and groups (Fig. 4B). On the other hand, iGibson J, Oakeshott J (1982) Tests of the adaptive significance of the
duplications occurred within species, the degree of di- alcohol dehydrogenase polymorphisnirosophila melanogaster:
vergence would be correlated to the time of duplication, ~Path. pitfalls and prospects. In: Barker JSF, Starmer WT (eds)

. : . Ecological ti lution. New York: A icP
which need not be the same in all species. Thus, present 2;(1)_039(;2&1 genetics and evolution. New York: Academic Press, pp

eVide_‘n(_:e is more s_upportive of the hypothesis C_)f pQSt‘Holmes DS, Bonner J (1973) Preparation, molecular weight, base com-
speciationAdh duplication than concerted evolution in position and secondary structure of giant nuclear ribonucleic acid.
Drosophila. By extension this provides additional sup-  Biochemistry 12:2330-2338 - _
port for our suggesting that thédh genes oftephritids Hort'ﬁ TvIK“th; dT'thton S (199‘:)thpuf:'f'0:;'°” a”r‘]’ CDNA C'Or,“”;? of
may have a similar evolutionary history. The issue can- ¢ aicohol dehydrogenase of the fleshSgrcophaga penegrin

. A structural relationship between alcohol dehydrogenase and a 25-
not be settled without the accumulation of more data.  kpa protein. Eur J Biochem 237(3):698-703

Jornvall H, Persson M, Jeffery J (1981) Alcohol and polyol dehydro-
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