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Abstract. We have studied the evolution ofGpdh in
18 fruitfly species by sequencing 1,077 nucleotides per
species on average. The region sequenced includes four
exons coding for 277 amino acids and three variable-
length introns. Phylogenies derived by a variety of meth-
ods confirm that the nominal genusZaprionusbelongs
within the genusDrosophila,whereasScaptodrosophila
andChymomyzaare outside. The rate of GPDH evolu-
tion is erratic. The rate of amino acid replacements in a
lineage appears to be 1.0 × 10−10/site/year whenDro-
sophilaspecies are considered (diverged up to 55 million
years ago), but becomes 2.3 × 10−10 when they are com-
pared toChymomyzaspecies (divergence around 60 My
ago), and 4.6 × 10−10 when species of those two genera
are compared with the medflyCeratitis capitata(diver-
gence around 100 My ago). In order to account for these
observations, the rate of amino acid replacement must
have been 12 or more times greater in some lineages and
at some times than in others. At the nucleotide level,
however,Gpdhevolves in a fairly clockwise fashion.

Key words: GPDH—Homoplasy—Molecular clock
— Protein evolution — Synonymous versus replacement
evolution

Introduction

The nicotinamide-adenine dinucleotide (NAD)-de-
pendent cytoplasmic glycerol-3-phosphate dehydroge-
nase (GPDH, EC 1.1.1.8) plays a crucial role in insect
flight metabolism through its key position in the glyc-
erophosphate cycle, which provides energy for flight in
the thoracic muscles ofDrosophila(O’Brien and MacIn-
tyre 1978). InDrosophila melanogastertheGpdhgene is
located on chromosome 2 (O’Brien and MacIntyre 1972)
and consists of eight coding exons (Bewley et al. 1989;
von Kalm et al. 1989). It produces three isozymes by
differential splicing of the last three exons (Cook et al.
1988). In the mouse, two different isozymes are encoded
by two separate loci (Kozak et al. 1982).

The polypeptide chain of GPDH can be divided into
two main domains: one is NAD binding, the other is
catalytic. In the rabbit enzyme, the former is determined
by the first 118 amino acids (Otto et al. 1980). The
enzyme is known to be evolutionarily conserved (Bew-
ley et al. 1989), displaying very low heterozygosity
within or variation amongDrosophila species (Lak-
ovaara et al. 1977). The catalytic domain seems to be less
conserved (Bewley et al. 1989). Here we present analysis
of a Gpdh gene region comprising most of the coding
sequence (768 bp out of 831 bp) of exons 3–6 in 18
species ofDrosophilaand related genera, corresponding
to the whole catalytic domain plus 45 codons of the
NAD-binding domain. We have also sequenced the in-
tervening introns, which jointly have an average length
of 309 nucleotides per species.

The sequences reported in this paper have been submitted to the
GenBank/EMBL data libraries under accession numbers L36960,
L36961, L37038, L37039, L41248-52, L41647-50, U47808, and
U47809
Abbreviations:aa 4 amino acid; ADH4 alcohol dehydrogenase;
GPDH4 glycerol-3-phosphate dehydrogenase; nt4 nucleotide; SOD
4 superoxide dismutase
Correspondence to:F.J. Ayala; e-mail fjayala@uci.edu
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Materials and Methods

Species.The 18 species studied are listed in Table 1. The strains of
Chymomyza amoena, Chymomyza procnemis, Zaprionus tubercultatus,
D. pictiventris,andD. virilis proceed from the National Drosophila
Species Stock Center at Bowling Green, Ohio;D. hydeiproceeds from
the Stock Center at Indiana University, Bloomington. The otherDro-
sophila species are cultured in our laboratory. For the source of the
Ceratitis capitataDNA see Kwiatowski et al. (1992a).

DNA Preparation, Amplification, Cloning, and Sequencing.Geno-
mic DNA is prepared from about 10–20 flies, following the method of
Kawasaki (1990). TheGpdh gene fragment is amplified by PCR,
cloned into the pCRII vector from the Invitrogene TA-cloning kit, and
sequenced using standard methods (Ausubel et al. 1987), as previously
described (Kwiatowski et al. 1994). The PCR fragments are obtained
with primers for the beginning of exon 3 and the end of exon 6 (Fig. 1),
derived from published sequences ofD. melanogasterandD. virilis;
namely L3: 58-GTTCTAGATCTGGTTGAGGCTGCCAAGAA-38,
and R6: 58-ACATATGCTCTAGATGATTGCGTATGCA-38. The
Gpdh gene fragment fromCeratitis is obtained in two overlapping
pieces; one by means of the degenerate primers EG: 58-GARGGDA-
AYTTYTGYGARAC-38 and NH: 58-TACATRTGYTCNGGRTG-
GTT-38 (derived from the conserved protein fragments EGNFCE and
NHPEHM, respectively); and the second obtained with a specific
primer SP: 58-CAGAGTCCTCGACCACAACCACACGGAA-38, de-
rived from the first gene fragment, and the primer FV: 58-
TTCGTCGTRCCGCAYCARTTYAT-38, derived from the oligopep-
tide FVVPHQFI. In addition to these primers and to the standard M13,
Uni, and Rev primers, we use five primers for sequencing. L4b: 58-
CCATGCGCCGTGCTGATGGG-3; L4e: 58-GATCTTATCACGAC-
GTGTTA-38; L5: 58-CGTGTCTCTGAGGCTTTTGT-38; R4: 58-
ACAGCCGCCTTGGTGTTGTCGCCCA-38 ; and R5: 58 -
GTGGCCGCAATCGTCGCGTTTC-38. The DNA coding sequences
for exons 3–6 ofD. busckii and D. lebanonensishave been kindly
provided by Dr. Spencer Wells.

Sequences were obtained from single PCR-amplified clones. We
have estimated that the substitution error introduced by this procedure
is 3 × 10−4 (Kwiatowski et al. 1991), which would amount to four
erroneous nucleotide determinations in our whole data base, which
should have negligible consequences for the analyses done in this pa-

per. Moreover, all nonsilent substitutions were confirmed by sequenc-
ing second clones obtained by separate amplifications.

Sequence Analysis.Corrections for superimposed and back replace-
ments (PAM; Dayhoff 1978) were made with the CLUSTAL V pro-
gram (Higgins et al. 1992). Kimura two-parameter distances (K2)
(Kimura 1980) and Jukes-Cantor distances (Jukes and Cantor 1969)
were estimated with the MEGA 1.0 program (Kumar et al. 1993).
Synonymous and nonsynonymous substitutions were calculated ac-
cording to Li (1993) as implemented in programs written by A.
Zharkikh. Neighbor-joining trees (Saitou and Nei 1987) were obtained
with the MEGA program. The maximum-parsimony (Fitch 1971) and
maximum-likelihood (Felsenstein 1981) trees were obtained and tested
according to Templeton (1983) and Kishino and Hasegawa (1989),
respectively, using the PHYLIP 3.57c package programs DNAPARS
and DNAML (Felsenstein 1989).

Table 1. Taxonomy of the 18 fruitfly species according to Wheeler (1981)

Family Genus Subgenus Group Species

Drosophilidae Drosophila Sophophora melanogaster melanogaster
simulans
teissieri

obscura pseudoobscura
miranda
guanche

willistoni willistoni
paulistorum
nebulosa

Drosophila virilis virilis
repleta hydei

Dorsilopha busckii
Hirtodrosophila pictiventris
Scaptodrosophilaa lebanonensis

Zaprionus tuberculatus
Chymomyza amoena

procnemis
Tephritidae Ceratitis capitata

aRaised to genus category in the revision by Grimaldi (1990)

Fig. 1. Structure of theGpdhgene region and strategy for amplifi-
cation, cloning, and sequencing. Theblack boxesrepresent exons. The
double-pointedblack arrowon the top represents the 823 bp amplified,
cloned, and sequenced in the Drosophilid species; the twohollow ar-
rows just below it represent the two fragments amplified inCeratitis
capitata. The short thin arrows on top of the exons represent the
amplification primers. Thearrows at bottom indicate the extent and
direction of sequencing. Atriangle indicates the position of an extra
intron found inCeratitis capitata.
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Results

Gene Structure and G+C Content

The Gpdh gene inDrosophila consists of eight exons
with a total 1,100 nt of coding sequence. We have am-
plified a segment that extends from the seventh base of
exon 3 to the third base from the end of exon 6, account-
ing for 823 of the 831 coding nucleotides (Fig. 1). We
have also sequenced the intervening introns, amounting
to 309 nt per species on the average. InDrosophila the
lengths of exons 3 to 6 are, successively, 207, 373, 154,
and 97 bp (Bewley et al. 1989; Tominaga et al. 1992; von
Kalm et al. 1989). The PCR fragments have the same
structure and identical exon length for the 17 drosophilid
species in our sample.Ceratitis capitatahas an addi-
tional intron that splits the coding sequence correspond-
ing to exon 4 in the drosophilid gene. We have also
found an intron at the homologous site in another dip-
teran species,Calliphora,as well as in the mouse, which
suggests that this additional intron is the ancestral con-
dition that has been lost in the family Drosophilidae.

Figure 2 shows 768 bp of coding sequence (256 aa)
for the Drosophilidae species and 729 bp forC. capitata
(shorter owing to the different location of the 38-primers
L3 and FV, in Fig. 1). Table 2 gives the intron lengths,
which are mostly short (between 54 and 83 bp), con-
forming to typical Drosophila intron sizes (Hawkins
1988; Mount et al. 1992), except for intron 4, which is
substantially longer in the three species of theD. mela-
nogastergroup and inCeratitis,and also, but not as long,
in the threewillistoni group species.

The G+C content of theGpdh coding sequence is
close to 50% in most species, but somewhat higher
(55.8–56.7%) in the threemelanogaster-group species
(Table 3), which have particularly high G+C content in
the third codon position (76.1–78.9%). All other species
exhibit higher G+C content in the third than in the other
two codon positions, butCeratitis and the twoChymo-
myzaspecies (as well asD. nebulosa) remain close to
50% in the third sites. Similar patterns have been ob-
served in otherDrosophilagenes such asAdh (Starmer
and Sullivan 1989) andSod(Kwiatowski et al. 1992b), in
which the species of theD. melanogastergroup exhibit
great G+C excess relative to otherDrosophila species,
and particularly relative toChymomyzaand Ceratitis
(Kwiatowski et al. 1992b). The excess G+C content of
Sodis, as inGpdh,greater in the third than in the other
two coding positions and particularly so in themelano-
gaster-group species (Kwiatowski et al. 1994).

Table 3 shows the G+C content for each intron and
exon. Drosophila introns have on average 17% more
A+T content than adjacent exons (Csank et al. 1990;
Mount et al. 1992); in the case ofSod the difference
reaches 35% (Kwiatowski et al. 1992b). In the case of
Gpdh, the A+T content of intron 3 is not very different

from exon 3 (except inCeratitis) and intron 5 is not very
different from exon 6 (except inChymomyzaandCera-
titis), but exon 4 and exon 5 have on average much lower
A+T content than their adjacent introns.

The different patterns of G+C content observed in
Gpdhin CeratitisandChymomyzarelative toDrosophila
(and Zaprionus) and in the threemelanogaster-group
species relative to the otherDrosophilaspecies is con-
sistent with earlier findings for other genes that codon
use and G+C content have a strong species-specific com-
ponent in fruit flies (Grantham et al. 1980; Kwiatowski et
al. 1992b; Sharp et al. 1988; Starmer and Sullivan 1989).

GpdhEvolution and Phylogeny

Figure 2 displays the 768 coding nucleotides sequenced
in the 18 species (729 inCeratitis). Table 4 gives the
number of nucleotide differences between species pairs
based on the 729 bp sequenced in all 18 species (lower
triangle) as well as the number of differences between
the inferred amino acid sequences (upper triangle). We
have also calculated genetic distances (not shown) be-
tween species following the method of Jukes and Cantor
(1969) using the complete data set displayed in Fig. 2. A
tree based on the Jukes-Cantor distances obtained by the
neighbor-joining (NJ) method (Saitou and Nei 1987) is
displayed in Fig. 3. A tree based on Kimura’s two-
parameter distance (see below) has identical topology
and virtually identical bootstrap values. These trees show
the well-established monophyly (100% bootstrap values)
of each of themelanogaster, obscura,andwillistoni spe-
cies groups. These three groups are classified within the
Sophophorasubgenus, although thewillistoni group di-
verged from the others shortly after the origination of the
Sophophora clade (Kwiatowski et al. 1994). In Fig. 3, the
D. willistoni group is less closely related to themelano-
gasterandobscuraclades than to other non-Sophophora
species, but this relationship is not statistically valid
(28% bootstrap value).

The twoChymomyzaspecies andD. lebanonensisare
outside the clade that includes the otherDrosophilaspe-
cies andZaprionus(70% bootstrap), consistent with re-
sults obtained with other genes and supporting the clas-
sification of lebanonensis(and otherScaptodrosophila)
as a new genus (Grimaldi 1990; Kwiatowski et al. 1994).
D. pictiventris (subgenusHirtodrosophila) andZaprio-
nus tuberculatusare more closely related to species of
theDrosophilasubgenus than to theSophophorasubge-
nus, consistent with results obtained with theSodgene
(Kwiatowski et al. 1994), although in the present case,
the relationships are not statistically robust.

The phylogeny represented in Fig. 3 leaves unre-
solved important relationships, such as whetherChymo-
myzaandScaptodrosophila(D. lebanonensis) are sister
clades, and the phylogenetic relationships betweenZap-
rionus and the subgeneraDrosophila, Dorsilopha,and
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Hirtodrosophila.These relationships remain unresolved
when genetic distances are estimated using a variety of
additional methods, such as Kimura’s two-parameter dis-
tance (Kimura 1980; see Table 5, lower triangle),
Tamura and Nei’s distance (1993), distances based only
on transversions, only on transitions, or both, and when
the phylogenies are reconstructed with methods other
than NJ, such as maximum parsimony (Fitch 1971) or
maximum likelihood (Felsenstein 1981).

The transition/transversion ratios for all interspecies

comparisons are 1.7–2.0 between the three species of the
melanogastergroup, which diverged 5 My ago, and
about the same for most other comparisons betweenDro-
sophila species, corresponding to divergence times be-
tween 40 and 60 My. It is somewhat lower, about 1.5,
betweenCeratitisand the rest of the species, correspond-
ing to 100 My divergence (Fitch and Ayala 1994).

We have used two statistical tests seeking to resolve
phylogenetic relationships left unsettled by the bootstrap
results: the maximum-parsimony test of Templeton

Fig. 2. Nucleotide sequence of theGpdh coding region sequenced in 18 species. The sequences show the last two nucleotides of the 58

amplification primer, start at nt 34 of the third exon, and end immediately before the 38 amplification primer.Dots indicate identical nucleotides
to those ofD. melanogaster.The sequences ofD. busckiiandD. lebanonensiswere generously provided by Dr. Spencer Wells.
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(1983) and the maximum likelihood of Kishino and Ha-
segawa (1989), which compare phylogenies as wholes
with one another. The alternative phylogenies examined
are displayed in Fig. 4 and the results obtained with
Templeton’s method are given in Table 6;Ceratitisis not
included since it is unambiguously an outgroup relative
to the drosophilids. (The results obtained with the
method of Kishino and Hasegawa are similar, except that
fewer statistically different phylogenies are detected.)
Tree 1 (Fig. 4) requires the fewest steps but, on the basis
of the Gpdh data alone, is not statistically better than
phylogenies 2–5. If we combine the data forGpdhand

Sod(Kwiatowski et al. 1994), tree 1 is again the best, but
statistically no better than phylogenies 2–4. When the
data forAdh are added, however, tree 1 is statistically
better than any other phylogeny (Table 6; theAdh se-
quence is not available forD. busckii).

The topology of tree 1 clusters the subgeneraDorsi-
lopha (D. busckii) andHirtodrosophila (D. pictiventris)
with each other and then successively with theDro-
sophilasubgenus andZaprionus.This phylogeny differs
from phylogeny 2, the one proposed by Grimaldi (1990;
see also DeSalle and Grimaldi 1991), based on cladistic
analysis of morphological information, in that Grimaldi

Fig. 2. Continued.
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placesD. pictiventrisoutside a cluster consisting of the
generaDrosophila(exceptD. lebanonensis,which is ap-
propriately classified in a different genus,Scaptodro-
sophila) andZaprionus;and on this basis, he has raised
Hirtodrosophila to the genus category. Moreover,
Grimaldi considers theSophophorasubgenus more
closely related to the subgeneraDrosophilaandDorsi-
lopha than to Zaprionus (see tree 2), whereas tree 1
shows thatSophophorais outside the cluster (((Dorsilo-
pha + Hirtodrosophila) Drosophila) Zaprionus). Based

on mitochondrial DNA sequence data, DeSalle (1992)
has proposed phylogeny 7, which placesHirtodrosophila
outside the cluster of the three generaDrosophila, Zap-
rionus,andChymomyza,a hypothesis that is statistically
rejected by theGpdhdata alone, or combined withSod,
or with SodandAdh.Our results are also inconsistent
with Throckmorton’s (1975) proposal thatChymomyzais
associated with theSophophoraradiation, but support his
claim that theSophophoraradiation preceded the diver-
gence ofZaprionusand the subgeneraDrosophila, Dor-
silopha,andHirtodrosophila.

Rate of Evolution

The number of amino acid and nucleotide differences
between species is given in Table 4. Values corrected for
superimposed and back substitutions are given in Table
5. It is apparent that the rate of amino acid replacements
is not uniform over time. Figure 5 gives the polymorphic
amino acid sites and Fig. 6 (top left) displays the number
of (corrected) amino acid replacements against time. Av-
erage values and times of divergence are given in Table
7. The number of amino acid replacements is zero be-
tween species of the same group, in all three species
groups:melanogaster, obscura,andwillistoni. The di-
vergence time between species of themelanogaster
group is 5–8 My, but it is 20–25 My betweenguanche
and the other twoobscuraspecies or betweennebulosa
and the two otherwillistoni group species. The number
of amino acid replacements for most other interspecific
comparisons between species of theDrosophilagenus is
between zero and four, corresponding to divergence

Table 2. Lengths ofGpdh introns in 16 fruitfly speciesa

Species

Intron site

3 3a 4 5

D. melanogaster 65 329 68
D. simulans 65 328 68
D. teissieri 65 334 64
D. pseudoobscura 81 67 74
D. miranda 80 65 74
D. guanche 80 67 64
D. willistoni 75 167 65
D. paulistorum 79 171 59
D. nebulosa 65 212 72
D. virilis 70 67 67
D. hydei 65 55 70
D. pictiventris 72 63 75
Zaprionus tuberculatus 66 59 67
Chymomyza amoena 58 65 63
Chymomyza procnemis 59 54 62
Ceratitis capitata 83 75 353 75

a The intron sequences ofD. busckiiandD. lebanonensisare not avail-
able

Table 3. G + C content (%) in theGpdhgene of dipteran speciesa

Species

Gene region

Coding sequence

All sites
Third
positionsExon 3 Intron 3 Exon 4 Intron 4 Exon 5 Intron 5 Exon 6

D. melanogaster 53.4 50.8 60.0 34.9 55.8 35.3 37.3 55.8 76.1
D. simulans 53.4 49.2 60.9 26.8 56.5 38.2 38.8 56.4 77.7
D. teissieri 56.3 49.2 60.9 33.9 55.2 32.8 38.8 56.7 78.9
D. pseudoobscura 42.5 44.4 54.1 35.8 47.4 36.5 37.3 48.7 58.6
D. miranda 42.5 45.0 54.7 38.5 47.4 39.2 37.3 48.9 59.3
D. guanche 43.1 37.5 52.2 37.3 47.4 29.7 35.8 47.8 56.3
D. willistoni 42.0 32.0 51.3 28.7 45.5 27.7 35.8 46.6 52.4
D. paulistorum 43.1 36.7 51.7 29.8 46.1 33.9 34.3 47.2 53.5
D. nebulosa 42.6 33.8 49.3 26.4 44.8 29.2 29.8 45.2 48.8
D. virilis 45.4 34.3 53.6 43.3 49.4 26.9 35.8 49.3 59.4
D. hydei 45.9 44.6 55.0 30.9 48.0 32.9 31.4 49.5 59.3
D. busckii 43.1 — 53.9 — 50.7 — 32.8 48.9 59.4
D. pictiventris 44.3 31.9 53.3 30.2 46.8 28.0 35.9 48.4 56.3
D. lebanonensis 41.9 — 51.2 — 50.6 — 44.7 48.4 57.9
Z. tuberculatus 46.6 37.9 53.1 32.2 51.9 37.3 37.3 50.0 60.9
C. amoena 41.4 39.7 48.0 27.7 46.1 17.5 43.3 45.7 50.8
C. procnemis 41.3 44.1 46.1 20.4 44.2 24.2 40.3 44.1 46.9
Ceratitis 45.2 25.3 49.1 20.7 48.1 20.0 37.3 47.0 53.1

a The sequences used for the calculations are complete for all introns and exons 4 and 5; for exons 3 and 6, we use the last 174 (135 inCeratitis)
and the first 67 nucleotides, respectively. The intron data forD. busckiiandD. lebanonensisare not available
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times about 42–55 My. These differences suggest a slow
rate of protein evolution. But, as is apparent in Tables 5
and 7 and Fig. 6 (top left), the number of replacements
betweenDrosophila and Chymomyzais about three
times as large as between theDrosophilasubgenera, al-
though the time elapsed is only slightly greater, 60–65
My. The discordance of evolutionary rates is also notable
when comparisons are made betweenCeratitisandDro-
sophilaspecies, which diverged about 100 My ago and
differ by seven to ten times more replacements than the
Drosophilaspecies. We have drawn in Fig. 6 (top left)
three lines that correspond to the rate of amino acid
replacement betweenDrosophila species (2.1 × 10−10

replacements/site/year), betweenChymomyzaandDro-
sophila(5.2 × 10−10), and betweenCeratitisand all other

species (9.1 × 10−10). (The best-fit regression equation
for the comparisons betweenDrosophilaspecies is 0.004
+ 2.75 × 10−10 replacements/site/year, with a fit ofr2 4
0.43. These rates are all replacements between species;
the replacement rates per lineage will be one-half.)

The rate of nucleotide substitutions is, nevertheless,
approximately constant over time as can be seen by in-
specting Table 5 (lower triangle), where Kimura’s two-
parameter distances are given, and Fig. 6 (lower left),
where Kimura’s distances are plotted against time. (The
regression equation is 0.015 + 2.71 × 10−9 substitutions/
site/year;r2 4 0.85.) We have used the method of Li
(1993) to estimateKa andKs, the number of nonsynony-
mous (amino acid) and synonymous substitutions, re-
spectively. The results plotted against time are displayed

Table 4. Number of amino acid (above the diagonal) and nucleotide differences (below the diagonal) between 18 species in 243 codons of the
Gpdhgene

Species 1 2 3 4 5 6 7 8 9

1 D. melanogaster — 0 0 2 2 2 2 2 2
2 D. simulans 9 — 0 2 2 2 2 2 2
3 D. teissieri 27 19 — 2 2 2 2 2 2
4 D. pseudoobscura 106 106 114 — 0 0 2 2 2
5 D. miranda 105 105 113 3 — 0 2 2 2
6 D. guanche 104 106 117 34 37 — 2 2 2
7 D. willistoni 108 107 115 99 100 102 — 0 0
8 D. paulistorum 107 106 114 101 102 103 11 — 0
9 D. nebulosa 117 118 121 108 109 103 42 45 —
10 D. virilis 114 110 120 99 100 96 95 90 104
11 D. hydei 112 108 116 96 95 100 103 102 109
12 D. busckii 106 101 111 109 110 106 90 88 96
13 D. pictiventris 124 121 123 107 108 114 94 95 108
14 D. lebanonensis 128 126 132 117 120 117 106 105 113
15 Z. tuberculatus 108 106 112 102 103 102 98 99 107
16 C. amoena 155 155 157 133 134 130 129 128 128
17 C. procnemis 149 149 153 131 132 132 124 123 125
18 Ceratitis 165 164 175 172 171 170 156 160 165

Table 4. Continued

Species 10 11 12 13 14 15 16 17 18

1 D. melanogaster 3 2 2 0 4 3 9 8 21
2 D. simulans 3 2 2 0 4 3 9 8 21
3 D. teissieri 3 2 2 0 4 3 9 8 21
4 D. pseudoobscura 3 2 4 2 4 3 9 8 22
5 D. miranda 3 2 4 2 4 3 9 8 22
6 D. guanche 3 2 4 2 4 3 9 8 22
7 D. willistoni 3 2 4 2 5 5 9 8 21
8 D. paulistorum 3 2 4 2 5 5 9 8 21
9 D. nebulosa 3 2 4 2 5 5 9 8 21
10 D. virilis — 1 5 3 4 4 8 7 21
11 D. hydei 67 — 4 2 3 3 7 6 20
12 D. busckii 79 87 — 2 5 3 8 7 20
13 D. pictiventris 93 93 96 — 4 3 9 8 21
14 D. lebanonensis 115 111 111 118 — 5 9 7 21
15 Z. tuberculatus 76 79 91 94 117 — 6 5 20
16 C. amoena 122 137 125 121 121 129 — 2 20
17 C. procnemis 129 134 120 125 122 129 70 — 19
18 Ceratitis 163 165 157 171 163 161 181 162 —
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in Fig. 6 (right-hand panels). The rate of amino acid
substitutionsKa is clearly not constant over time; indeed,
it seems to be increasing exponentially over time al-
though this perception emanates primarily from the large
Ka values betweenCeratitis and the other species. The
average rate ofKa substitutions is, however, more nearly
constant over time, although with large variance. (The
regression equation is −0.12 + 19.6 × 10−9 synonymous
substitutions/site/year;r2 4 0.67.)

Discussion

Throckmorton (1975), based primarily on biogeographi-
cal and morphological considerations, proposed that the
subgeneraHistodrosophila(here represented byD. pic-

Table 5. Corrected amino acid distances (PAM) (above the diagonal) and Kimura two-parameter nucleotide distances (below diagonal) for 243
codons of theGpdhgene; all values × 1,000

Species 1 2 3 4 5 6 7 8 9

1 D. melanogaster — 0 0 8.3 8.3 8.3 8.3 8.3 8.3
2 D. simulans 12 — 0 8.3 8.3 8.3 8.3 8.3 8.3
3 D. teissieri 38 27 — 8.3 8.3 8.3 8.3 8.3 8.3
4 D. pseudoobscura 165 166 180 — 0 0 8.3 8.3 8.3
5 D. miranda 163 164 177 4 — 0 8.3 8.3 8.3
6 D. guanche 162 166 185 48 53 — 8.3 8.3 8.3
7 D. willistoni 168 166 180 152 153 157 — 0 0
8 D. paulistorum 166 164 178 155 157 159 15 — 0
9 D. nebulosa 185 187 192 168 170 159 60 65 —
10 D. virilis 179 171 189 152 153 146 146 137 162
11 D. hydei 175 168 182 147 145 154 160 158 171
12 D. busckii 164 155 173 170 171 164 137 134 148
13 D. pictiventris 197 191 195 166 168 179 143 145 168
14 D. lebanonensis 203 200 211 182 188 182 164 163 178
15 Z. tuberculatus 167 164 175 158 159 158 150 152 167
16 C. amoena 256 257 261 212 214 207 205 203 203
17 C. procnemis 243 244 252 208 210 210 195 194 197
18 Ceratitis 274 272 296 287 284 283 255 263 274

Table 5. Continued

Species 10 11 12 13 14 15 16 17 18

1 D. melanaogaster 12.5 8.3 8.3 0 16.7 12.5 38.0 33.7 92.0
2 D. simulans 12.5 8.3 8.3 0 16.7 12.5 38.0 33.7 92.0
3 D. teissieri 12.5 8.3 8.3 0 16.7 12.5 38.0 33.7 92.0
4 D. pseudoobscura 12.5 8.3 16.7 8.3 16.7 12.5 38.0 33.7 96.7
5 D. miranda 12.5 8.3 16.7 8.3 16.7 12.5 38.0 33.7 96.7
6 D. guanche 12.5 8.3 16.7 8.3 16.7 12.5 38.0 33.7 96.7
7 D. willistoni 12.5 8.3 16.7 8.3 20.9 20.9 38.0 33.7 92.0
8 D. paulistorum 12.5 8.3 16.7 8.3 20.9 20.9 38.0 33.7 92.0
9 D. nebulosa 12.5 8.3 16.7 8.3 20.9 20.9 38.0 33.7 92.0
10 D. virilis — 4.1 20.9 12.5 16.7 16.7 33.7 29.4 92.0
11 D. hydei 99 — 16.7 8.3 12.5 12.5 29.4 25.1 87.4
12 D. busckii 119 132 — 8.3 20.9 12.5 33.7 29.4 87.4
13 D. pictiventris 141 141 146 — 16.7 12.5 38.0 33.7 92.0
14 D. lebanonensis 181 174 174 185 — 20.9 38.0 29.4 92.0
15 Z. tuberculatus 113 118 138 143 184 — 25.1 20.9 87.4
16 C. amoena 193 222 199 189 192 206 — 8.3 87.4
17 C. procnemis 207 217 190 197 193 206 105 — 82.7
18 Ceratitis 271 274 258 285 269 265 310 268 —

Fig. 3. Phylogeny of 18 species obtained by the neighbor-joining
method (Saitou and Nei 1987) using Jukes-Cantor (1969) distances for
the sequences given in Fig. 2.Numbersabove the branches are percent
bootstrap values based on 1,000 replications.
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tiventris) andDorsilopha(here,D. busckii) are phyloge-
netically closely related to each other and to the genus
Zaprionus.These taxa would have been part of a radia-
tion that included theDrosophilasubgenus. The statis-
tical analysis presented in Fig. 4 and Table 6 supports
clustering these taxa but showsZaprionusas the sister
taxon to the cluster of the subgeneraHirtodrosophila,
Dorsilopha,andDrosophila(see 1 in Fig. 4), rather than
being closer to the first two subgenera than to theDro-
sophilasubgenus.

According to Throckmorton (1975), the radiation of
the four taxa just mentioned would have occurred after
separation of their stem lineage from the subgenusSo-
phophora (represented in our paper by nine species;
three from each of themelanogaster, obscura,andwil-
listoni groups), a claim also supported by our analysis
(Fig. 4 and Table 6). In a cladistic revision of the Dro-
sophilidae, Grimaldi (1990) concludes thatSophophora
is a sister clade to the doublet made of theDorsilopha
andDrosophilasubgenera, whereasZaprionusis sister to
the previous three clades, andHirtodrosophilais the sis-
ter clade of the previous four (see tree 2 in Fig. 4). On the
basis of these proposed phylogenetic relationships, he
accepts the status ofZaprionusas a genus distinct from
Drosophilaand raisesHirtodrosophilafrom subgenus to
genus (see also DeSalle 1992; and DeSalle and Grimaldi
1991). Our analysis does not support these claims. If the

Table 6. Statistical comparison of eight tree topologies, using the method of Templeton (1983)a

Tree

Gpdh Gpdh& Sod

Steps Difference SE
Significantly
worse? Steps Difference SE

Significantly
worse?

1 651 — — — 1,299 — — —
2 653 2 5.7 No 1,310 11 8.7 No
3 655 4 5.5 No 1,310 11 8.4 No
4 656 5 2.6 No 1,308 9 5.0 No
5 660 9 5.0 No 1,316 17 8.3 Yes
6 661 10 4.0 Yes 1,314 15 6.9 Yes
7 669 18 8.0 Yes 1,330 31 11.1 Yes
8 670 19 7.1 Yes 1,338 39 11.1 Yes

Table 6. Continued

Tree

Gpdh, Sod,& Adh

Steps Difference SE Significantly worse?

1 2,131 — — —
2 2,157 26 10.4 Yes
3 2,156 25 9.9 Yes
4 2,152 21 6.4 Yes
5 2,167 36 10.0 Yes
6 2,158 27 7.9 Yes
7 2,191 60 14.1 Yes
8 2,196 65 14.0 Yes

aComparisons are with respect to tree 1 (Fig. 4)

Fig. 4. Eight trees showing alternative phylogenetic hypotheses.
Drosophilarefers to the subgenus and includesD. hydeiandD. virilis;
the subgenusSophophoraincludes three species of each of themela-
nogasterandwillistoni groups;ChymomyzaincludesC. amoenaandC.
procnemis.
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subgenusSophophorais retained within theDrosophila
genus, cladistic taxonomy requires thatHirtodrosophila
be retained as a subgenus and thatZaprionusbe down-
graded from genus to subgenus.

Throckmorton (1975) proposes that the traditional ge-
nusChymomyzarepresents an early branch of theSo-

phophoraradiation, a claim contradicted by our analysis,
which statistically supports the position ofChymomyza
outside the genusDrosophila, as proposed also by
Grimaldi (1990). The phylogenetic position ofChymo-
myzaoutside the genusDrosophila(as in tree 1, Fig. 4)
has been conclusively established by the presence of an
extra intron in theSodgene, which is also present in
Scaptodrosophilaand Ceratitis, but not in otherDro-
sophila (or Zaprionus) (Kwiatowski et al. 1994). The
discovery of this ancestral intron, deleted early in the
evolution of theDrosophilagenus, corroborates the phy-
logenetic position ofScaptodrosophilashown in tree 1
(Fig. 4) and thus that this taxon should be raised to the
genus category, as done by Grimaldi (1990) and consis-
tent also with Throckmorton’s (1975) conclusions.

The pattern of evolution of GPDH is puzzling. There
are no amino acid differences among the three members
of any of the threeDrosophila groups (Table 7), with
times of divergence about 8–10 My betweenD. teissieri
and the other two species of themelanogastergroup,
about 20 My betweenD. guancheand the other two
species of theobscuragroup, and about 25 My between
D. nebulosaand the two other species of thewillistoni
group. Barrio and Ayala (1997) have studied 253 GPDH
amino acids (coded by exons 3–6) in 14 species of the

Fig. 5. Polymorphic amino acid sites inferred from the 18 nucleotide
sequences given in Fig. 2.Site numbers(shown on top) are as inD.
melanogaster(Bewley et al. 1989) andD. virilis (Tominaga et al.
1992).Dots indicate amino acids identical to those on top.

Fig. 6. Rate ofGpdhevolution. Time (abscissa) is in million years.
Top left:Amino acid replacements (PAM values, Dayhoff 1978).Bot-
tom left:Genetic distances (K2, Kimura’s two-parameter method).Top
right: Nonsynonymous nucleotide substitutions (Ka, Li 1993).Bottom
right: Synonymous substitutions (Ks, Li 1993). The percent rates of
amino acid replacement between lineages per 100 My are shown at

right of the top leftdiagram. The rate of 2.1 for comparisons between
Drosophilaspecies has been obtained by best-fit regression. The rates
betweenChymomyzaandDrosophila (5.2) and betweenCeratitisand
the Drosophilids (9.1) are obtained by drawing straight lines from the
origin to the relevant points.
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affinis and obscurasubgroups and observed very few
polymorphisms: (1) One species differs from all others at
each of two sites and (2) two species differ from all
others at a third site (but are identical to each other,
although one belongs to theaffinis and the other to the
obscurasubgroup). This corresponds to an average of
about one-half amino acid difference between any two
species, or 0.002 per site, for species that diverged 20–25
My ago. These results are consistent with previous ob-
servations that GPDH is a slowly evolving enzyme (Bew-
ley et al. 1989; Wells 1995, 1996a,b). Comparisons
among allDrosophila(includingZaprionus) species also
manifest a slow rate of amino acid replacement. The
number of amino acid differences between species from
different groups of theSophophorasubgenus are two
(corresponding to about 90 My of separate evolution, 45
My on each lineage) and between species from different
subgenera are between zero and five (corresponding to
about 110 My of separate evolution). This is a lineage
rate of about 1 × 10−10 replacements/site/year, compa-
rable to the rates of the very slowly evolving histones;
e.g., 1.7 × 10−10 for H2A or H2B (Wilson et al. 1977).

The apparent rate of GPDH evolution increases, how-
ever, whenChymomyzais compared withDrosophila.
The average number of amino acid differences is about
eight (Tables 5 and 7), corresponding to 120 My of evo-
lution, or a rate of 2.6 × 10−10 replacements/site/year.
WhenCeratitis is compared withDrosophilaor Chymo-
myza,the average number of replacements is about 23
(Table 4), corresponding to 200 My of evolution, or a
rate of 4.6 × 10−10 replacements/site/year, still slower
than the rate of 6.7 × 10−10 of cytochromec (Wilson et
al. 1977), a slowly evolving protein.

What is going on? One could argue that the rate of
evolution in theChymomyzalineage, as well as between
nodes 3 and 4 in Fig. 7, is faster than within the genus
Drosophila.But it would have to be much faster in order
to account for the 2.6 times increase in the overall num-
ber of amino acid differences. If we assume 120 My of

separate evolution between anyChymomyzaand Dro-
sophilaspecies, 55 of the 120 My belong to the evolution
of the Drosophila lineages; we are left with 65 My of
evolution (55 My of theChymomyzalineage, plus 10 My
of the Drosophila lineage before the radiation of the
genus, i.e., between nodes 3 and 4; see Fig. 7). But we
know that theChymomyzalineages have also been
evolving slowly. The twoChymomyzaspecies diverged
about 42 My ago (Kwiatowski et al. 1994) but differ only
by two amino acids (compared to about three between
the somewhat olderDrosophila subgenera) (Table 4).
Thus, the time-length during which evolution would
have happened faster is at a maximum 120 − 55 − 424
23 My, or one-sixth of the time of separate evolution
between anyChymomyzaspecies and anyDrosophila
species. Thus, in order to account for the 2.6 times in-
crease in amino acid differences between the two genera,
we have to conclude that during those 23 My (repre-
sented by thicker lines in Fig. 7), the rate of GPDH was
nine times faster than for the other 97 My of separate
evolution betweenChymomyzaandDrosophilaspecies.

This conclusion can be somewhat exacerbated by no-
ticing that the average distance betweenScaptodro-

Table 7. Gpdhdivergence between increasingly distant speciesa

Comparison My

% amino acid replacements % nucleotide substitutions

X Per 100 My X Per 100 My

1. Within group 5 – 25 0 0 0.4–6.2 6.7–16.3
2. Between groups 45 ± 10 0.83 ± 0.00 0.9 16.8 ± 0.2 18.7
3. Between subgenera 55 ± 10 1.15 ± 0.06 1.0 15.8 ± 0.2 14.3
4. Between genera 60 ± 10 2.87 ± 0.13 2.3 20.3 ± 0.4 17.0
5. Between families 100 ± 20 9.12 ± 0.09 4.6 27.6 ± 0.3 13.8

a The amino acid replacements are PAM-corrected; nucleotide substitutions estimated as Kimura’s distances. Species included in the comparisons
are: 1, between the three members of each of themelanogaster, obscura,or willistoni species groups; 2, between species from the three different
groups; 3, between species from different subgenera (Sophophora, Drosophila, Dorsilopha, Hirtodrosophila), includingZaprionus,but excluding
Scaptodrosophila;4, the genera compared areChymomyzawith eitherDrosophilaor Scaptodrosophila;5, betweenCeratitisand the drosophilids.
The plus/minus values are crude estimates of error for My, but SEs for replacements and substitutions. The time estimates used in this table (and
in the text) are crude consensus values derived from the recent literature (see particularly Powell and DeSalle 1995, and references therein;
Kwiatowski et al. 1994; Takezaki et al. 1995; Russo et al. 1995). Beverley and Wilson (1984) give somewhat larger estimates for the divergence
between families (123 My vs our 120 ± 20 My) and between the subgeneraSophophoraandDrosophila (62 My vs our 55 ± 10 My)

Fig. 7. Phylogeny of genera and subgenera.Thicker branchesindi-
cate postulated faster rates ofGpdhevolution.Numbersidentify rel-
evant nodes.
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sophilaandDrosophila is about four amino acids, only
slightly greater than the average between theDrosophila
subgenera. Thus between nodes 2 and 4 (Fig. 7) the
prevailing rate of evolution must have been the same as
in theDrosophilagenus. Therefore, the accelerated rate
of Chymomyzaevolution would have been restricted to
the branch segment between nodes 3 and 5, when it
would have been 12 times greater than at any other time
in the evolution ofDrosophilaandChymomyza.

We noted earlier that the apparent rate of amino acid
replacements betweenCeratitisandDrosophila is about
four times greater than within theDrosophilagenus. Us-
ing the same logic as in the previous paragraph, the ac-
celeration could have only occurred (Fig. 7) between
nodes 1 and 2 and from node 1 toCeratitis,correspond-
ing to 140 My out of the total 200 My separating the two
genera. The rate of evolution corresponding to those
branches would need to be about six times faster than in
the rest of the tree (excludingChymomyza).

It may be noted that the disparate rates of GPDH
evolution observed are not strongly dependent on the
particular times of divergence assumed. We have noted
in the Results (see also Fig. 4 and Table 6) that the
topology displayed in Fig. 7 is statistically superior to
other alternatives. This topology shows thatChymomyza
is more closely related thanScaptodrosophilato theDro-
sophila species. Yet the mean number of amino acid
replacements (calculated from Table 5) is much greater
betweenChymomyzaandDrosophila (33.7 ± 0.8) than
betweenScaptodrosophilaandDrosophila(17.9 ± 0.7).
It is, in any case, now well established that theScapto-
drosophilaandChymomyzalineages diverged from the
Drosophila lineages within a relatively short time inter-
val. Changing their branching sequence would not by
itself account for the large discrepancy in the GPDH
differences. The same point can be made with respect to
Ceratitis.The time of divergence betweenCeratitisand
Drosophilaassumed in Table 7 is 100 ± 20 My, not quite
double the time of divergence between differentDro-
sophila subgenera (55 ± 10); yet the number of amino
acid replacements is 92.0 ± 0.8, nearly six times as large.
This discrepancy cannot be accounted for even if the
divergence between the two families were as old as 150
My or the divergence between the subgenera as recent as
40 My, values which are outside those determined by
various methods (see Powell and DeSalle 1995 and other
references cited in Table 7).

The point made in the previous paragraph can also be
made by reference to Fig. 6. The comparisons made and
the times of divergence assumed are the same in all
panels. Yet the nucleotide genetic distances (K2) as well
as the number of synonymous substitutions (Ks) are ap-
proximately linear with respect to time (bottom panels),
whereas the number of amino acid replacements (PAM)
or of nonsynonymous substitutions (Ka) is not (top pan-
els).

Wells (1996b) has elucidated one idiosyncrasy of
GPDH evolution: reversal and parallelism. He obtained
the complete GPDH sequence of 13Drosophilaspecies
and observed amino acid polymorphism at 17 of 363
sites, at nine of which two or more species were different
from the rest. At four of these nine sites, parallel or
reversed replacements have occurred. Wells considers
these four sites hypervariable because they account for
half of all interspecific amino acid replacements, even
though only two different amino acids occur at these four
sites in the 13 species. The degree of homoplasy, as
measured by the global consistency index (Archie 1989),
is significantly greater inDrosophilaGPDH evolution
than the average in ten additional proteins, one (ADH)
from Drosophila and nine from vertebrates (Wells
1996b).

If we excludeCeratitisandChymomyza,we have ob-
served eight polymorphic amino acid sites in 15 species
of Drosophila (including Zaprionus) (Fig. 5). At three
sites, only one species differs from all others; these sites
are uninformative for the present purposes. Four of the
remaining five sites exhibit parallel or reversed replace-
ments, namely, sites 193, 195, 314, and 336. By refer-
ence to the phylogeny in Fig. 3, the minimum number of
independent amino acid replacements would be:

1. Three at site 193, from ancestral E→ D at the root of
the genus and two parallel reversals D→ E at the root
of thewillistoni group and of theDrosophilasubge-
nus (virilis and hydei); the next most parsimonious
alternative would be to assume thatD is ancestral and
that four D→ E parallel replacements have occurred
in Ceratitis, Chymomyza,thewillistoni group, and the
Drosophilasubgenus. The first alternative, in addition
to requiring only three rather than four replacements,
is also favored when one notes that the muscoid fly
Calliphora has E at this site (our unpublished data),
similarly asChymomyzaandCeratitis.

2. Three at site 195, all parallel from ancestral S→ A in
the Sophophorasubgenus (which we assume to be
monophyletic, comprising thewillistoni, obscura,and
melanogastergroups), in theDrosophila subgenus,
and inpictiventris.(Calliphora, like Chymomyzaand
Ceratitis,has S at this site.) An equally parsimonious
alternative is to assume ancestral S→ A in the root of
theDrosophilagenus (includinglebanonensisbut not
Chymomyza) and two parallel reversals A→ S in D.
busckii and Zaprionus;however, if we assume that
the phylogenetic positions ofZaprionusandpictiven-
tris are reversed in Fig. 3, only two S→ A parallel
replacements are required.

3. Two parallel replacements at site 314, ancestral
G→ K in the obscuraandwillistoni groups; alterna-
tively, ancestralG→ K in the root ofSophophoraand
one reversal K→ G in themelanogastergroup.

4. At 336 three parallel and one reverse replacement:
ancestral K→ N in themelanogasterandwillistoni
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groups and inbusckii+ pictiventris (assuming these
two are monophyletic) and N→ K between the Fast
and Slow alleles ofD. melanogaster(the Slow allele
is known to be more recent, Takano et al. 1993;
Wells, 1996b); alternatively, ancestral K→ N in the
root of theDrosophila genus, and three parallel re-
versals N→ K in the obscuragroup, theDrosophila
subgenus, andD. melanogasterSlow.

Of the four homoplasious sites detected in our phy-
logeny, only site 336 is manifest in Wells’s (1996) phy-
logeny, which only includesDrosophila species. The
other homoplasious sites (28, 45, and 362) detected by
Wells are not included within theGpdh fragment se-
quenced by us.

Wells (1996b) has pointed out that the high level of
homoplasy makes GPDH unsuitable for reconstructing
the phylogeny ofDrosophila species. An instance of
misleading similarity occurs between themelanogaster
group species andD. pictiventris,which show no amino
acid differences (Table 3), although they are phyloge-
netically remote. GPDH is unsuitable for reconstructing
the phylogeny ofDrosophilabecause of the slow rate of
amino acid replacements within the genus. Moreover, as
already noted, the detectable rate of amino acid replace-
ments is very erratic within the set of fruitfly species
surveyed in our study, which makes GPDH unsuitable
for estimating times of divergence or making any other
inferences dependent on the assumption of a molecular
clock.

The evolution ofGpdh,however, appears to be much
more nearly uniform through time at the nucleotide level
than at the amino acid level. When the nucleotide dis-
tances between species are calculated using Kimura’s
(1980) two-parameter method (Table 5, below diagonal,
and Table 7), they approximate a uniform rate of evolu-
tion, as shown in Fig. 6 (lower left panel). This apparent
regularity results, no doubt, from the confounding of two
different rates corresponding to two sets of nucleotides.
The rate of nonsynonymous nucleotide substitutions
(Ka), calculated by the method of Li (1993), is clearly not
a linear function of time, as shown in Fig. 6 (top right
panel), whereas the rate of synonymous substitutions
(Ks) is more nearly linear (Fig. 6, bottom right), although
much variation is apparent.
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