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Abstract. We have sequenced most of the coding re-Key words: Dopa decarboxylas€Ddc) — Diver-
gion of the gen®opa decarboxylase (Dd) 24 fruitfly gence —Drosophila — Scaptodrosophila — Chymo-
species. Thédc gene is quite informative aboWro- myza — Zaprionus — Scaptomyza

sophila phylogeny. Several outstanding issuesDro-
sophila phylogeny are resolved by analysis of thelc
sequences alone or in combination with three other .
genes,Sod, Adh,and Gpdh. The three species groups, Introduction

melanogaster, obscurand willistoni, are each mono-

phy|etic and all three combined form a monophy|etic The received classification of the Drosophilidae (e.g.,
group, which Corresponds to the Subge@ﬂphophora_ Wheeler 1981) is inconsistent with the phylogenetic re-
The Sophophoraubgenus is the sister group to all other lationships among the species, whether these are based
Drosophila subgenera (including some named genera®n morphology (Throckmorton 1975; Grimaldi 1990) or
previous|y considered outside t[‘[Qrosoph“a genus, molecular data (Kwiatowski et al. 1997; Powell 1997).
namely,ScaptomyzandZaprionus,which are therefore Throckmorton (1975) advanced a comprehensive
downgraded to the category of subgenus). The Hawaiiafcheme of the phylogenetic relationships in the Dro-
Drosophilaand Scaptomyzare a monophyletic group, sophilidae and showed that paraphyly is widespread
which is the sister clade to therilis andrepletagroups ~among the various groups. However, he did not make
of the Subgenu@rosoph”a_ The Subgenu@rosoph”a any attempt to bring the classification of the Drosophi-
appears to be paraphyletic, although this is not definitelylidae in correspondence with his hypothesis of phyloge-
resolved. The two gene@captodrosophilandChymo-  netic relationships. Grimaldi (1990) has more recently
myzaare older than the genirosophila.The data favor ~ constructed a phylogeny of the family, using a number
the hypothesis thaEhymomyzas older tharScaptodro- ~ 0f morphological characters and relying on strict cladis-
sophila, although this issue is not definitely resolved. tic methods, concluding also that Wheeler's classifica-
Molecular evolution is erratic. The rates of nucleotidetion implies extensive paraphyly. Grimaldi (1990) has
substitution in 3rd codon position relative to positions 1accordingly proposed a new classification of the Dro-

+ 2 vary from one species lineage to another and fronfophilidae, which is consistent with his hypothesis of
gene to gene. phylogenetic relationships. Grimaldi’s phylogenetic hy-
pothesis displays important disparities with Throckmor-
ton’s and has been shown also to be inconsistent with
extensive molecular data (DeSalle 1992; Thomas and
*Present addressinstitute of Botany, Warsaw University, 00-478 Hunt 1993; Kwiatowski et al. 1994, 1997; Powell 1997;
Warszawa, Al. Ujazdowskie 4, Polands-mail: jmkwiato@ Remsen and DeSalle 1998).
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Correspondence taF.J. Ayala;e-mail: flayala@uci.edu the position of the subgen®phophorgwhich includes
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D. melanogast@[ Grimaldi (1990) considerso- following the procedure described by Palumbi et al. (1991). The pub-
phophorato be a sister-taxon of the subgenus (SE!]’[)- lished sequences from a mothklgnduca sextaGenBank U03909), a

. . . - fly (Drosophila melanogasterX04661), and a mosquitoAedes ae-
sophila,which together with the s.@orsilopha,would gypti; U27581) were used to design PCR primers. Two slightly differ-

make up the genuBrosophila.In contrast, Throckmor-  ent methodsg andb) were followed for amplification and sequencing.
ton (1975) considered the s.Brosophilato be phylo-  Methoda was used for species 1-12, 14, 22, and 24; methddr
genetically closer to several genera and subgenera (sushecies 13 and 15-23 (see Table 1 for ID numb8csjptodrosophila
as Zaprionus, Samoaia, Dorsilopha, Hirtodrosophila, Was analyzed with both methods).

and ScaptomyzZathan to Sophophora.Molecular data

have, on the whole, favored Throckmorton’s rather than _Method a.The amplifying primers were’SCACTGGTACCGNC-

. . . . . . CCAASTTYCAYGCCTACTTCCCCAC-3 (APF; forward primer),
Grimaldi's hypothesis in this respect (e.g., Kwiatowskiet = = " -~ - oo ) C LT TNAGCCGGAAGCAGACCALS

al. 1994, 1997; Russo et al. 1995; Powell 1997; Remse'@APR; reverse primer). The amplified fragment is 963-966 bp long and
and DeSalle 1998) but have left unresolved the relationencompasses most of tReic exon 4 gene, accounting for 68% of the
Ships among several genera and subgenera (and broughtal Ddc coding sequence iB. melanogasterThe shorter fragments
into question whether thavillistoni group, usually in- (963 rather than 966 bp) are due to a 3-bp deletion shared by all

. species of theSophophorasubgenus. All PCR reactions were con-
cluded in the subgenLSophophoramay aCtua"y be a ducted as described by Kwiatowski et al. (1991). Amplification param-

sister taxon to th®rosophilagenus (e.g., Fandakis and  eters were as follows: initial denaturation at 94°C for 5 min, followed
Solignac 1993). These unsettled issues are significanby 31 cycles of denaturation, annealing, and extension at 94°C for 30
particularly the phylogenetic position 8bphophorabe- s, 60°C for 30 s, and 72°C for 2 min, respectively; after 30 cycles, the

cause this subgenus includBs melanogasterwhich is reaction was additionally kept at 72°C for 7 min to complete exten-

. p ion. PCR products were purified with Wizard PCR preps DNA puri-
SO extenswely used as a model SPECIES for many eVOI"Ecation system (Promega corporation) and cloned using the TA cloning

tion_aer developmental, and molecular biology investi-yi; (nvitrogen, San Diego, CA). DNA sequencing was done by the

gations. dideoxy chain-termination technique with Sequenase Version 2.0 T7
In this paper we study the phylogenetic relationshipsDNA polymerase (Amersham Life Sciences Inc., USA) usiig-

among 24 species of the family Drosophilidae, using thdabeled dATP. The internal sequencing primers were as follows: A1F,

. 5 ATAGGCAAGCTGGTGGGCTA-3; A2F, 5-ATCCAGATTGG-
nucleotide sequences @fopa decarboxylase (DACR 5 ,yGarcaCAC3; ASF, 5-TGGTGAATTTCGACTGCTCGGC-

nuclear gene involved in morphological differentiation cotcTcG-3: AR, 5-AGAGCCACCAAGGTGGATACA-
and in the production of the neurotransmitters, dopamin€TcGc-3; A2R, 5-TCRAAGTTSACCAGCATCCA-3; and A3R,
and serotonin. The product of this gene, DDC, catalyze$'-ASCCACATGGCMGAGCAGTC-3.

the decarboxylation of dopa to dopamine and is essential

for the sclerotization and melanization of the cuticle  Method b.The amplifying primers were 'SGAYATYGARC-
(Wright 1996, and references therein). This gene is conSNGTSATCATGCCKGG-3 (BPF; forward primer) and 5

served betweebrosophilaand humans and is expressed JSRCTCAATCGNGARCADAYKGCCAT-3 (BPR; reverse primer).
The amplified fragments were longer than with methedbut we

in the central nervous system (CNS) as well as in theomalyze here only the nucleotide sequence corresponding to the PCR
peripheral nervous system of insects and mammal§agments of method. PCR amplifications were performed in a 100-
(Wright et al. 1982; Konrad et al. 1993; Wang and Marshvolume of the EXTAKARA buffer, containing 2.5 U of EXTAKARA
1995; Wang et al. 1996; Wright 1996). The only Dro- Taq polymerase, 0.2 kh dNTP (all from TAKARA), a 0.5uM con-

sophilid nucleotide sequence Dic already published is  cenvration of primers, and @l of template DNA. The cycling param-
eters for the amplification were as follows: initial denaturation at 95°C

that of D. melanogaste(Eveleth et al. 1986). We have ¢ 5 min, followed by 31 cycles with denaturation for 30 s at 95°C,

sequenced this gene in another 22 Drosophilid specieginealing for 30 s at 59°C, and extension for 2 min at 72°C; after 30
and in the medflyCeratitis capitata.The Ddc gene has cycles the reaction was additionally kept at 72°C for 7 min to complete
been found to be a highly appropriate marker for phy|o_extensi0n. PCR products were purified with Wizard PCR preps DNA

. P - : urification system (Promega corporation), and both strands of the PCR
genetic anaIyS|s Ina SUbfam”y of LEpldOptera that aros‘?ragments were sequenced directly with an ABI Model 377 autose-

within the last 20 million years (Fang etal. 1997)' Com- quencer using the Dye Terminator Ready Reaction Kit according to the
parison ofD. melanogaster Ddavith that of other ani-  manufacturer's protocol (Perkin Eimer). The two amplification primers
mals (such as mosquito, moth, and some mammals) inwere also used for sequencing. Internal primers used for sequencing
dicates that it can be informative at deeper taxonomigvere as follows: B1F, SCNCAYTCNTCNGTGGARCG-3, B2F, 5-
levels as well. YGAYTGYTCNGCYATGTGG-3; B1R, 5-CGYAGNCKATTRT-
KCTCATC-3'; and B2R, 5>TTRAANGCRTTNACCACCCA-3.
The sequence dferatitis capitatawas obtained from three sepa-
Materials and Methods rately amplified and cloned overlapping segments. Sequencing was
done with the forward and reverse primers of the vector, otherwise
SpeciesThe 24 specis studied are fsted i Table 1. The Drosopiidac % % RO ie ol TN 20 SNEEe 0
species originate from the National Drosophila Species Resource Cergpecies. See Appendix 2.)
ter (Yoon 1996); for the source @feratitis capitatasee Kwiatowski et
al. (1992). We list adrosophila subgenera some taxa classified as
genera by Wheeler (1981), b8taptodrosophilas a genus, following Sequence Analysis and Phylogeny ReconstrucBequences were
Grimaldi (1990) and Kwiatowski et al. (1994, 1997). entered, edited, and assembled using programs of the Fragment As-
sembly module and aligned using PILEUP and LINEUP of the GCG
DNA Preparation and Sequencin@enomic DNA was extracted package (Version 9.1). Alignment required a 3-bp-long gap to be in-
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Family Genus Subgenus Group Species ID*No.
Drosophilidae Drosophila Sophophora melanogaster melanogaster 1*
simulans 2
teissieri 3
erecta 4
obscura bifasciata 5
bogotana 6*
persimilis 7
willistoni paulistorum 8
willistoni 9*
nebulosa 10
Drosophila virilis virilis 11*
repleta hydei 12*
immigrans immigrans 13*
MMPP mimica 14*
ScaptomyZa palmae 15
adusta 16*
Hirtodrosophila pictiventris 17*
Dorsilopha busckii 18*
Zaprionu$ tuberculatus 19*
Liodrosophil& aerea 20
Samoaia leonensis 21
Scaptodrosophifa lebanonensis 22*
Chymomyza amoena 23*
Tephritidae Ceratitis capitata 24*

2 Asterisks indicate species analyzed for three additional geSms; Adh(exceptD. buscki), and Gpdh (exceptD. adusta, D. mimicaand D.

immigrang.
P Modified mouthparts, a group of Hawaiian drosophilids.

¢ Scaptodrosophilas classified by Wheeler (1981) as a subgenusDodsophila but has been raised to genus by Grimaldi (1990; see also
Kwiatowski et al. 1994, 19975captomyza, Zaprionus, Liodrosophitad Samoaiaare classified as genera by Wheeler (1981); in this paper we
refer to them, as well as tdirtodrosophilaand Dorsilopha,as subgenera within the genDsosophila.

serted in the same position (385—-387 in Appendix 1) irsalbhophora

sequences. The MEGA program (Kumar et al. 1993) was used to cal-

culate distances and to construct evolutionary trees with the neighbor-

joining (NJ) method (Saitou and Nei 1987), and for calculating several B NN
descriptive statistics. Maximum-parsimony trees were constructed us-

ing the PHYLIP 3.57 package (Felsenstein 1989). Alternative topolo- (w‘;RPR

gies were compared using Templeton (1983) and Kishino and Ha- @RMF =

segawa (1989) tests, implemented in PAUP [Version 4.0.0d64 APF Par

(Swofford 1998)]. Codon usage bias was measured with EN@(or p—d ; a

the effective number of codons) (Wright 1990). Higher values of ENC

indicate less codon usage bias. B1R ¢ BPR
Our phylogenetic analysis includes three additional geSesl, B2R

Adh, and Gpdh. These DNA sequences, mostly obtained in our labo- &)Bﬂ: BZF,

ratory, are available from GenBank. O———— o

fo e

S Ceratitis

Results

The Ddc gene structure, amplification, and sequencingo 500 1000 1500 2000 2500 3000 3500 4000
strategy are shown in Fig. 1. The 24 sequences (23 Dro- bp

.sophllldae.plus the medfl¢eratitis cap|t§1t_a are given Fig. 1. Structure of theDdc gene and strategy for amplification,
in Appendix 1. Across the 23 Drosophilidae taxa, 413cjoning, and sequencing. Thexesrepresent exons; their coding parts
sites are variable (43% of the 966 in the sequenceareblackand their noncoding parts anatched. Thick linesonnecting
ntl:nt2:nt3, 79:34:300). Three hundred sixty sites arghe boxes are introns. Thiick gray linesrepresent the segments
parsimony-informative (ntl:nt2:nt3, 61:24:275). The 10 amplified and sequenced, with primers showraa®ws above them.

. f th b 8ophoph lack d The sequence dferatitis capitatawas obtained from three separately
Species o € subgenusophophoralack a codon amplified fragments, which were cloned and both strands sequenced

(nucleotide positions 385-387 in Appendix 1) that codesyith standard vector primers and b refer to two methods: for the
for asp in the other species. There is not much bias in GGpecies studied by each method, see the text.
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Fig. 2. Effective number of codons (ENC) versus
20 ' ! } + ' ' t GC content in the third codon position Bfidc. The
40 45 50 55 60 65 70 75 80 abbreviations refer to the species names, as listed
% G3+C3 in Table 1.
content overall, but the variation is large at the third codon 100 — D. melanogaster
positions (Fig. 2), ranging from 0.47 @hymomyzdeven 100 D. simulans
lower inCeratitis,0.41) to 0.77 irD. immigransThe varia- D. teissieri
. . L . 68
tion is notably large within the subgen8sphophorawith = D. erecta
. . . . . 100
the threawillistoni group species having 52—61%, while the 0 D. bogotana
26 D. persimilis

melanogasterand obscuragroups have more than 70%
GC. Codon usage bias, as expressed by the effective num-
ber of codons (ENC) does not differ among species (Fig. 2).

D. bifasciata
D. paulistorum
D. willistoni

A neighbor-joining (NJ) tree based on Jukes—Cantor D. nebulosa
distances is presented in Fig. Geratitis (family Te- 2 D. virilis
phritidae) is used as the outgroup. A few species clusters 37 1 Hﬁofg; Z‘:; ohila
are well resolved on the tree. All three species groups of D. immigrans
the subgenussophophoraform well-supported mono- o2 Samoaia
phyletic groups, but the relationships among the three o % D. (Scaptomyza) adusta
groups or between them and other Drosophilids are not &I |||, = D. (Scaptomyza) palmae
well defined in this tree. The two species®¢aptomyza, L — D. mimica
one from Hawaii(D. palmae)and the other from Texas o L'OZ‘ZO;ZI‘: Z'sla
(D. adusta),form a monophyletic group that clusters in pDO,s,,opha
turn with the HawaiiarD. mimicawith a high statistical Scaptodrosophila
(bootstrap) support. The two Drosophilidae genéiay- Chymomyza
momyza and Scaptodrosophitae outside all other spe- Ceratitis

cies, consistent with previous results (Kwiatowski et al.Fig. 3. Neighbor-joining tree based on Jukes—Cantor distances for
1994, 1997), but with unreliable bootstrap values in thepdc_nucleptide sequences. The pootstrap confidence level (1000 rep-
present case. Other NJ trees based on Kimura’s (lgsdj:atlons) is shown for each interior branch tested.
two-parameter distance and on fhdistance (proportion
of different nucleotide sites) are consistent with Fig. 3species groups is included in the analyses that follow,
and yield similar statistically dependable relationships. Agiven that the monophyly of each group is so strongly
maximum-parsimony tree has a somewhat different tosupported in th®dc tree (100% in each case) and oth-
pology, but with very low support for its nodes and yields erwise. In the case gkdhwe have replaced one species
monophyly for each of th&ophophorapecies groups, as with another in two cases because of unavailability: the
well as for the association &captomyzavith D. mimica.  Scaptomyzapeciesalbovittata (rather thanadustg and

We have studied the same set of species (with th&€hymomyza procnem{gather tharamoena. Tamura et
exceptions noted in Table 1) for three other genes (withal. (1995) have studieddh in numerousScaptomyza
the number of coding nucleotides analyzed, in parenthespecies and concluded that they all form a monophyletic
ses):Sod(342),Adh(516), andGpdh(729). For simplic-  cluster.
ity, only one species from each of the thi@ephophora Figure 4 displays four NJ trees based on Jukes—Cantor
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Hirtodrosophila o D. virilis
A D. immigrans o D. hydei
D. mimica Scaptomyza
Scaptomyza “A oo D. mimica
D. hydei o Hirtodrosophila
D. virilis o3 D. immigrans
Dorsilopha o Zaprionus
78 Zaprionus 00 D. melanogaster
o D. melanogaster 70 :D. bogotana
. | D. bogotana D. willistoni
D. willistoni Scaptodrosophila
Scaptodrosophila Chymomyza
Chymomyza Ceratitis
Ceratitis
Ddc+Sod Ddc+Sod+Adh
99| D. virilis D. virilis
C SED. hydei D. hydei
52 Hirtodrosophila Hirtodrosophila
81 Dorsilopha Zaprionus
o Zaprionus D. bogotana
99 D. melanogaster D. melanogaster
5 . D. bogotana D. willistoni
D. willistoni Chymomyza
Scaptodrosophila 53 Scaptodrosophila
Chymomyza Ceratitis
Ceratitis
Ddc+Sod+Gpdh Ddc+Sod+Gpdh+Adh

Fig. 4. Neighbor-joining trees based on Jukes—Cantor distances using combined data sets for four genes. Bootstrap confidence levels (2
replications) are shown for all interior branches tested.

distances obtained by considering other loci in additionies that include both species, DeSalle (1992) considers
to Ddc. Trees obtained with Kimura’s (1980) two- Scaptodrosophilahe most ancient, a position also fa-
parameter or Tamura’s (1992) distance have preciselyored by Kwiatowski et al. (1994, 1997), who point out
the same topologies as those shown in Fig. 4, and witlthe absence of statistical support for this hypothesis.
similar bootstrap support. Maximum-parsimony treesBeverly and Wilson (1984) favoreBhymomyzas the
also yield identical, or very similar topologies, but typi- ancestral lineage. This ancestry Ghymomyzds also
cally with lower bootstrap values than the NJ trees.  favored by combiningddc + Sod+ Gpdh(Fig. 4C), but
The combination ofbdc and Sod (Fig. 4A) brings  with a low statistical reliability. The combination of all
bootstrap reliability to several nodes that were unre-<four genes (Fig. 4D) leaves the matter unresolved. If we
solved byDdc alone. Incorporating alsédh (Fig. 4B)  use only codon positianl + 2, the NJ asvell as the
resolves most of the nodes of intereShymomyzand  maximum-parsimony trees combining any three or all
Scaptodrosophilare outside all other Drosophilids, with four genes placescaptodrosophilaas the outgroup to
moderately strong indication th@hymomyzas the out- Chymomyza- Drosophila(Fig. 5).
group to the rest. The order of branching of these two Figure 4 shows th&ophophorasubgenus rielano-
genera has remained largely unresolved in the pasgaster, obscuraandwillistoni groups) as the sister group
Throckmorton (1975) putScaptodrosophilan the an-  to all otherDrosophila,namely, the cluster of thBro-
cestral position, while on Grimaldi's (1990) tree their sophilasubgenus pluScaptomyza, Hirtodrosophiland
branching order was not resolved. Of the molecular studZaprionus(93% bootstrap value in Fig. 4B and 81% in
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A _51[ D. virilis B
D. hydei

89

_72[ D. mimica 56[ Zaprionus
03 Scaptomyza - Hirtodrosophila
is_[ Hirtodrosophila { D. hydei
. z Zaprionus o D. virilis
— D. immigrans
94 D. bogotana
% D. melanogaster
88 I o1 97 D. melanogaster
97 D. bogotana
. . D. willistoni
100 D. willistoni 100
Chymomyza Chymomyza
Scaptodrosophila Scaptodrosophila
Ceratitis Ceratitis
Ddc+Sod+Adh Ddc+Sod+Adh+Gpdh

Fig. 5. Two most parsimonious trees based on the 1 + 2 positions of the combined data sets for three and four genes. Other combinations of
and three genes yield similar trees, but less well resolved. Bootstrap confidence levels (1000 replications) are shown for all interior leghches tes

Fig. 4C, which includes, in addition, the subgerir- is also highly reliable (Figs. 4A and B, 5A), which is con-
silopha,but notD. immigransor the clusteiScaptomyza sistent with the Hawaiian origin dbcaptomyzaalthough
+ D. mimicg. The position of theSophophorasubgenus  this was classified as a separate genus by Wheeler (1981).
as the outgroup to the othBrrosophilasubgeneraliro- PresumablyScaptomyzahared wittD. mimicaa common
sophila, Hirtodrosohila,and Zaprionug is also firmly  ancestor within theDrosophila subgenus, in whicltD.
supported (97% bootstrap) by the combination of all fourmimicais usually included. The incorporation &capto-
genes. The same conclusion is obtained if we use onlynyzawithin the Drosophila subgenus is statistically sup-
codon positios 1 + 2 and waslso reached by Tamura et ported in Figs. 4B and 5A by the association of the two
al. (1995), based on the analysis of Adh sequence pairsD. mimica+ ScaptomyzandD. virilis + D. hydei(86
longer than the one used in our analysis. and 89% bootstrap, respectively). Nevertheless, the subge-

The conclusion that the subgen@®phophorais  nusDrosophilawould not seem to be monophyletic, even
monophyletic to all othebrosophilasubgenera is sup- if we include Scaptomyzabecause the species just men-
ported by our observation of a 3-bp deletion (385-387 intioned appear to be equally or more closely related to the
Appendix 1) that appears in eélophophorapecies (the subgenu#lirtodrosophilathan to other species of the sub-
threewillistoni group species as well as in tldbscura  genusDrosophila(D. immigrans;see below and Fig. 4A,
and melanogasteigroups) but not in any of the other B) when all sites are used. The subgebussophilais not
Drosophilasubgenera (or in any of the outgroup genera,monophyletic either when the trees are based only on codon
Scaptodrosophila, Chymomyzand Ceratitis). The po-  positiors 1 + 2.
sition of the willistoni group species based on genetic Figure 4 consistently showgaprionusas the out-
distances is equivocal, since thdlistoni species often group to all Drosophila subgenera, other thaBo-
appear outside all othddrosophilalineages, including phophora,with a high statistical reliability in Fig. 4B
the otherSophophora(e.g., Péandakis and Solignac (85% bootstrap) and Fig. 4D (92% bootstrap). However,
1993; Powell 1997), which may be a consequence ofvhen only codon positial + 2 areused, the phyloge-
untypical molecular evolution in theillistoni group, as  netic relationships are somewhat changed, so Zlagt
it is apparent in Fig. 2 with respect to third-position GC rionus, HirtodrosophilaandD. immigransform a well-
content. The monophyly of th8&ophophoraspecies is defined monophyletic group (82% bootstrap; Fig 5A).
firmly supported when we analyze our data using only 1The reason for this discrepancy between the trees based
+ 2 codon positions. on all positions or oyl 1 + 2 are noftclear. One possi-

All trees in Figs. 4 and 5 shoW. virilis andD. hydei  bility could be differences in GC content in the third
as a well-defined monophyletic cluster, as has also beepositions.
determined in other molecular studies (Kwiatowski et al. In order to address the problem of compositional bias,
1994, 1997). The monophyly &f. mimicaandScaptomyza we have analyzed the data sets represented in Fig. 4 by
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excluding species that are at the two opposite ends of th2 do not indicate saturation at the third position for any
spectrum with respect to G3 + C3 content. In all setsgene or combination thereof (Fig. 6). Similarly, the num-
these species at@eratitis, Chymomyza, D. melanogas- ber of differences at the third position is greater for the
ter,andD. bogotana(For Ddc + Sodwe did the analyses comparison betweelCeratitis and any Drosophilidae
with and withoutD. immigranswhich has high G3 + C3  species than for any comparisons between Drosophilidae
in Ddc) The differences in G3 + C3 content for the (data not shown). We note here that a recent study by
remaining species are sma#{0%), although these spe- Yang (1998) shows that the bias, commonly attributed in
cies represent all groups of interest. With this procedurehe literature to saturation, may have been exaggerated.
the branching order remains the same as in Figs. 4A—CSimulations show that saturation occurs only at a much
Thus, GC content differences in the third codon positionshigher level of sequence divergence than has previously
do not seem to be the reason for the differences irbeen suggested. Yang (1998) has pointed out that, by
branching order oZaprionus, Hirtodrosophilaand D. some current criteria, many data sets would be declared
immigranswhen based on different codon position sites.as saturated, even before enough substitutions have ac-
As we show below, the possible saturation at third po-cumulated to be informative. According to Yang (1998),
sition sites is not a factor either, because a plot of thea much more serious problem than saturation is the absence
divergencestal + 2 versus third positions clearly shows of sufficient information at low levels of divergence.
the absence of saturation, especially wliamnatitisis not Another potentially confounding effect may arise
used (as it has not been used in the above analysis). from differences in GC content in the third position (G3
The branching sequence &captodrosophilaand  + C3). Figure 6 shows the pairwise comparisons between
Chymomyz4Figs. 3 and 4A—C) becomes reversed if we all Drosophilidae species for third vessi + 2positions.
exclude the third codon positions (Fig. 5). Is this a con-It is apparent that comparisons involvir@hymomyza
sequence of substitutional saturation at third positions?squares in Fig. 6) generally show a relatively higher
The evidence favors a negative answer. For the comeivergence at the third-position sites (Table 2). However,
bined data set of four genes, third-position sites remairChymomyzaas the lowest G3 + C3 content of all Dro-
informative throughout the Drosophilidae and even forsophilidae (see Fig. 2). The question is whether the
the more distanCeratitis. Plots of the divergences of the higher divergence at the third position reflects an earlier
Drosophilidae species at position 3 versus positions 1 split of Chymomyzarom the other Drosophilidae or,
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Table 2. Average number of nucleotide substitutions (mean + SE) between the listed species Zagrtbrusclade at each of the genBxsic,
Sod,and Adh for different codon positiorfs

Ddc Sod Adh
1+2 3rd 1+2 3rd 1+2 3rd
Chymomyza 29.7+1.9 166.1+3.6 31913 66.1+1.5 31.0+2.0 91.4+21
Scaptodrosophila 36.1+1.7 153.0+2.3 329+0.8 56.3+1.9 38.6+1.5 80.3+3.0
D. melanogaster 47.3+23 137.1+£3.5 31112 54.0+3.3 420+1.2 79.3+4.2
D. bogotana 38.4+138 147.0+3.7 284+1.0 63.1+25 454+2.1 71.6+23
D. willistoni 37.6+1.9 144.4+3.2 26.1+0.8 56.7 +1.7 42421 82.1+2.0

2The Zaprionusclade includesD. virilis, D. hydei, D. (Scaptomyza) adusta, D. mimica, D. pictiventris, D. immigransg,D. (Zaprionus)
tuberculatus

rather, the number of differences at the third positionaccording to patterns that are inconsistent from gene to
becomes inflated because of the lower incidence of G3 gene and from lineage to lineage. This is likely to impact
C3 in ChymomyzaTo the extent that this effect of phylogenetic inferences based on numbers of nucleotide
nucleotide composition exists at all, it does not seem tesubstitutions. We may add that, with respect to the num-
be large, since we have found no correlation between thber of amino acid replacements @pdh,there seems to
number of nucleotide differences and the differences irhave occurred a rapid acceleration in tBaymomyza
G3 + C3 content for all comparisons betwe€hymo- lineage (Ayala et al. 1996; Kwiatowski et al. 1997),
myzaand theDrosophilaspecies (data not shown). which is just the opposite of the pattern we have just
A more serious problem affecting phylogenetic infer- noted for Ddc and Adh. In any case and for the time
ences derives from the heterogeneity of substitutiorbeing, it seems safe to conclude that the branching order
rates. Figure 6 shows that the number of substitution®f Scaptodrosophileand Chymomyzarelative to Dro-
betweenChymomyzand the other species is relatively sophilaremains unresolved, although our analysis favors
small with respect to positienl + 2,i.e., most squares somewhat the hypothesis that taymomyzdineage is
are about midrange along thxeaxis, even though a ma- older thanScaptodrosophila.
jority of comparisons are between pairs of species more Figure 7 displays six trees with 12 Drosophilidae taxa
closely related to each other than they areCioymo-  (and Ceratitis as the outgroup). We have tested them
myza; the only partial exceptions are the comparisonsstatistically, using the combined data fiddc, Adh,and
with Scaptodrosophildtriangles in Fig. 6). This obser- Sod,by the methods of Templeton (1983) and Kishino
vation contrasts with the large number of substitutions inand Hasegawa (1989), both of which yield qualitatively
third positions, as already noted. The discrepancy is mostentical results. Table 3 gives the results of the Kishino—
extreme forAdh,but it is also clear fobdcand the three Hasegawa tests, which have been performed for the same
genes combined. In Table 2 we show the average numbeérees, using all sites or only codon position site+ 2.
of differences between species of tAaprionusclade  Tree 1 is favored by our analysis of all sites (the same
(the seven top species in Fig. 4B) and each of five spetopology as Fig. 4B). Tree 2 differs from tree 1 only in
cies ancestral to this clade. For two geriedc andAdh,  the position oflChymomyzandScaptodrosophilalree 3
the number of substitutions at+ 2 positions is consis- is favored by the analysis of positied + 2.Trees 2 and
tently smaller betweel€hymomyzaand the species of 3 are statistically not worse than tree 1 when we use all
the Zaprionusclade than between th@ophophoraspe-  sites. Trees 4, 5, and 6 represent, respectively, the phy-
cies and theZaprionusclade. With respect to the third logenetic hypotheses of Throckmorton (1975), Grimaldi
position, the opposite is the case; at bbitic and Adh,  (1990), and DeSalle (1992a,b, 1995). Every one of trees
the number of substitutions is consistently greater for thet, 5, and 6 is statistically worse than tree 1, if based on
comparisons witlChymomyzghan with theSophophora  all sites. Wha 1 + 2 positions are used, tree 3 is statis-
species. A similar but much reduced discrepancy occursically preferred over all others, except tree 2.
for the comparisons witBcaptodrosophilawith respect Figure 8 displays trees that include the subgddois
to Sod,however, the number of differences at positions 1silophaand that are tested using data for only two genes,
+ 2 is somewhat greater in the comparisons involvingDdc and Sod.Tree 1 has the same topology as tree 1 in
Chymomyzaand Scaptodrosophilaas expected; but at Fig. 7 (and Fig. 4B), but with the inclusion Bforsilopha
the third positions, th&ophophoraspecies are as differ- betweenZaprionusandD. immigrans,as favored by our
ent from Chymomyzand Scaptodrosophilas from the data (Fig. 4A). Tree 2 is the phylogeny favored by analy-
Zaprionusclade. The conclusion of this analysis is that sis of 1 + 2codon position sites. Trees 3 and 4 corre-
the rates of nucleotide substitutions, as reflected in thespond, respectively, to the phylogenetic hypotheses of
comparison ofl + 2 versus third position, are variable Throckmorton (1975) and Grimaldi (1990). Trees 1 and
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1 D. virilis 2 D. virilis
D. hydei D. hydei
Scaptomyza Scaptomyza
D. mimica D. mimica
Hirtodrosophila Hirtodrosophila
D. immigrans D. immigrans
-Zaprionus -Zaprionus
D. melanogaster D. melanogaster
D. bogotana D. bogotana
D. willistoni D. willistoni
Scaptodrosophila Chymomyza
Chymomyza Scaptodrosophila
Ceratitis Ceratitis
3 D. virilis 4 Scaptomyza
D. hydei D. mimica
Scaptomyza Hirtodrosophila
D. mimica Zaprionus
Zaprionus D. immigrans
Hirtodrosophila D. virilis
D. immigrans D. hydei
D. melanogaster D. melanogaster
D. bogotana 4|_£D. bogotana
D. willistoni D. willistoni
Chymomyza ————Chymomyza
Scaptodrosophila Scaptodrosophila
Ceratitis Ceratitis
5 D. melanogaster 6 D. virilis
D. bogotana D. immigrans
D. willistoni D. hydei
D. virilis Scaptomyza
D. hydei D. mimica . . .
D. immigrans D. melanogaster Fig. 7. _A_\Iternatl_ve topologies for 12
Zaprionus D. bogotana Drosophilid species teste_d py the methods of
Scaptomyza 5. willistoni Templeton_ (1983) and I_<|sh|no and _Hasegawa
- - (1989), using the combined nucleotide
D. mimica Zaprionus sequences oAdh, Ddc,and Sod. The
Hirtodrosophila Chymomyza topologies of trees 4-6 represent, respectively,
Scaptodrosophila Hirtodrosophila  the phylogenetic hypotheses of Throckmorton
Chymomyza Scaptodrosophila (1975), Grimaldi (1990), and DeSalle (1992a,
Ceratitis Ceratitis b). Results of the tests are given in Table 3.

2 do not differ statistically from each other, whether all genetic signal weakly present in some genes becomes
positions or only position 1 + 2 areused; trees 3 and 4 amplified (Baker and DeSalle 1997). The combined
are statistically inferior to trees 1 and 2 (Table 4). analysis of the three nuclear gen&sic, Adh,and Sod,

We have also compared trees that are based on all foygroduces the tree shown in Fig. 4B (see also tree 1 in Fig.
loci (shown in Figs. 4D and 5B). These trees do not differ7), which has the same topology (but with more taxa
statistically from each other by the Kishino—Hasegawaincluded) as the tree obtained by adding a fourth gene,
test, whether all positions or only positerl + 2 are  Gpdh(Fig. 4D), if all sites are used. Separate analysis of
used. Trees that correspond to the hypotheses of Throckhe combined data fobdc and Sodallows us to incor-
morton (1975), Grimaldi (1990), and DeSalle (1992a, b,porate the subgenu3orsilopha (D. busckii)n that tree
1995) are statistically worse in both cases than those ifFig. 4A and tree 1 in Fig. 8). Use of only positions 1 +
Figs. 4D and 5B. 2 yields trees (Fig. 5) that are largely congruent with

those obtained when all sites are used. It is not clear,

however, which set of trees should be given preference.
Discussion While positiors 1 + 2 areless prone to the effect of

saturation and nucleotide-composition bias than third po-
A potential benefit of combining data from several loci sitions, they are more likely to be under selective con-
when testing phylogenetic hypotheses is that the phylostraints, and this could impact the phylogenetic analysis.
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Table 3. Kishino—Hasegawa test of six tree topologies shown in Fig. 7, using the combined d&dcfoBod,and Adh with either all codon

position sites or only positianl + 2: Dfferences are in comparison to the best ree

All codon positions

Position1 + 2

Length Length
Tree Length difference + SD p Length difference = SD p
1 3419 Best — 925 19+7 <0.01
2 3424 5+10 0.60 915 9+5 0.06
3 3429 13+14 0.47 906 Best —
4 3502 83+16 <0.0001 936 306 <0.0001
5 3552 133+17 <0.0001 966 60 =10 <0.0001
6 3505 86+ 21 <0.0001 957 51+10 <0.0001

2Tree 1 represents the phylogeny favored by analysis of all sites; tree 2 is the same as tree 1 except for the inverted Baosifimuaisophila

andChymomyzatree 3 represents the phylogeny favored by analyisista? pasition sites; trees 4, 5, and 6 represent, respectively, the phylogenetic
hypotheses of Throckmorton (1975), Grimaldi (1990), and DeSalle (1992a, b, 1995). The test of Templeton (1983) yields qualitatively identic

results.
1 D. virilis D. virilis
D. hydei D. hydei
Scaptomyza Sc. adusta
D. mimica D. mimica
Hirtodrosophila Dorsilopha
D. immigrans Zaprionus
Dorsilopha Hirtodrosophila
Zaprionus D. immigrans
D. melanogaster D. melanogaster
D. bogotana D. bogotana
D. willistoni D. willistoni
Scaptodrosophila Chymomyza
Chymomyza Scaptodrosophila
Ceratitis Ceratitis
3 _EScaptomyza D. melanogaster
D. mimica D. bogotana
[~ Hirtodrosophila D. willistoni
Dorsilopha D. virilis
Zaprionus D. hydei
D. immigrans D. immigrans
D. virilis Dorsilopha Fig. 8. Alternative topologies for 13 Drosophilid
D. hydei Zaprionus species tested by the methods of Templeton (1983)
D. melanogaster Scaptomyza and Kishino and Hasegawa (1989), using the
—‘—_ED‘ bogotana D. mimica combined nucleotide sequenceshuc and Sod.
D. willistoni Hirtodrosophila ~ The topologies of trees 3 and 4 represent,
Chymomyza Scaptodrosophila  respectively, the phylogenetic hypotheses of
Scaptodrosophila Chymomyza Throckmorton (1975) and Grimaldi (1990). Results
Ceratitis Ceratitis of the tests are given in Table 4.

Our analysis shows some heterogeneity between all siteto not differ statistically. A consensus tree based on all

and positios 1 + 2 in theDrosophilid lineages, particu- analyses is shown in Fig. 9.

larly with respect taChymomyza/Ne have noted that the Consistent topologies are obtained and are well sup-
effects of saturation and nucleotide-composition bias dgorted when pairs of the four genes we have studied are
not seem to be detectable at the third positions. Thisnalyzed, although few alternatives become resolved in
suggests that trees based on all sites may be most infothe separate analysis of individual genes. The combina-
mative. Nevertheless, it is most conservative to considetion of data from different genes has to be made with the

the position ofChymomyzaelative toScaptodrosophila awareness, as we have shown, that rates of evolution
as unresolved, especially considering that the Kishino-vary among taxa in patterns that are different from gene

Hasegawa (1989) and Templeton (1989) tests show thdb gene, and even within a gene, as observed when com-
trees based either on all positions or only posgidnt+ 2 paring codon positiohl + 2versus 3 (see Results). The
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Table 4. Kishino—Hasegawa test of the four tree topologies shown in Fig. 8, using the combined dBtcfand Sodwith either all codon
position sites or only positianl + 2: Dfferences are in comparison to the best ree

All codon positions Positian1 + 2
Length Length
Tree Length difference + SD p Length difference = SD p
1 2337 Best — 505 6+6 0.32
2 2349 12+13 0.34 499 Best —
3 2404 67 +15 <0.0001 518 19+6 <0.001
4 2408 71+14 <0.0001 528 29+9 <0.001

2Trees 1 and 2 represent phylogenetic hypotheses favored by analysis of all sites and by anhlysisposition sites, respectively; trees 3 and
4 represent, respectively, the phylogenetic hypotheses of Throckmorton (1975) and Grimaldi (1990). The test of Templeton (1983) yields qu
tatively identical results.

—{ D virilis era), namely Zaprionus, Scaptomyza, Hirtodrosophila,
D. hydei Dorsilopha,and the subgenudrosophila,including the

[ Scaptomyza HawaiianDrosophila.
D. mimica Traditional taxonomies consider the subgerfs
Hirtodrosophila phophorato be a monophyletic taxon that embraces the
D. immigrans willistoni, melanogasterandobscuragroups, as well as
Dorsilopha other groups not included in our study (Wheeler 1981;
Zaprionus Patterson and Stone 1952). Several molecular analyses,

_[: D. melanogaster however, place thavillistoni group outside a clade that
D. bogotana includes all otheiDrosophila, although typically with a
D. willistoni low statistical confidence (e.g., Redakis and Solignac
Chymomyza 1993; Kwiatowski et al. 1994, Figs. 3A and B; Kwia-
Scaptodrosophila towski et al. 1997, Fig. 3). Thiwillistoni group position
Ceratitis as the sister clade to all othBrosophila,including the

Fig. 9. Consensus tree resulting from combined analyses of fourSet of the otheSophophoragroups, such amelanogas-
nuclear genes, based on all sites as well as on codon positions 1 + 2. Aler and obscura,may be considered correct but it may
resolved nodes are strongly supported. also be attributed to distinctive characteristics of the mo-
lecular evolution of thewillistoni group, such as an ac-
celerated rate of nucleotide substitutions and low G3 +
rational expectation is, nevertheless, that the phyloge€3 content (review by Powell 1997). The NDHc tree
netic signal will increase on the average, if not alwaysshown in Fig. 2 places thwillistoni group within the
monotomically, with the number of genes incorporatedSophophoralade, but with a low bootstrap value. Nev-
in the analysis. Our analysis firmly supports ttgtap- ertheless, when th®dc data are combined witlsod
todrosophilaand Chymomyzare outgroups to all other alone, or also wittAdhandGpdh,the monophyly of the
Drosophilid species, in accordance with Grimaldi's Sophophoraubgenus is statistically well supported (Fig.
(1990) proposition. AlthougiChymomyzas favored as 4). This is also the case when only posisoh + 2 are
the earliest-diverged lineage, the branching order otaken into account (Fig. 5). Moreover, tBelc gene se-
these two taxa may for now be considered unresolvedquences (Appendix 1) provide unambiguous evidence
because the results are strongly dependent on whicthat Sophophorais a monophyletic subgenus, because
codon positions are included in the analysis, and becaudbere is a deletion of three coding nucleotides (sites 385—
of the noted erratic rates of evolution of the various gene887 in Appendix 1) shared by é&lophophorapecies but
in the Drosophilids and, particularly, i€hymomyza. no other Drosophilid species (or liyeratitis).
More data are needed to resolve the order of branching of Our results also provide strong support to the tradi-
these two taxa. DeSalle (1992, 1995) has suggestedional interpretation that placeSophophorawithin the
based on mtDNA data, that thdirtodrosophilalineage  genusDrosophila(in the sensu lattove use), but as the
diverged from the other Drosophilids earlier th@hy-  first Drosophilaclade to branch off, and thus as the sister
momyzaa hypothesis contradicted by our results. group to all otheDrosophilasubgenera, as proposed by
A controversial matter ilDrosophilaphylogeny con-  Throckmorton (1975). A majority of molecular studies
cerns the position oSophophora.Two issues are at supports this positioning oSophophora(Thomas and
stake: (1) whether th&ophophorasubgenus is mono- Hunt 1993; Kwiatowski et al. 1994, 1997; Tamura 1995)
phyletic and (2) whetheBophophoras an outgroup to (see Table 5). Our analysis @fdc indicates, again in
the other Drosophila subgenera (and some nominal geraccordance with Throckmorton (1975), that other groups
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Table 5. Position of the genera and subgenera listed in the left column with regard to the sub§epbaphoraand Drosophilaaccording to
various molecular studies

Ancestral to

Sophophorat+ Drosophila(Grimaldi's Placed with s.g. Drosophila, whilBophophora
Taxon hypothesis) is outgroup (Throckmorton’s hypothesis)
Liodrosophila mtDNA (DeSalle 1992a)
Adh (Tamura et al. 1995)
Zaprionus mtDNA(DeSalle 1992a) Adh (Thomas and Hunt 1993; Russo et al. 1995)

Gpdh (Kwiatowski et al. 1997)

Sod(Kwiatowski et al. 1994)

18SRNA(Pdandakis and Solignac 1993)
Samoaia 18SRNA(Pdandakis and Solignac 1993)
Dorsilopha Gpdh (Wells 1996; Kwiatowski et al. 1997)

Sod(Kwiatowski et al. 1994)

18SRNA(Pdandakis and Solignac 1993)
Engioscaptomyza Adh (Thomas and Hunt 1993; Russo et al. 1995)
Scaptomyza mtDNA (DeSalle 1992b)

Adh (Thomas and Hunt 1993; Russo et al. 1995)

18SRNA(Pdandakis and Solignac 1993)
Hirtodrosophila mtDNA(DeSalle 1992a) LHP (Beverly and Wilson 1984)

Gpdh (Kwiatowski et al. 1997)

Sod(Kwiatowski et al. 1994)

Adh (Tamura et al. 1995)
HawaiianDrosophila (Idiomya) LHP(Beverly and Wilson 1984)

mtDNA (DeSalle 1992b)

Adh (Thomas and Hunt 1993; Russo et al. 1995)

also are in a derived position relative fophophora Scaptomyzand the HawaiiaiDrosophilais favored by
(e.g., the gener&amoaiaand Liodrosophilg. Although  virtually all molecular studies. Placing these two groups
data have been available for years indicating tBat as the sister clade to tharilis—repleta set contradicts
phophorais an early-diverged lineage [e.@od(Kwia- DeSalle’s (1992, 1995) conclusion, based on mtDNA,
towski et al. 1994) anddh (Tamura et al. 1995)], other that the Hawaiian flies are an early offshoot of the sub-
authors have recently favored the hypothesis placing thgenusDrosophila. But it agrees with the recent conclu-
Sophophordineage closer to otheDrosophilasubgen- sion of Remsen and DeSalle (1998), based on the com-
era thanZaprionusand Hirtodrosophila (DeSalle 1995; bined analysis of several genes.
Powell 1997; Powell and DeSalle 1995). Our analysis of Our results show that the subgeridsosophila (rep-
the combined data for four genes (Figs. 4 and 5), as weltesented in our study Wy. virilis, D. repleta, D. mimica,
as the recent analysis of Remsen and DeSalle (1998andD. immigrang is likely to be paraphyletic (see Fig.
clearly contradicts this hypothesis. The suggestion tha#l, trees A—C, and Fig. 5A), although this is not definite
Zaprionusis “a good choice” as an outgroup to the in the consensus tree (Fig. 9), with respect to the genus
genus Drosophila (Powell 1997, pp. 275-276) can Drosophila.Kwiatowski et al. (1997) suggested remov-
hardly be maintained. ing some paraphyly by downgrading the status of the
Our analysis does not agree, however, with Throck-genusZaprionusto the subgeneric level. But if one is to
morton’s claims concerning the branching order amongetainSophophoras aDrosophilasubgenus, it becomes
the rest of theDrosophila species, which make up the necessary by cladistic rules also to downgr&bapto-
whole sister clade t&ophophoraThrockmorton divides myzaand, possibly, the genetdaodrosophilaand Sa-
the rest of the species considered here into two cladesnoaia.When this is done)rosophilais not only a genus
the “virilis—repleta lineage,” which includesD. hydei  “with too many species,” but also a genus “with too
andD. virilis, and the ‘immigrans—Hirtodrosophildin- many subgenera.”
eage,” which include®. immigrans, Zaprionus, Scap- An alternative possibility would be to rais8o-
tomyza, Hirtodrosophila, Dorsilophand the Hawaiian phophorato the rank of genus. This would seem justified
Drosophila. Tamura et al. (1995), based on analysis ofby the old age oSophophorawhich diverged from the
Adh, have suggested that the Hawaiian group®ab-  otherDrosophilano less than 50 million years ago (and
sophila and Scaptomyzdorm a monophyletic group, by the old age of the divergence between wilistoni
which is closest to the species in thigilis—repleta lin- and themelanogastegroups, which is no less than 40
eage, but are not included in thienmigrans— million years old) and also by the existence of several
Hirtodrosophilalineage. Our analysis of the combined hundredSophophoraspecies. However, it is unrealistic
data for four genes (which includedh) supports Tamura to expect that thousands Dfosophilageneticists would
and co-workers’ (1995) proposal. The monophyly of accept this proposal and refer henceforwardtanela-
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Appendix 1

1 g€J
melanogaster AACTCGTATC CAGCGATCGT TGCGGACATG CTGAGTGGAG CGATTGCCTG CATCGGATTC ACGTGGATCG CCAGTCCCGT
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea [
leonensis C
Scaptodrosophila ..T..C.... .G..C.

C
C

I B I I B ]

=]

Chymomyza ..T..C....
Ceratitis LWT.WALLL. L. .C. .
Y08388 ... teenannens

81 1¢6C
melanogaster GTGCACGGAA CTCGAGGTGG TCATGATGGA TTGGCTGGGC AAGATGCTGG AGCTGCCGGC AGAGTTCCTG GCCTGTTCGG
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis
Scaptodrosophila
Chymomyza
Ceratitis
Y08388

161 240
melanogaster GCGGCAAGGG

simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis
Scaptodrosophila
Chymomyza
Ceratitis
Y08388

Fig. A1l. Twenty-five sequences ddc. The sequence Y08388 is from Mantzouridis et al. (1997).
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241 - 320
melanogaster TTGAAGGAGG TGAAGGAGCT CCATCCGGAG TGGGATGAGC ACACCATCTT GGGCAAGTTG GTGGGCTACT GCTCGGACTA
simulans .. .
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea ..C. AL e .
leonensis C..C..C... ....A. ee...Ciiv. LT..G...A.
Scaptodrosophila
Chymomyza
Ceratitis
Y08388

321 430
melanogaster GGCTCACTCA TCCGTGGAGC
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni e ..G. .. .. A A .T..A..G. .C..T..
nebulosa .G. LA .. ....T.. .T...T.G. .C......
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea .
leonensis A..
Scaptodrosophila ... e
Chymomyza  ......... T ..
Ceratitis A..A..T..C .
Y08388 e dreesereye

.G.
TG.
AG.
CG.
.G.
AG.
AG.GGAT..A
CG..GAT...
TG.GGAT...
AG.AGAT...
.G.GGAT...
CG.GGAT...
AG.TGAT..A ..
TG.TGAT..A
.AGT---...

HHaaaaa

ao-

.TC

bobboo
°pBRRLLER;

a-

Qaaaa
e
Ha0ao

33 33 3.

o-
=

]
v 0

401 480
melanogaster TGCGTGGTGC TGCCCTGGAA AAGGCCATCG AACAGGATGT GGCCGAGGGT TTGATTCCCT TCTACGCGGT GGTCACCCTG
simulans = .......... e e teee ereeressCl Ll il it iiiei e i it ceereeeaa
teissieri = ..........
erecta e
bifasciata ....C.
bogotana ....C..C.
persimilis ....C.
paulistorum ....... C.
willistoni ....G..C
nebulosa  ....... A.
virilis .A..C..C.
hydei ... [¢]
immigrans ....C..C.
mimica A, c
palmae P
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis
Scaptodrosophila
Chymonyza
Ceratitis
Y08388

LR R R R T O Y

Fig. A1l. Continued
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melanogaster
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis

Scaptodrosophila

Chymomyza
Ceratitis
Y08388

melanogaster
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis

Scaptodrosophila

Chymomyza
Ceratitis
Y08388

melanogaster
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus
aerea
leonensis

Scaptodrosophila

Chymomyza
Ceratitis
Y08388

Fig. A1. Continued.

481 ’ 560
GGCACCACCA ACTCCTGCGC CTTCGACTAC TTGGATGAGT GTGGACCGGT GGGAAACAAG CACAATTTGT GGATCCATGT

561 640
GGACGCTGCC TATGCCGGAT CCGCTTTCAT TTGCCCCGAG TATCGCCACC TGATGAAGGG CATCGAATCA GCAGACTCTT

641 720
TCAATTTCAA TCCACACAAA TGGATGCTGG TGAACTTTGA CTGCTCGGCC ATGTGGCTGA AGGATCCCAG




721 - 800
melanogaster AACGCGTTCA ATGTGGACCC TCTTTACCTG
simulans = ...l
teissieri ...,
erecta ...
bifasciata
bogotana
persimilis
paulistorum ..
willistoni  .....
nebulosa
virilis ...
hydei ...
immigrans ~ .....
mimica
palmae e
adusta ...
pictiventris
busckii
tuberculatus
aerea
leonensis
Scaptodrosophila
Chymomyza
Ceratitis
Y08388

801 880
melanogaster AATCCCACTT GGACGGCGAT TCAGGGCACT
simulans
teissieri
erecta
bifasciata .. .
bogotana @ ...... C..C .....
persimilis ...... C..C vuunn
paulistorum ... .T..CT.G ..
willistoni ~  ...... CT.G ..
nebulosa = ....... T.G ..
virilis ... G..C .
hydei ..o G .
immigrans ..o.T..G..G
mimica ...T..T..G
palmae ... T.G .

G
G

hhhan:
hhbhnooo

o093 00a0:

.TC.
adusta

T
pictiventris R .
busckii G..A..CT.G .....
tuberculatus G..A.

aerea = iiveen C..G .....
leonensis ..., T.G .....
Scaptodrosophila ...T...A..
Chymomyza ..WT.LT..C
Ceratitis .. AL T.G ..T..T..T. . ...
YOB8388 e e e e

AHAHOGEaa.
HHaMao0Aana

ha

=]
[}
=]

881 972
melanogaster ACATCCGCAG ACACTGCAAC TTTGCCAAGC AGTTCGGGGA TCTCTGCGTG GCGGACTCCA GATTTGAACT GGCCGCCGAG ATCAATATGGGA
simulans
teissieri
erecta
bifasciata
bogotana
persimilis
paulistorum
willistoni
nebulosa
virilis
hydei
immigrans
mimica
palmae
adusta
pictiventris
busckii
tuberculatus LT..T R . ..C..G.. . ..
aerea L. ALLTCL T.LLL. TGG. uCuvvvrne wennn ATow covnnd T.v. +.C..uGAAC .C..C.uuTh wruvnnnnn G....C...

T

A

leonensis ST T iCh CouTei iGBA vveivenes enns CA.. C..G..... A CA...TGAGC .C..... G.. ....T.T... G.G..C..... T
Scaptodrosophila ....a.. ™. To..... TCG A....C.vu +vauT.Cous GuuGuvnun CA...T..GC .C..... Gt v0eGuiGuvr Gurewrennnn.
Chymomyza ....ALLTCL T

Ceratitis .
Y08388

..TGG. .A... ....T..CA. G..T..TC.T .A...TGAGC .T..... Giv vvnnnn Tovr  vevnn Covunn o}

..T.CCA. ...T...AGA ..T..TGAAC ....C..GA. T.TT.GT..T G.G........ [o}

Fig. A1. Continued.
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Appendix 2 D.melanogaster
T.D. Mantzouridis, D.C. Sideris, and E.G. Fragulis Y08388
(Gene 204:85-89, 1997) have published a cDNédc r———
sequence attributed to the med@eratitis capitataFig- ’

ure Al, bottom row, gives the alignment of this se- D.bogotana
guence, Y08388, with the others reported in this paper. D.hydei

Figure A2 gives the position of Y08388 in a simplified '

NJ tree. It is apparent from this tree (and Appendix 1) D.virilis

that YO8388 represents a gene sequence that has only Ceratitis
recently (within the last 2-5 million years) diverged from

D. melanogasterWe have also compared Y08388 with Aedes
sequences from the relateaind («-methyl dopa-
hypersensitive) gene, which is assumed to have arisen

. . L Fig. A2. Neighbor-joining tree of the DDC amino acid sequences
with Ddc from an ancient duplication event. Tkend from fruitflies, a mosquito, and a moth. Y08388 has been reported to be

genes fronD. melanogaste(Marsh et al. 1986), as Well  trom the medflyCeratitis capitata(Mantzouridis et al. 1997), but its

as from several Drosophilids sequenced in our laboragreat difference from theCeratitis sequence we have obtained and
tory, are all extremely distant from any of tBelc genes. grggt similarit_y to species of thB. melanogastelgroup make this
Indeed, the fruitflyamdgene is more remotely related to ©ngin uncertain.

any fruitfly Ddc gene than any of these is to huniadc.

It seems likely that Y08388 comes from a species closely

related toD. melanogasterather than fromCeratitis  species within the last 2-5 million years. The transfer of
capitata. A possible alternative explanation is that a functional gene between two animals has no known
Y08388 represents a seco@dratitis Ddcgene, acquired precedent, and it must be therefore considered very un-
by lateral transfer from one of theelanogastegroup  likely.

Manduca





