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Abstract. The phylogeny and taxonomy of the dro-
sophilids have been the subject of extensive investiga-
tions. Recently, Grimaldi (1990) has challenged some
common conceptions, and several sets of molecular da-
ta have provided information not always compatible
with other taxonomic knowledge or consistent with
each other. We present the coding nucleotide sequence
of the Cu,Zn superoxide dismutase gene (Sod) for 15
species, which include the medfly Ceratitis capitata
(family Tephritidae), the genera Chymomyza and Za-
prionus, and representatives of the subgenera Dor-
silopha, Drosophila, Hirtodrosophila, Scaptodrosophi-
la, and Sophophora. Phylogenetic analysis of the Sod
sequences indicates that Scaptodrosophila and Chy-
momyza branched off the main lineage before the ma-
jor Drosophila radiations. The presence of a second in-
tron in Chymomyza and Scaptodrosophila (as well as in
the medfly) confirms the early divergence of these two
taxa. This second intron became deleted from the main
lineage before the major Drosophila radiations. Ac-
cording to the Sod sequences, Sophophora (including
the melanogaster, obscura, saltans, and willistoni
species groups) is older than the subgenus Drosophila;
a deep branch splits the willistoni and saltans groups
from the melanogaster and obscura groups. The genus
Zaprionus and the subgenera Dorsilopha and Hirto-
drosophila appear as branches of a prolific “bush” that
also embraces the numerous species of the subgenus
Drosophila. The Sod results corroborate in many, but
not all, respects Throckmorton’s (King, R.C. (ed) Hand-
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book of Genetics. Plenum Press, New York, pp. 421-
469, 1975) phylogeny; are inconsistent in some impor-
tant ways with Grimaldi’s (Bull. Am. Museum Nat. Hist.
197:1-139, 1990) cladistic analysis; and also are in-
consistent with some inferences based on mitochondri-
al DNA data. The Sod results manifest how, in addition
to the information derived from nucleotide sequences,
structural features (i.e., the deletion of an intron) can
help resolve phylogenetic issues.

Key words: Superoxide dismutase gene — Drosophi-
la phylogeny — Nucleotide sequence — Medfly Ce-
ratitis capitata — Intron evolution — G + C content

Introduction

The taxonomy and systematics of Drosophila have been
the subject of many investigations. A few landmarks are
the monographs by Sturtevant (1921), Patterson and
Stone (1952), Throckmorton (1975), and Wheeler
(1981, 1986). Important recent contributions include a
cladistic and revisionist monograph by Grimaldi (1990),
and several molecular studies, the most notable and in-
clusive of which is DeSalle and Grimaldi (1991).
Throckmorton’s (1975) assessment of previous tax-
onomic, phylogenetic, and biogeographic studies moved
him to conclude that the genus Drosophila originated in
the Old World tropics, probably in Asia. Throckmor-
ton’s other important conclusions include that (1) the
first major radiation of the genus is represented by the
subgenus Scaptrodrosophila, primarily distributed
throughout the Old World tropics from Africa to Aus-
tralia and the Pacific, although some species groups
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(including subtilis and victoria) occur in the New
World; (2) the radiation of the subgenus Sophophora
(comprising the melanogaster, obscura, saltans, and
willistoni groups) preceded the radiation of the sub-
genus Drosophila; (3) the genus Chymomyza is part of
the Sophophora radiation; and (4) the genus Zaprionus
emerged as part of the Drosophila subgenus radiation
(which also includes the subgenera Hirtodrosophila and
Dorsilopha).

Grimaldi (1990) has carried out a cladistic analysis
of morphological characters and produced a phylogeny
that challenges Throckmorton’s conclusions in impor-
tant respects; in particular, Grimaldi places Chymomyza,
Zaprionus, and Hirtodrosophila outside the lineage of
the genus Drosophila. He also places Scaptodrosophi-
la outside the Drosophila-genus lineage (thus agreeing
with Throckmorton) and raises it (as well as Hirto-
drosophila) to the genus category. DeSalle and Grimal-
di (1991) as well as DeSalle (1992) have shown that
molecular data (derived particularly from mitochondri-
al DNA) disagree with some of Grimaldi’s (1990) con-
clusions.

We present here the DNA coding sequence of the
gene Sod (which codes for the Cu,Zn superoxide dis-
mutase) in 15 species representing the drosophilid gen-
era and subgenera just mentioned. Our results are large-
ly consistent with the phylogenetic relationships
proposed by Throckmorton (1975)—more so, in fact,
than with those proposed by Grimaldi (1990) or DeSalle
and Grimaldi (1991). The propitious discovery of a sec-
ond intron, present in the medfly Ceratitis capitata
(family Tephritidae) as well as in Scaptodrosophila and
Chymomyza, places the latter two taxa outside the genus
Drosophila. The absence of this second intron from
Hirtodrosophila also locates the branching of this tax-
on after the split of Chymomyza from the genus
Drosophila, thus contradicting the mtDNA-based con-
clusion of DeSalle and Grimaldi (1991) and DeSalle
(1992).

Materials and Methods

Species. The 15 species studied are listed in Table 1. Strains of Chy-
momyza amoena, C. procnemis, Zaprionus tuberculatus, Drosophila
busckii, D. lebanonensis, D. pictiventris, D. quinaria, and D. virilis
were obtained from the National Drosophila Species Stock Center at
Bowling Green, Ohio; D. hydei and D. saltans were obtained from the
Stock Center at Indiana University, Bloomington; other Drosophila
species derived from cultures available in our laboratory; for the
source of the Ceratitis capitata DNA see Kwiatowski et al. (1992a).

DNA Preparation, Amplification, Cloning, and Sequencing. We
prepared genomic DNA from about 10-20 flies following the method
of Kawasaki (1990). The Sod gene was amplified by the high-fideli-
ty PCR technique and cloned into plasmids (pucl9 or puc21) (Kwia-
towski et al. 1991b). Double-stranded DNA templates were sequenced
as described earlier (Kwiatowski et al. 1992a). The primers for PCR
amplification were designed by comparing available dipteran Sod se-

quences, using conserved regions of Sod as well as a downstream
unidentified gene (Fig. 1). Three oligonucleotides were used for
amplification and sequencing (5" — 3’): N, CCTCTAGAAATG-
GTGGTTAAAGCTGTNTGCGT; C, CTTGCTGAGCTCGTGTC-
CACCCTTGCCCAGATCATC; and O, ACGGAAGTCTA-
GAAGGGCTTTTTGGGCTTTGCCACCTG. Three additional
oligonucleotides were used only for sequencing: 7, GACAT-
GCAGCCATTGGTGTTGTC; IR, GACAACACCAAYGGCTG-
CATGTC; and CR, CAAGGGTGGACACGAGCTGAGCAAG. The
IR primer failed in three species (C. procnemis, Z. tuberculatus, and
D. lebanonensis), for which it was replaced by IR140 (TGTAC-
CTTCGGCACGTCTGG). In addition we used standard M13 se-
quencing primers. In some cases (nine species) primers that were dif-
ferent for different species (but are all represented by A, B, and D in
Fig. 1) were designed using noncoding gene regions so as to se-
quence the coding fragments from both DNA strands. All compres-
sions and ambiguities were resolved by multiple sequencing of both
strands.

Computer-Assisted Sequence Analysis. DNA and protein se-
quences were assembled and analyzed using the Darwin package
written by Mr. Robert Tyler from our laboratory. Phylogenetic analy-
ses were made with the PHYLIP 3.4 and 3.5¢ package (Felsenstein
1989). The codon usage table was computed with the CODONS pro-
gram (Lloyd and Sharp 1992).

Results

Structure of the Sod Gene

The structure of the Sod gene is outlined in Fig. 1. In
all species the coding sequence is interrupted after the
22nd codon by an intron 300-700 bp in length. Sever-
al Drosophila species that we had earlier sequenced
exhibit no other intron; but a second short intron (<100
bp), between codons 95 and 96, occurs in Chymomyza
and in the medfly, Ceratitis capitata (Kwiatowski et al.
1992a,b), which belongs to a different dipteran family.
D. lebanonensis, a species of the subgenus Scapto-
drosophila, also exhibits the second intron, which is,
however, absent from Zaprionus tuberculatus as well as
from all other Drosophila species now sequenced.

Nucleotide Sequences

The 15 nucleotide sequences of the Sod coding region
are given in Fig. 2. The following sequences have been
published before: Drosophila melanogaster (Kwia-
towski et al. 1989b), D. simulans (Kwiatowski et al.
1989a), D. virilis (Kwiatowski and Ayala 1989), Chy-
momyza amoena (Kwiatowski et al. 1992b), and Ce-
ratitis capitata (Kwiatowski et al. 1992a).

The noncoding regions are not shown in Fig. 2. They
were not used for phylogenetic analysis because they are
so highly diverse that their alignment becomes uncer-
tain in many cases. The primer sequences are not shown
either. The complete coding region is amplified by
means of the N and O primers (see Fig. 1), which yield
single or multiple PCR bands 1,150-1,850 bp in size
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Table 1. Taxonomy of the 15 species according to Wheeler (1981)
Family Genus Subgenus Group Species
Tephritidae
Ceratitis capitata
Drosophilidae
Chymomyza amoena
procnemis
Zaprionus tuberculatus
Drosophila
Dorsilopha busckii
Hirtodrosophila® pictiventris
Scaptodrosophila® lebanonensis
Drosophila
quinaria quinaria
repleta hydei
virilis virilis
Sophophora
melanogaster melanogaster
simulans
obscura subobscura
saltans saltans
willistoni willistoni

2 Raised to genus category in the revision by Grimaldi (1990)

Xbal Sacl Xbal

2-nd intron

A G o

Sod

T

Unknown

Fig. 1. Structure of the Cu,Zn Sod gene region
and strategy for amplification, cloning, and
“sequencing. The black boxes represent exons: the

ﬁﬁz

that were cloned into Xbal sites. The O primer, however,
does not work for D. pictiventris and D. subobscura.
These two species have been amplified by means of the
N and C primers (and cloned into Xbal and Sacl sites),
and thus lack 96 bp in the carboxyl end of the coding
region; 439 bp are listed for all other species.

The sequences have been obtained by double-strand
sequencing of single clones. This procedure fixes PCR-
derived nucleotide errors. However, we have deter-
mined in a preliminary experiment (Kwiatowski et al.,
1991b) that the cumulative transversion-plus-transition
error generated by our procedures is 3 X 10~ “. This rate
would be expected to yield fewer than two erroneous nu-
cleotide determinations in the whole data set given in
Fig. 2, which is trivial compared to the average of about
100 bp differences between species pairs.

Table 2 gives the number of pairwise nucleotide dif-
ferences out of the 439 bp sequenced in the 13 species
for which the sequences are complete. The table also
gives the number of inferred amino acid differences
out of the 153 encoded by the gene. (The first seven

three on the right represent an ORF (open
reading frame) with unidentified function. The
vertical arrow indicates the position of a second
intron present in some species. The two hollow
arrows represent the segments amplified, cloned,
and sequenced. The thinner arrows indicate the
extent and direction of sequencing.

amino acids covered by the N primer are identical in the
six species for which sequences have been published, in-
cluding C. capitata, except for C. amoena, which dif-
fers by one amino acid from all others.)

Table 2 shows that D. lebanonensis is more differ-
ent from Zaprionus and all other Drosophila species
than any of these is from the rest. For example, the av-
erage number of nucleotide differences between D.
lebanonensis and the other Drosophila species plus Za-
prionus is 107, whereas it is less than 100 between any
of these other species. This result is consistent with the
presence, noted above, of a second intron in the D.
lebanonensis Sod gene, which places Scaprodrosophi-
la (as well as the genus Chymomyza, which also has the
second intron) outside the subgenera Sophophora and
Drosophila. Since the genus Zaprionus shares with all
other Drosophila species the lack of the second intron,
it can be concluded that Zaprionus is closer to the
Sophophora and Drosophila subgenus than either Chy-
momyza or Scaptodrosophila. The distances shown in
Table 2 are consistent with this conclusion.
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D.melanogaster
D.simulans

AATTAACGGC GATGCCAAGG GCACGGTTTY CTTCGAACAG GAGAGCAGCG GTACGCCCGT 60

D.subobscura ceencrsece cansaaan e eens Coeeer vnnenaBoce ooaCTu... AGG.T.....
D.saltans TeeeeaTann tenereneas o ToeCovvnn veuTanenns o.G.T.AL. LAG.T..T..
D.willistoni ToeeeeTare vaveeineer sToeluvanr cenTuuGaue ...GA..IAT. AGT.....
D.virilis S S Y T GAG. ..TGC.....
D.hydei | I P o I . ...TCGGA.. ..TGC..G..
D. busck:l T..... TouT ween.. cese aencsBeieen cnene .G..A ...TCGGAGA AGTGC.....
D.quinaria Tocevuaree nennaensAs vicuBAiinee suaTeuweens ..GCTGAA. ...GC.....
D.pictiventris T.....Teu. seevneaees Tea€onuee TovoooGoo. ...GCTGAAA AC.GT.....
Zaprionus TCAcasasA vecanneAe ool TulCol To.Tuue... C..GCTGCA. AGTGT.....
C.amoena TeeeeoTeeT oAl TL.CL.CLA T T, . .A . .GATGCTT .CG.T..A..
C.procnemis _ GooeeTuen vvnencnnee aeauToeClh oo Tenas .. T..GCAL ..G.T..A..
D.lebanonensis T.....T..A .....T.... .G..C....A T..T..G... .... -.CG.T..T..
Ceratitis cesasaans A ..C.TT.... ZA.iC...CA ...T...... C..GATGCAA AGT.T.....

D.melanogaster
D.simulans = ciiiieiine veesmeeses cencenss

D.subobscura “asAl. AL ..G......C T6o....7..
D.saltans _ C..A..TA.. ..C...... ACT..TT.... T
D.willistoni C..A..TA.. ..C......A C
D.virilis

ceesssJALL (Celnas

D.hydei <..ALLTAL. LLALLALLAAC

D.busckii R o Y.

D.quinaria ee«A..AR AT..
D.pictiventris A..A...G

Zaprionus A sesenaassA CT.LALLLT. A
C.amoena A..ALALGT L.A...A.TA CT..AT..AA
C.procnemis T..A..G.G. ......A.AA CT...T..AG
D.lebanonensis C..A..GA.T ..C..A..AA A...G....
Ceratitis CCTA...A.T cvecenns TA A...A..T..

D.melanogaster GTTCGGTGAC

GAAGGTCTCC GGTGAGGTGT GCGGCCTGGC CAAGGGTCTg CACGGATTCC ACGTGCACGA 120

IS S SORO
T..C..T..

J..C..T..

—e LT

T..ALLT..

B TR P

TJoAle.,

GCTGCATGTC GTCCGGACCG CACTTCAATC CGTATGGCAA 180

D.simulans ve sescsnnasl dtoennsaane vssvecaons
D.subobscura [

D.saltans e ALLT..T.LC

p.willistoni Aceveaeae ColT..CL.

D.virilis wensasCane cecereccen svaveannnn sesBenanen &

D.hydei S o o P

D.busckii A..T..Coun ounn . S I 7

D.quinaria eealeelone cevuiAuinee ccnvencnne secTinendd L.Taoen... .CC..AAA..
D.pictiventris A..T..G... .ccvcnnaee & Tevceannan A..T..G..A ..... To... .TC.CAAG..
Zaprionus eeoTo AT LLTL AL WAL, CoTeveenn oo...TolC. WT...CAG..
C.amoena P [ O L ¢ u.“.".C.J."."..CJmMT"
C.procnemis AcT..C..T LTodAieee oTovannnne A..G.....A eeTennsees «C.TGAAT..
D.lebanonensis ...T.. AT ouToieeiCe ceciennese CG.T.0.0T L.Toeaia.. CC.CAA...
Ceratitis AccecaBone wrvnnneedle T aCTo. G.T..C..T L.Too.oC. WTa.ua ALl
D.melanogaster  GGAGCATGGC GCTCCCGTCG ACGAGAATCG TCACCTGGGC GATCTGGGCA ACATTGAGGC 240
D.simulans vecuns Cace necenn cews enas eealer trneaaens e eesTanness cacansnene
D.subcbscura = ...... Cool L.CL.AAC.. vuvecann [ Cleveaes «.a.CCo...
D.saltans ceeeanas T..... T.A.. JToICoi€ol JLITTIIIIl LLTLIIILD Ll
D.williston  .......... ..C..T.GA. .T...... ve sealTocs.. cesTencads sevnaescen
D.virilis  ...... eene <Al GAC.. ccvcenne. e CeuTonnans weeleeeaes «...CATC..
D.hydei ~  ...... Cove veann e oTuaennas eeeTTowael cilivevene «aa.AATC..
D.busckii = ......00lT L. A...ACT. .T.....C.. CouTToreal wenTeenau- v AACT..
D.quinaria oAl T LLALLLAC.. ... G6TG.... C..7T....T .. ...l T. oa..AACC..
D.pictiventris .........T ..A...ACT. ....CG.... ... 16....T ...T...... «..«.ACTT.
Zaprionus sechiianas dnneess GA. Teae..... C..TT....A ..CT....T. .... AACT..
C.amoena A..A..... T eveene ACT. uTuivecenen aaaTTuaaT LuCilAlo.e Tula..AL.
C.procnemis ..... eeeal JJALALCT. JTLAL..e. ol TToolT ceTodiien cens ...A..
D.lebanonensis ...... Cooo AGC..TTG.. cccunnn C.. Cavuen R SR of [ T
Ceratitis TTCeeeaeaT L.ALATC.. TTT...Cet oo TTaeenn .es T.A.... .T.....A..

D.melanogaster
D.simulans

CACCGGCGAC TGCCCCACEA AGGTCAACAT CACCGACTCC AAGATTACGC TCTTCGGCGC 300

D.subobscura TG....A... [ D) Coeew G.....T..
D.saltans A..T..A..T welBuveee TouTolTo. Lo T.ALL.. .AG.T..T..
D.willistoni AT.T...AGT G G CTooTeuTer wevevoToue woReoCosCa -AGussoTon
D.virilis -.AT..A... RN waalalGe asuesCas .
D.hydei __ «.GT..... C.o-TGunee ATGT..T.G. ..A..A..AT .A..T..A..
D.busckii eeAl...lT CA..GG.... TTG...T.G. .... .G..T..T..
D.quinaria ) PP P CovaTeaTos A.Go.aAA. CovvennbAl oLl TollA
D.pictiventris ..TA.....T CA..A..T.. ..G...TAG. C....C..A. ....T..T.A
Zaprionus aTeen Tl T CoeeoGoune TTG...T.GT ..w.uCuel. WT.L.T..T.A
C.amoena TC.A.....T aenalT6ue ToAvoo.oaT LLAL....CT LG.....T.A
C.procnemis _ T6.T.c... . P GTG... T.A...T.G. ..A..A.... .G..T..T.A
D.lebanonensis LTG.Tonee cAcancecas ToaaT.GT c....A..AT «G.....A..
Ceratitis G.AG.A..G. .....G.A.. ..G....AAG CT...... T .6..T..T.A

Fig. 2. Nucleotide sequence of the coding region of the Cu,Zn Sod
gene from 15 species. The sequences begin 23 bp downstream from
the start of the coding region and end at the stop codon. The sequences
of D. subobscura and D. pictiventris are missing the last 96 bp (in-

G + C Content of the Sod Gene

Table 3 gives the G + C content for the 343 bp se-
quenced in all 15 species (column labeled b), as well as
for the complete set of nucleotides sequenced in 13 of

dicated by dashes) because they failed to be amplified by the O
primer. (See Fig. 1.) Dots indicate nucleotides identical to those of
D. melanogaster. The species are as in Table 1.

the species (column a). The percent G + C of any giv-
en species is virtually identical in both sets. When all
codon sites are taken into account, the G + C content
is about 50% in all species, except melanogaster, sim-
ulans, subobscura, and virilis, for which it is about 60%.
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TTGGCCAGGG 360

GCCGATGATC

-GooiA-...

.................

«Gou AL,

[N TR P

c.ioiiiiid
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.G..TA.A..
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SO 00 TN

sesslaslan

aasssissluus

R Y.
caeusT.AL

eenanTadAl

............................................................

N UG 0%

..T..7..C.

ciT. TeiAu suniAenCon

Number of nucleotide (above the diagonal) and amino acid differences (below the diagonal) between the 13 species: numbers com-

Species 1 2 3 4 5 6 7 8 9 10 11 12 13
1 D. melanogaster - 11 94 92 84 106 98 98 107 117 108 111 129
2 D. simulans 0 - 90 91 86 107 97 101 108 118 107 108 131
3 D. saltans 15 15 - 60 90 97 82 101 103 100 90 99 120
4 D. willistoni 19 19 10 - 86 95 82 100 97 105 96 95 120
5 D. virilis 20 20 16 15 - 63 68 85 96 120 96 110 132
6 D. hydei 19 19 18 15 6 - 79 89 96 116 108 107 130
7 D. busckii 18 18 17 15 10 9 - 79 84 103 94 104 115
8 D. quinaria 24 24 20 18 16 17 16 - 89 114 107 115 121
9 Zaprionus 23 23 21 17 15 i2 12 19 - 107 104 113 123

10 C. amoena 25 25 22 21 22 22 22 26 22 - 65 108 118

11 C. procnemis 24 24 21 22 21 20 22 26 20 7 - 109 130

12 D. lebanonensis 24 24 21 20 23 24 23 23 26 24 22 - 113

13 Ceratitis 33 33 32 30 31 29 28 27 28 29 30 28 -

The difference in G + C content between the two sets
of species becomes larger when only the third coding
position is considered: the four exceptional species not-
ed have 69-80% G + C, whereas the average is about
50% for the other species. (The G + C content is par-
ticularly low in Ceratitis, Chymomyza, and Zaprionus.)

Variation in Sod G + C content among dipterans has
been noted earlier (Kwiatowski et al. 1992a,b). Similar
heterogeneity occurs in the Adh gene (Starmer and Sul-
livan 1989), and it reflects a bias in codon preferences

that is generally encountered in well-expressed genes of
other taxa, ranging from bacteria to humans (Sharp et
al. 1988).

Phylogenetic Analysis

Differences in the transition/transversion ratio and G +
C composition are a potential problem when inferring
phylogenies from sequence data. It is difficult to assess
the transition/transversion bias for the Sod coding region
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Table 3. Percent G + C content in the coding sequence of Sod
Third

All sites? positions?
Species a b a b
D. melanogaster 61 61 76 79
D. simulans 61 61 77 80
D. subobscura 60 75
D. saltans 50 50 46 45
D. willistoni 53 52 52 52
D. virilis 58 57 69 69
D. hydei 51 51 49 53
D. busckii 53 54 55 57
D. quinaria 52 52 50 50
D. pictiventris 50 48
Z. tuberculatus 50 49 44 43
C. amoena 46 46 39 39
C. procnemis 50 49 47 44
D. lebanonensis 51 51 52 54
C. capitata 48 48 42 43

2 a, includes the complete set of 439 nucleotides sequenced in 13
species; b, subset of 345 nucleotides sequenced in all 15 species. The
two initial nucleotides derived from the N primer, which are con-
served in all species, have been added to the sequences for estimat-
ing G + C content

in our data since the taxa used are fairly distant in most
cases. For the two most closely related species, D.
melanogaster and D. simulans, the ratio is 1.2. For the
more distantly related pairs, virilis/hydei and willis-
toni/saltans, the ratio is 1.6 and 1.9, respectively. The
within-species ratio for 11 Sod alleles sequenced in D.
melanogaster is 2.5 (Hudson et al. 1994). For a set of
closely related species and subspecies of the D. willis-
toni group the ratio is about two (Antezana et al. un-
published data from our laboratory). Likelihood analy-
sis (see below) suggests a transition/transversion ratio
of two, and this ratio is used in calculating differences
between sequences. In any case, the results of our analy-
sis are not sensitive to the value of this ratio: a broad
range (from one to 20) of transition/transversion ratios
yields very similar trees.

Figure 3 shows the Sod phylogenetic relationships
obtained by the distance method (Fitch and Margoliash
1967; FITCH algorithm in the PHYLIP package, Felsen-
stein 1989). The phylogeny on top (A in the figure) is
based on the 343 bp sequenced in all 15 species; the one
below (B) is based on the 439 bp sequenced in 13
species. Distances are calculated according to the two-
parameter model of nucleotide substitutions (Kimura
1980). We have explored the degree of confidence that
can be attached to the various phylogenetic relationships
by means of the bootstrap method of resampling
(Felsenstein 1985b). We have run SEQBOOT and
DNADIST (100 replications) and the CONSENSE al-
gorithm of PHYLIP in order to find a consensus tree.

The phylogenies show D. lebanonensis and the two
Chymomyza species as early branches; the remaining
clade includes all other Drosophila species as well as
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Fig. 3. Phenetic trees of Sod coding sequences, based on Kimura’s
(1980) distances (FITCH program of the PHYLIP package; Felsen-
stein 1989). The branch lengths correspond to the distances between
sequences; the numbers represent the bootstrap results out of 100
replications. A Based on 345 bp for all 15 species. B Based on 439
bp for 13 species. The vertical arrow indicates the deletion of the sec-
ond intron.

Zaprionus. This early separation of D. lebanonensis
and Chymomyza is consistent with the presence of the
second intron noted earlier, which became deleted in the
short evolutionary interval that preceded the divergence
of any other species in the remaining clade.

The subgenus Sophophora appears in Fig. 3 as poly-
phyletic, with the willistoni and saltans groups as the
sister clade of a grouping that includes the melanogaster
and obscura groups as one clade and the rest of the
species as the other clade. This latter clade appears as
a bush that includes the genus Zaprionus as well as D.
busckii, (Dorsilopha), D. pictiventris (Hirtodrosophila),
and species of the subgenus Drosophila. This particu-
lar clade appears as monophyletic in Fig. 3 in a rela-
tively high number of replications (59% in A and 75%
in B). The alternative grouping (which places Hirto-
drosophila and/or Zaprionus outside the subgenera
Sophophora and Drosophila) occurs with much lower
frequencies (1% in A and 4% in B). Therefore, the dis-
tance phenetic analysis of the Sod sequences supports
Throckmorton’s rather than Grimaldi’s hypothesis con-
cerning the phylogeny of these species. However, our
bootstrap values for this grouping (59 and 75% for A
and B, respectively) are far from robust, since bootstrap
results below 70% are suspect (Hillis and Bull 1993).

A deep split between the two Sophophora clades
(the willistoni plus saltans and the melanogaster plus
obscura groups) had been recognized by Throckmorton
(1975). Rousset et al. (1991) obtained a phylogeny,
based on the D1 and D2 variable domains of the large
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Fig. 4. Phylogenetic trees of Sod coding sequences, using the DNA
parsimony algorithm with bootstrap resampling (DNABOOT program
of PHYLIP package; Felsenstein 1989). The trees are unrooted; Cer-
atitis is used as the outgroup. The numbers indicate how many times

ribosomal RNA subunit, which shows, as in Fig. 3, the
willistoni and saltans groups as a clade that has as a sis-
ter clade the other Sophophora species as well as the
Drosophila subgenus. (See also Pelandakis et al. 1991.)
However, the neighbor-joining method (Saitou and Nei
1987; result not shown), as well as other phylogenetic
analyses of our data (see below), shows the Sophopho-
ra species as a monophyletic subgenus, although deeply
divided.

A parsimony analysis (DNAPARS of PHYLIP) of
the 343 nucleotides sequenced in all species, with Ce-
ratitis as the outgroup, yields trees that are somewhat
different, one from the other, as a function of the order
in which the species are added. The six shortest trees
independently obtained are three with 654 steps, one
with 655, and two with 656. All trees show the same
three deepest branches: successively Scaptodrosophila
(D. lebanonensis), Chymomyza, and the subgenus
Sophophora. The various trees differ, however, with
respect to the topological position of Zaprionus, and the
Hirtodrosophila, Dorsilopha, and Drosophila subgen-
era. Somewhat lesser sensitivity to the order in which
the sequences are added occurs when we analyze the
439 nucleotides sequenced in 13 species. The four short-
est trees all have 666 steps, but differences still occur
in the topological positions of Zaprionus, Hirto-
drosophila, and subgenus Drosophila.
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the sequences to the right occurred as a clade among the 1,000 repli-
cates. A and B, based on 439 bp (13 species); C and D, based on 345
bp (15 species); A and C, all sites; B and D, third codon positions are
excluded from the analysis.

Figure 4 gives the bootstrap results (1,000 runs) ob-
tained with the DNABOOT algorithm of PHYLIP. The
two trees on the top use the 439 bp sequenced in ali 13
species; the two trees at bottom are based on the 343 bp
sequenced in all 15 species. The trees on the left use all
sites; the two on the right exclude the third codon bases
so as to allow evaluation of the possible bias intro-
duced by differences in G + C composition and by su-
perimposed substitutions at particular sites. The trees in
Fig. 4 are among the most parsimonious ones obtained
with the DNAPARS algorithm; they also are quite sim-
ilar to one another and to the distance trees shown in
Fig. 3.

The bootstrap results show fairly high confidence
(617 to 810 times out of 1,000 replicates) for the deep-
est branch, the split of Scaptodrosophila (D. lebanonen-
sis) from the rest. The second branch, leading to the
Chymomyza species, appears more often (704 and 464
times) in the bootstrap replications that exclude the
third codon sites than when all sites are considered (428
and 275 times). This suggests that, at this depth, re-
peated substitutions in the third positions are obscuring
the phylogenetic relationships. The clustering of the
Sophophora subgenus shows a lower level of confi-
dence (344-533 occurrences) than the cluster including
the subgenera Drosophila and Hirtodrosophila and the
genus Zaprionus (380792 occurrences). This supports
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Fig. 5. Maximum likelihood tree of Sod coding sequences based on
345 bp. The DNAML program of the PHYLIP package is used, as-
suming identical rates for all sites. The maximum log likelihood was
obtained with a transition/transversion ratio = 2. Multiple runs of the
program, performed with randomized order of input sequences and
different transition/transversion ratios seeking to maximize log like-
lihood, all give the same tree. Base frequencies are calculated from
the data. The branch lengths are proportional to the number of nu-
cleotide substitutions along the branches, with hollow bars indicat-
ing confidence intervals calculated according to Felsenstein (1989).
The deletion of the second intron is shown by the vertical arrow.

the radiation of all the species in the latter cluster as a
sister group to Sophophora. It manifests as well the
deep split between the two Sophophoran clades: willis-
toni + saltans vs melanogaster + obscura. The four
trees in Fig. 4 differ with respect to the branching or-
der within the cluster that includes Zaprionus, Hirto-
drosophila, and subgenus Drosophila.

Figure 5 shows a maximum likelihood phylogeny ob-
tained with the program DNAML (Felsenstein 1981).
Approximate confidence limits of branch lengths (as-
suming a transition/transversion ratio = 2) show that
these are significantly positive (P < 0.01) in all cases
except for the one between Chymomyza and the large
clade that includes most Drosophila species, but this
split is confirmed by the deletion of the second intron
in all species of the larger clade. The two deepest
branches (D. lebanonensis and Chymomyza) are the
same, and in the same order, as in all previous trees. Al-
so, the Sophophora species appear as a cluster, distinct
from the cluster that includes the subgenus Drosophi-
la, Hirtodrosophila, and Zaprionus. The relationships
just mentioned also persist in the phylogeny obtained
with the FITCH program for distance data, provided
with the trees obtained with DNABOOT and DNAML
(Fig. 6).

We have tested alternative hypotheses of the Dro-
sophilidae phylogeny by statistical evaluation of perti-
nent trees. For simplicity we have pruned our trees so
that they only include six species of representative taxa:
Scaptodrosophila (D. lebanonensis), Zaprionus (Z. tu-
berculatus), Hirtodrosophila (D. pictiventris), subgenus
Drosophila (D. virilis), and Sophophora (D. willistoni
and D. melanogaster). The trees are shown in Fig. 7.
Tree 2 is advanced by Grimaldi (1990) based on mor-
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Fig. 6. Consensus phylogenetic tree of Sod coding sequences: an ap-
proximation to the relative temporal succession of phylogenetic
events (FITCH program of the PHYLIP package with user-defined
trees obtained by the DNABOOT and DNAML programs). The dele-
tion of the second intron is represented by the vertical arrow.
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Fig. 7. Six different cladograms showing different phylogenetic hy-
potheses for the Drosophilidae. Tree 2 reflects the morphological
(Grimaldi 1990) and mtDNA hypotheses (DeSalle and Grimaldi
1991; DeSalle 1992) whereas trees 5 and 6 are consistent with the hy-
potheses proposed by Throckmorton (1975), Beverley and Wilson
(1984, based on larval hemolymph), and Thomas and Hunt (1993,
based on the Adh gene), and with the Sod results herein presented.

phology and DeSalle (1992) based on mtDNA, while
trees 5 and 6 represent Throckmorton’s (1975) view and
the Sod results. We have used the methods of Kishino
and Hasegawa (1989) and Templeton (1983; Felsenstein
1985a) to calculate the mean and variance of log like-
lihood, and step differences between trees, respective-
ly. According to these tests, none of the six trees is sig-
nificantly worse than the best one when maximum
likelihood and maximum parsimony analyses are per-
formed on all 343 sites. However, when only the first
and second codon positions are considered for maxi-~
mum parsimony analysis, trees 1, 2, and 3 are signifi-
cantly worse than tree 6, which is the best (Table 4).
Similar results are obtained with the full set of 13 se-
quences. Here again, the two trees (similar to 1 and 2)
with Hirtodrosophila and Zaprionus branches outside



Table 4, Statistical comparison of six possible different tree topolo-
gies for six Drosophilidea species: the tests are based on the first and
second codon positions for 343 bp of the Sod coding region and fol-
low the method of Templeton (1983)

Comparison with tree No. 6

Significantly
Tree? Steps Difference SE worse?
1 92.0 8.0 2.8 Yes
2 90.0 6.0 2.8 Yes
3 91.0 7.0 33 Yes
4 88.0 4.0 2.4 No
5 85.0 1.0 2.2 No
6 84.0

2 The six topologies are shown in Fig. 7

the Drosophila clade (subgenera Drosophila and
Sophophora) are rejected relative to the best tree (sim-
ilar to 6), which has the Hirtodrosophila and Zaprionus
branches inside, as part of a monophyletic cluster that
includes the subgenus Drosophila. Similar results with
respect to the position of Zaprionus have been recent-
ly obtained with Adh sequences (Thomas and Hunt
1993). A molecular study based on immunological dis-
tances of larval hemolymph protein also places Hirfo-
drosophila within a clade that includes the subgenus
Drosophila, but not Sophophora (Beverley and Wilson
1984).

Divergence Time

Table 5 shows time estimates for various phylogenetic
events. The relevant nodes are labeled in Fig. 6. The es-
timates are based on the number of amino acid re-
placements given in Table 2. We use amino acid rather
than nucleotide differences, because the former are like-
ly to be more reliable in this case for two reasons. One
is that the substantial differences observed in G + C
composition among species, particularly in the third
codon sites, introduce a bias that is difficult to evaluate
as to its magnitude and significance (Gillespie 1986;
Woese 1991). The other reason is that the rate of amino
acid substitutions in the Cu,Zn SOD of diverse organ-
isms has been shown to be fairly constant during the last
60 MY (million years); the rate is approximately 15
aa/100 aa/100 MY for PAM-corrected data (Kwiatowski
et al. 1991a, 1992a; for the PAM correction, see Day-
hoff 1978).

The evolutionary time estimates given in Table 5
are only rough estimates, because they not only depend
on the assumption of 2 molecular clock, but also on the
particular rate previously established for SOD, and on
the limited amount of information provided by a dozen
or so Sod sequences. Nevertheless, the estimates shown
in Table 5 may be as reliable as any currently available
in the literature, since sequence data are more precise
than data sets based on immunological distances, two-
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Table 5. Mean number of PAM differences and estimated time since
the phylogenetic events indicated

Node*  Phylogenetic event PAMD Million
years
1 Tephritidae/Drosophilidae 23.0x£06 77
2 Scaptodrosophila divergence 16904 56
3 ChymomyzalDrosophila genus 16.6 =03 55
4 Drosophila genus radiation 13306 44
5 Sophophora radiation 120x 16 40
6 Drosophila subgenus radiation®  10.0 = 0.8 33

2 The nodes are as numbered in Fig. 6

b PAM is the estimated percent of amino acid differences corrected
for superimposed and back replacements

¢ Zaprionus, Dorsilopha, and Hirtodrosophila are included in the
Drosophila subgenus radiation

dimensional protein electrophoresis, and restriction
analysis.

Our time estimates are somewhat lower than those
of Collier and Maclntyre (1977) based on microcom-
plement fixation studies of alpha-glycerophosphate
dehydrogenase, and those of Spicer (1988), based on
two-dimensional protein electrophoresis. Collier and
Maclntyre (1977) estimate the Tephritidae radiation at
90 MY (our estimate, 77 MY). Spicer (1988) estimates
the Drosophila genus radiation at about 60 MY (ours,
44). The radiation of the Drosophila subgenus is esti-
mated by Collier and Maclntyre (1977) as well as by
Spicer (1988) at 50 MY (ours, 33 MY). The estimates
of Beverley and Wilson (1984), based on immunologi-
cal distances for a larval hemolymph protein, also are
somewhat higher than those shown in Table 5. Howev-
er, lower numbers than ours are estimated by Thomas
and Hunt (1993) based on the nucleotide sequence of the
Adh gene: Scaptodrosophila divergence, approximate-
ly 45 MY (ours, 56 MY); Drosophila genus radiation,
40 MY (ours, 44); Drosophila subgenus radiation, 27
MY (ours, 33 MY).

Discussion

The Cu/Zn superoxide dismutase is an abundant en-
zyme in eukaryotic organisms, with highly specific su-
peroxide dismutation activity that protects aerobic cells
against the harmfulness of free oxygen radicals (Frido-
vich 1986). Cu,Zn SOD is distinctly interesting for in-
vestigating phylogenetic issues, because (1) it is ap-
parently present in all eukaryotes, and (2) it evolves at
a fairly high rate, so as to be informative for recent evo-
lutionary events, i.e., within the last 100 MY (Lee et al.
1985; Ayala 1986; see Table 2). Yet (3), it is well con-
served over long time spans, so 60% of the amino acid
residues remain ideatical between organisms from dif-
ferent kingdoms, such as humans and yeasts (Ayala
1986; Kwiatowski et al. 1991a). In higher Diptera the
Sod gene consists of a 462-bp coding region interrupt-
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ed by one or two introns (Kwiatowski et al. 1992a; see
Fig. 1).

The Drosophilidae are well-studied organisms with
respect to genetics and systematics. Yet many issues re-
main controversial. The commonly accepted taxonomy
(Wheeler 1981, 1986) and the evolutionary account of
Throckmorton (1975) have been recently challenged by
Grimaldi (1990) in important respects. A profusion of
molecular investigations have failed to settle the issues
and have often yielded incongruous outcomes. The re-
sults conveyed in the present paper provide helpful ev-
idence toward resolving some issues.

On the basis of biogeographical, morphological, and
other considerations, Throckmorton (1975) has argued
that the divergence of Scaptodrosophila (represented in
our study by D. lebanonensis) precedes the first major
radiation of the genus Drosophila. This is supported by
all our data. The presence of the second Sod intron in
Scaptodrosophila (as well as in Ceratitis and Chy-
momyza), and its absence in the species of the So-
phophora and Drosophila subgenera, definitely places
the phylogenetic divergence of Scaprodrosophila before
the Drosophila radiations (a position also endorsed by
Grimaldi 1990; and DeSalle and Grimaldi 1991; but
see Villarroya and Juan 1991). Grimaldi (1990) has ac-
cordingly raised Scaptodrosophila to the taxonomic sta-
tus of “genus.”

The presence of the second Sod intron in the two
Chymomyza species investigated, and its absence from
the species of the subgenus Sophophora, Drosophila,
Hirtodrosophila, and Dorsilopha (as well as from the
genus Zaprionus), places the Chymomyza lineage out-
side the Drosophila radiations. This is also supported by
the analysis of the Sod sequence data. (See Figs. 3-7.)
Our results therefore contradict Throckmorton’s inclu-
sion of Chymomyza as a member of the Sophophora ra-
diation and support the phylogenetic position of Chy-
momyza proposed by Grimaldi (1990, his Fig. 542, p.
100) and DeSalle and Grimaldi (1991).

The Sod sequence data indicate that Scaptodrosophi-
la and Chymomyza diverged from the Drosophila lin-
cage within a short time interval (between 56 and 55
MY ago, according to our date estimates). The data are
thus insufficient to decide which one of the two lineages
is the sister clade of the Drosophila clade. The radiation
of the genus Drosophila happened shortly afterward
(estimated at 44 MY in Table 4); but it was during this
brief time preceding the Drosophila radiation that the
Drosophila lineage lost the second Sod intron.

The absence of the second Sod intron from D. pic-
tiventris (subgenus Hirtodrosophila) excludes the po-
sition of Hirtodrosophila outside the Chymomyza +
Drosophila clade, as proposed by DeSalle (1992) on the
basis of mtDNA data. (See also DeSalle and Grimaldi
1991.) The Sod sequence data support Throckmorton’s
(1975) position of Hirtodrosophila within the radiation
of the subgenus Drosophila (sensu lato, i.e., inclusive

also of the genus Zaprionus and the subgenus Dor-
silopha) and are inconsistent with Grimaldi’s (1990)
opposite conclusion (as well as DeSalle’s).

The Sod sequence data also support Throckmorton
(1975) on the phylogenetic position of the genus Za-
prionus, which he sees as part of the subgenus Dro-
sophila (s.1.) radiation. The Sod phylogenies contradict
Grimaldi (1990), DeSalle and Grimaldi (1991}, and De-
Salle (1992), who place Zaprionus outside the clade
comprising the subgenera Drosophila and Sophophora.
Throckmorton’s (1975) proposal that the Sophophora
radiation preceded the radiation of the subgenus Dro-
sophila is also supported by the Sod sequence data.

Several systematists, Throckmorton (1975) among
them, have noted that the evolution of the drosophilids
is modulated by rapid radiations, or bursts of cladistic
expansion. The short time spans between cladistic
events that follow one another in rapid succession are
unlikely to leave conspicuous traces in the organisms’
morphology or genetic makeup. The sequence of phy-
logenetic events may then be difficult to determine.
This hardship is further intensified in the evolution of
the drosophilids by the relative scarcity of fossil spec-
imens, substantial conservation of morphology, and
occasional homoplasy. It is thus not surprising that the
systematics of the Drosophilidae has remained contro-
versial in the face of extensive and authoritative inves-
tigations.

Will molecular information eventually provide the
definitive answers concerning phylogenetic matters?
Nucleotide sequence data have indeed the potential to
do so. The DNA of an organism has a record of its evo-
Jutionary history. There are many genes (and other DNA
sequences) in each organism, so more and more data can
in principle be accumulated until a particular phyloge-
netic issue of interest is settled. But possibility in prin-
ciple and securing the data are very different matters.
Obtaining a DNA sequence is a laborious process (com-
pare it with a morphological observation such as eye
color or wing length), so at best only a few relevant
DNA sequences (or other highly informative molecular
data) are known for most groups of organisms. When-
ever the molecular data are very limited, as currently
they are in most cases of interest, variance in evolu-
tionary rates, homoplasy, and other difficulties can yield
erroneous conclusions when taken at face value. (Ho-
moplasy is a particularly nagging problem, since the nu-
cleotide bases provide only four possible alternatives at
each particular site in a DNA sequence.)

The present investigation illustrates some of the
virtues and potential pitfalls of molecular data. The pit-
falls are apparent in the variation of outcomes con-
cerning details of the phylogeny obtained by different
analytical methodologies: compare Figs. 3-6. An at-
tempt to attenuate the difficulties of homoplasy, by ig-
noring the third codon positions, increases only slight-
ly the stability of branches in the phylogeny. (Compare



B and D with A and C in Fig. 4.) The contributing rea-
sons are three: (1) the twofold degeneracy of the genetic
code implies that silent sites occur in first codon posi-
tions, not only in the third positions; (2) the evolution
of codon preferences, reflected in G + C content in the
third positions, is itself phylogenetically informative; (3)
the data set becomes reduced when one-third of the nu-
cleotides are excluded from consideration. The poten-
tial pitfalls of molecular data are illustrated de facto by
the observation that mtDNA sequence data (DeSalle
and Grimaldi 1991; DeSalle 1992) yield conclusions
that are inconsistent with the Sod sequence data.

One virtue of DNA sequences that is illustrated by
the Sod data is that phylogenetic information derives not
only from the direct comparison of nucleotides at par-
ticular sites in a sequence, but also from the organiza-
tion of the DNA sequences. Deletions of well-defined
DNA segments may be particularly informative, as ex-
emplified by the deletion of the second Sod intron, ow-
ing to the low probability of independent occurrence or
restoration of such an event within a defined phyloge-
ny; that is, homoplasy is particularly unlikely.

There can be little doubt that the accumulation of
DNA sequence data may eventually settle any given
phylogenetic issue. It would seem equally certain that
in the interim, or for that matter at any time, the only
reasonable approach to settling phylogenetic relation-
ships is to use all available information—molecular,
morphological, biogeographical, etc.—and to weigh it
according to its value in a particular case.
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