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Abstract. We have studied the evolution Gpdhin Introduction
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-The nicotinamide-adenine dinucleotide (NAD)-de-
length introns. Phylogenies derived by a variety of meth-pendent cytoplasmic glycerol-3-phosphate dehydroge-
ods confirm that the nominal gen@&prionusbelongs nase (GPDH, EC 1.1.1.8) plays a crucial role in insect
within the genudDrosophila,whereasScaptodrosophila flight metabolism through its key position in the glyc-
and Chymomyzaare outside. The rate of GPDH evolu- erophosphate cycle, which provides energy for flight in
tion is erratic. The rate of amino acid replacements in ahe thoracic muscles @rosophila(O’Brien and Macln-
lineage appears to be 1.0 x 1Bsite/year wherDro-  tyre 1978). InDrosophila melanogastehe Gpdhgene is
sophilaspecies are considered (diverged up to 55 millionlocated on chromosome 2 (O'Brien and Maclintyre 1972)
years ago), but becomes 2.3 x ¥dwhen they are com- and consists of eight coding exons (Bewley et al. 1989;
pared toChymomyzapecies (divergence around 60 My von Kalm et al. 1989). It produces three isozymes by
ago), and 4.6 x 18° when species of those two genera differential splicing of the last three exons (Cook et al.
are compared with the medfi@eratitis capitata(diver-  1988). In the mouse, two different isozymes are encoded
gence around 100 My ago). In order to account for thesdoy two separate loci (Kozak et al. 1982).
observations, the rate of amino acid replacement must The polypeptide chain of GPDH can be divided into
have been 12 or more times greater in some lineages antdio main domains: one is NAD binding, the other is
at some times than in others. At the nucleotide levelcatalytic. In the rabbit enzyme, the former is determined
however,Gpdhevolves in a fairly clockwise fashion. by the first 118 amino acids (Otto et al. 1980). The
enzyme is known to be evolutionarily conserved (Bew-
Key words: GPDH — Homoplasy — Molecular clock ley et al. 1989), displaying very low heterozygosity
— Protein evolution — Synonymous versus replacementvithin or variation amongDrosophila species (Lak-
evolution ovaara et al. 1977). The catalytic domain seems to be less
conserved (Bewley et al. 1989). Here we present analysis
The sequences reported in this paper have been submitted to tHaf @ Gpdhgene region comprising most of the coding
GenBank/EMBL data libraries under accession numbers L36960sequence (768 bp out of 831 bp) of exons 3-6 in 18
L36961, L37038, L37039, L41248-52, L41647-50, U47808, and Species 0[)rosophi|aand related genera, Corresponding
U47809 . . to the whole catalytic domain plus 45 codons of the
Abbreviations:aa = amino acid; ADH = alcohol dehyd_rogenase; NAD-binding domain. We have also sequenced the in-
GPDH = glycerol-3-phosphate dehydrogenases=ntucleotide; SOD . . ' o
= superoxide dismutase tervening introns, which jointly have an average length
Correspondence td.J. Ayala; e-mail fiayala@uci.edu of 309 nucleotides per species.
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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
Scaptodrosophifa lebanonensis
Zaprionus tuberculatus
Chymomyza amoena
procnemis
Tephritidae Ceratitis capitata

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

a
y

Materials and Methods
<= >

SpeciesThe 18 species studied are listed in Table 1. The strains of

Chymomyza amoena, Chymomyza procnemis, Zaprionus tubercultatus, <——————=>

D. pictiventris, and D. virilis proceed from the National Drosophila Laf‘v Efa Sl R6, NH
Species Stock Center at Bowling Green, Olilohydeiproceeds from — ._
the Stock Center at Indiana University, Bloomington. The ofbey-

sophila species are cultured in our laboratory. For the source of the Exon 3 Exon 4 Exon 5 Exon 6

Ceratitis capitataDNA see Kwiatowski et al. (1992a). Ceratitis intron

) S . . L3 R5 Lde Uni, Rev
DNA Preparation, Amplification, Cloning, and SequenciGgno- )
mic DNA is prepared from about 1020 flies, following the method of Y™ Rev Lab LS
Kawasaki (1990). TheGpdh gene fragment is amplified by PCR, R4 R6
cloned into the pCRII vector from the Invitrogene TA-cloning kit, and -_—

seque_nced usi_ng stanQard methods (Ausubel et al. 1987), as previ_ouqtyg. 1. Structure of theGpdhgene region and strategy for amplifi-
d(_escnt_)ed (Kwiatowski gt gl. 1994). The PCR fragments are ob_talneq:atiom cloning, and sequencing. Thiack boxesepresent exons. The
with primers for the beginning of exon 3 and the end of exon 6 (Fig. 1), douple-pointedblack arrowon the top represents the 823 bp amplified,

derived from published sequences®f melanogasteandD. virilis; cloned, and sequenced in the Drosophilid species; thentllow ar-
namely L3: 8-GTTCTAGATCTGGTTGAGGCTGCCAAGAA-3, rows just below it represent the two fragments amplifiedderatitis

and R6: 3-ACATATGCTCTAGATGATTGCGTATGCA-3. The  capitata. The shortthin arrows on top of the exons represent the
Gpdh gene fragment fronCeratitis is obtained in two overlapping  ampiification primers. Thearrows at bottom indicate the extent and

pieces; one by means of the degenerate primers EGARGGDA- direction of sequencing. Ariangle indicates the position of an extra
AYTTYTGYGARAC-3' and NH: 3-TACATRTGYTCNGGRTG- intron found inCeratitis capitata.

GTT-3' (derived from the conserved protein fragments EGNFCE and
NHPEHM, respectively); and the second obtained with a specific
primer SP: 5-CAGAGTCCTCGACCACAACCACACGGAA-3, de- per. Moreover, all nonsilent substitutions were confirmed by sequenc-
rived from the first gene fragment, and the primer FV-5 ing second clones obtained by separate amplifications.
TTCGTCGTRCCGCAYCARTTYAT-3, derived from the oligopep-
tide FVVPHQFI. In addition to these primers and to the standard M13,  Sequence Analysi€orrections for superimposed and back replace-
Uni, and Rev primers, we use five primers for sequencing. L4b: 5 ments (PAM; Dayhoff 1978) were made with the CLUSTAL V pro-
CCATGCGCCGTGCTGATGGG-3; L4e:'SGATCTTATCACGAC- gram (Higgins et al. 1992). Kimura two-parameter distances (K2)
GTGTTA-3; L5: 5'-CGTGTCTCTGAGGCTTTTGT-3 R4: 5- (Kimura 1980) and Jukes-Cantor distances (Jukes and Cantor 1969)
ACAGCCGCCTTGGTGTTGTCGCCCA-3 and R5: B- were estimated with the MEGA 1.0 program (Kumar et al. 1993).
GTGGCCGCAATCGTCGCGTTTC-3 The DNA coding sequences Synonymous and nonsynonymous substitutions were calculated ac-
for exons 3-6 ofD. busckiiand D. lebanonensiave been kindly  cording to Li (1993) as implemented in programs written by A.
provided by Dr. Spencer Wells. Zharkikh. Neighbor-joining trees (Saitou and Nei 1987) were obtained
Sequences were obtained from single PCR-amplified clones. Wewith the MEGA program. The maximum-parsimony (Fitch 1971) and
have estimated that the substitution error introduced by this procedurenaximum-likelihood (Felsenstein 1981) trees were obtained and tested
is 3 x 10“ (Kwiatowski et al. 1991), which would amount to four according to Templeton (1983) and Kishino and Hasegawa (1989),
erroneous nucleotide determinations in our whole data base, whichespectively, using the PHYLIP 3.57c package programs DNAPARS
should have negligible consequences for the analyses done in this pand DNAML (Felsenstein 1989).
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Results from exon 3 (except ilCeratitis) and intron 5 is not very
different from exon 6 (except iChymomyzand Cera-
titis), but exon 4 and exon 5 have on average much lower

Gene Structure and G+C Content A+T content than their adjacent introns.

The different patterns of G+C content observed in

The Gpdh gene inDrosophila consists of eight exons Gpdhin CeratitisandChymomyzaelative toDrosophila

with a total 1,100 nt of coding sequence. We have am{and Zaprionug and in the threemelanogastegroup

plified a segment that extends from the seventh base dfpecies relative to the oth@rosophilaspecies is con-
exon 3 to the third base from the end of exon 6, accountsistent with earlier findings for other genes that codon
ing for 823 of the 831 coding nucleotides (Fig. 1). We use and G+C content have a strong species-specific com-
have also sequenced the intervening introns, amountingonent in fruit flies (Grantham et al. 1980; Kwiatowski et

to 309 nt per species on the averageDiosophilathe  al. 1992b; Sharp et al. 1988; Starmer and Sullivan 1989).

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 samépdhEvolution and Phylogeny

structure and identical exon length for the 17 drosophilid

species in our sampleCeratitis capitatahas an addi- Figure 2 displays the 768 coding nucleotides sequenced

tional intron that splits the coding sequence correspondin the 18 species (729 i€eratitis). Table 4 gives the

ing to exon 4 in the drosophilid gene. We have alsonumber of nucleotide differences between species pairs

found an intron at the homologous site in another dip-based on the 729 bp sequenced in all 18 species (lower
teran speciesCalliphora, as well as in the mouse, which triangle) as well as the number of differences between
suggests that this additional intron is the ancestral conthe inferred amino acid sequences (upper triangle). We
dition that has been lost in the family Drosophilidae. have also calculated genetic distances (not shown) be-

Figure 2 shows 768 bp of coding sequence (256 aajween species following the method of Jukes and Cantor

for the Drosophilidae species and 729 bp @rcapitata  (1969) using the complete data set displayed in Fig. 2. A

(shorter owing to the different location of thé-Brimers  tree based on the Jukes-Cantor distances obtained by the

L3 and FV, in Fig. 1). Table 2 gives the intron lengths, neighbor-joining (NJ) method (Saitou and Nei 1987) is

which are mostly short (between 54 and 83 bp), condisplayed in Fig. 3. A tree based on Kimura's two-

forming to typical Drosophila intron sizes (Hawkins parameter distance (see below) has identical topology

1988; Mount et al. 1992), except for intron 4, which is and virtually identical bootstrap values. These trees show

substantially longer in the three species of lhemela-  the well-established monophyly (100% bootstrap values)

nogastergroup and irCeratitis,and also, but not as long, of each of thamelanogaster, obscurandwillistoni spe-

in the threewillistoni group species. cies groups. These three groups are classified within the

The G+C content of thé&pdh coding sequence is Sophophorasubgenus, although theillistoni group di-
close to 50% in most species, but somewhat highewerged from the others shortly after the origination of the

(55.8-56.7%) in the threenelanogastegroup species Sophophora clade (Kwiatowski et al. 1994). In Fig. 3, the

(Table 3), which have particularly high G+C content in D. willistoni group is less closely related to theelano-

the third codon position (76.1-78.9%). All other speciesgasterandobscuraclades than to other noBephophora

exhibit higher G+C content in the third than in the other species, but this relationship is not statistically valid

two codon positions, buCeratitis and the twoChymo-  (28% bootstrap value).

myzaspecies (as well aB. nebulosa remain close to The twoChymomyzapecies an®d. lebanonensisre

50% in the third sites. Similar patterns have been ob-outside the clade that includes the otBepsophilaspe-

served in otheDrosophilagenes such aAdh (Starmer  cies andZaprionus(70% bootstrap), consistent with re-

and Sullivan 1989) an8od(Kwiatowski et al. 1992b), in  sults obtained with other genes and supporting the clas-
which the species of thB. melanogastegroup exhibit  sification of lebanonensigand otherScaptodrosophilp

great G+C excess relative to othBrosophila species, as a new genus (Grimaldi 1990; Kwiatowski et al. 1994).

and particularly relative taChymomyzaand Ceratitis ~ D. pictiventris (subgenudHirtodrosophilg and Zaprio-

(Kwiatowski et al. 1992b). The excess G+C content ofnus tuberculatusire more closely related to species of

Sodis, as inGpdh,greater in the third than in the other the Drosophilasubgenus than to tHeophophorasubge-

two coding positions and particularly so in theelano-  nus, consistent with results obtained with tBedgene

gastergroup species (Kwiatowski et al. 1994). (Kwiatowski et al. 1994), although in the present case,

Table 3 shows the G+C content for each intron andthe relationships are not statistically robust.

exon. Drosophila introns have on average 17% more The phylogeny represented in Fig. 3 leaves unre-

A+T content than adjacent exons (Csank et al. 1990solved important relationships, such as whethymo-

Mount et al. 1992); in the case &odthe difference myzaand ScaptodrosophildD. lebanonensjsare sister

reaches 35% (Kwiatowski et al. 1992b). In the case ofclades, and the phylogenetic relationships betweésm

Gpdh,the A+T content of intron 3 is not very different rionus and the subgenerBrosophila, Dorsilopha,and
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Fig. 2. Nucleotide sequence of th@pdh coding region sequenced in 18 species. The sequences show the last two nucleotides’of the 5
amplification primer, start at nt 34 of the third exon, and end immediately before’ tamglification primer.Dots indicate identical nucleotides
to those ofD. melanogasterThe sequences @. busckiiandD. lebanonensisvere generously provided by Dr. Spencer Wells.

Hirtodrosophila. These relationships remain unresolved comparisons are 1.7—2.0 between the three species of the
when genetic distances are estimated using a variety ahelanogastergroup, which diverged 5 My ago, and
additional methods, such as Kimura’s two-parameter disabout the same for most other comparisons betvizgen
tance (Kimura 1980; see Table 5, lower triangle), sophila species, corresponding to divergence times be-
Tamura and Nei's distance (1993), distances based onlgveen 40 and 60 My. It is somewhat lower, about 1.5,
on transversions, only on transitions, or both, and wherbetweerCeratitisand the rest of the species, correspond-
the phylogenies are reconstructed with methods otheing to 100 My divergence (Fitch and Ayala 1994).
than NJ, such as maximum parsimony (Fitch 1971) or We have used two statistical tests seeking to resolve
maximum likelihood (Felsenstein 1981). phylogenetic relationships left unsettled by the bootstrap
The transition/transversion ratios for all interspeciesresults: the maximum-parsimony test of Templeton
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Fig. 2. Continued.

(1983) and the maximum likelihood of Kishino and Ha- Sod(Kwiatowski et al. 1994), tree 1 is again the best, but
segawa (1989), which compare phylogenies as wholestatistically no better than phylogenies 2—4. When the
with one another. The alternative phylogenies examinediata for Adh are added, however, tree 1 is statistically
are displayed in Fig. 4 and the results obtained withbetter than any other phylogeny (Table 6; théh se-
Templeton’s method are given in Table@eratitisis not  quence is not available fdp. buscki).

included since it is unambiguously an outgroup relative The topology of tree 1 clusters the subgenBrasi-

to the drosophilids. (The results obtained with thelopha (D. buscki) andHirtodrosophila(D. pictiventrig
method of Kishino and Hasegawa are similar, except thatvith each other and then successively with Beo-
fewer statistically different phylogenies are detected.)sophilasubgenus andaprionus.This phylogeny differs
Tree 1 (Fig. 4) requires the fewest steps but, on the basisom phylogeny 2, the one proposed by Grimaldi (1990;
of the Gpdh data alone, is not statistically better than see also DeSalle and Grimaldi 1991), based on cladistic
phylogenies 2-5. If we combine the data f8pdhand  analysis of morphological information, in that Grimaldi



14

Table 2. Lengths ofGpdhintrons in 16 fruitfly species

Intron site

Species 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

2The intron sequences &f. busckiiandD. lebanonensigare not avail-
able

placesD. pictiventrisoutside a cluster consisting of the
generaDrosophila(exceptD. lebanonensisyhich is ap-
propriately classified in a different genuScaptodro-

on mitochondrial DNA sequence data, DeSalle (1992)
has proposed phylogeny 7, which plattigodrosophila
outside the cluster of the three gen&mwsophila, Zap-
rionus,andChymomyzaa hypothesis that is statistically
rejected by théGpdhdata alone, or combined witBod,
or with Sodand Adh. Our results are also inconsistent
with Throckmorton's (1975) proposal thahymomyzés
associated with thBophophoraadiation, but support his
claim that theSophophoraadiation preceded the diver-
gence ofZaprionusand the subgenei@rosophila, Dor-
silopha,and Hirtodrosophila.

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, obscurand willistoni. The di-

sophilg andZaprionus;and on this basis, he has raised vergence time between species of tirelanogaster

Hirtodrosophila to the genus category. Moreover,
Grimaldi considers theésophophorasubgenus more
closely related to the subgenebmosophilaand Dorsi-

group is 5-8 My, but it is 20-25 My betweayuanche
and the other twabscuraspecies or betweenebulosa
and the two othewillistoni group species. The number

lopha than to Zaprionus (see tree 2), whereas tree 1 of amino acid replacements for most other interspecific

shows thaSophophoras outside the cluster orsilo-
pha + Hirtodrosophilg Drosophilg Zaprionu3. Based

Table 3. G + C content (%) in th&Gpdhgene of dipteran species

comparisons between species of Br@sophilagenus is
between zero and four, corresponding to divergence

Gene region

Coding sequence

Third

Species Exon 3 Intron 3 Exon 4 Intron 4 Exon 5 Intron 5 Exon 6 All sites positions
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 7.7
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 425 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 45.4 343 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 443 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

2The sequences used for the calculations are complete for all introns and exons 4 and 5; for exons 3 and 6, we use the last Ce4afit8p in
and the first 67 nucleotides, respectively. The intron dateDfobusckiiand D. lebanonensigre not available
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Table 4. Number of amino acid (above the diagonal) and nucleotide differences (below the diagonal) between 18 species in 243 codons of
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 —

times about 42-55 My. These differences suggest a slowpecies (9.1 x 139. (The best-fit regression equation
rate of protein evolution. But, as is apparent in Tables Sor the comparisons betwe@&rosophilaspecies is 0.004
and 7 and Fig. 6 (top left), the number of replacements+ 2.75 x 10*° replacements/site/year, with a fit of =
betweenDrosophila and Chymomyzais about three 0.43. These rates are all replacements between species;
times as large as between tBeosophilasubgenera, al- the replacement rates per lineage will be one-half.)
though the time elapsed is only slightly greater, 60-65 The rate of nucleotide substitutions is, nevertheless,
My. The discordance of evolutionary rates is also notableapproximately constant over time as can be seen by in-
when comparisons are made betw@asratitisandDro-  specting Table 5 (lower triangle), where Kimura’s two-
sophilaspecies, which diverged about 100 My ago andparameter distances are given, and Fig. 6 (lower left),
differ by seven to ten times more replacements than thevhere Kimura's distances are plotted against time. (The
Drosophilaspecies. We have drawn in Fig. 6 (top left) regression equation is 0.015 + 2.71 x 98ubstitutions/
three lines that correspond to the rate of amino acidite/year;r?> = 0.85.) We have used the method of Li
replacement betweeBrosophila species (2.1 x T8°  (1993) to estimat&, andK,, the number of nonsynony-
replacements/site/year), betwe€hymomyzaand Dro- mous (amino acid) and synonymous substitutions, re-
sophila(5.2 x 1019, and betweeeratitisand all other ~ spectively. The results plotted against time are displayed
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too 100 g willistont in Fig. 6 (right-hand panels). The rate of amino acid
. rau 1storum . . . . .
D. nebulosa substitutions<,, is clearly not constant over time; indeed,
100 oy Solenoesster it seems to be increasing exponentially over time al-
s lT D. teissiert though this perception emanates primarily from the large
] . d b . .
ze Em D, mirandn oo K, values betweelCeratitis and the other species. The
100 . . .
oDy suonens average rate df, substitutions is, however, more nearly
28 79 . v . . .
o D. hydei constant over time, although with large variance. (The
i e S regre;siqn quation is —0.12 + 19.6 x 18ynonymous
D. busckil substitutions/site/year? = 0.67.)
C. amoena
L C. procnemis
D. lebanonensis
Ceratitis
— Discussion

2] .01

Fig. 3. Phylogeny of 18 species obtained by the neighbor-joining . . . .
method (Saitou and Nei 1987) using Jukes-Cantor (1969) distances foThrOCkmOrton (197_5)' baseq prlm_arlly on blogeographl-
the sequences given in Fig.umbersabove the branches are percent C@l and morphological considerations, proposed that the

bootstrap values based on 1,000 replications. subgenerdistodrosophila(here represented ly. pic-

Table 5. Corrected amino acid distances (PAM) (above the diagonal) and Kimura two-parameter nucleotide distances (below diagonal) for 2
codons of theGpdhgene; all values x 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 125 8.3 8.3 0 16.7 125 38.0 33.7 92.0
3 D. teissieri 125 8.3 8.3 0 16.7 125 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 125 8.3 16.7 8.3 16.7 125 38.0 337 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 125 8.3 16.7 8.3 20.9 20.9 38.0 337 92.0
9 D. nebulosa 125 8.3 16.7 8.3 20.9 20.9 38.0 33.7 92.0

10 D. virilis — 41 20.9 125 16.7 16.7 337 29.4 92.0

11 D. hydei 99 — 16.7 8.3 125 125 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 —




1 D.busckii 2 D.busckii
D.pictiventris Drosophila
Drosophila Sophophora
Zaprionus Zaprionus
Sophophora D.pictiventris
Chymomyza Chymomyza
D.lebanonensis D.lebanonensis
D.busckii 4 D.busckii
3 Drosophila D.pictiventris
Zaprionus Drosophila
Sophophora Sophophora
D.pictiventris Zaprionus
Chymomyza Chymomyza
D.lebanonensis D.lebanonensis
5 D.busckii 6 D.busckii
Drosophila Drosophila
Sophophora D.pictiventris
D.pictiventris Sophophora
Zaprionus Zaprionus
Chymomyza Chymomyza
D.lebanonensi D.lebano i
7 D.busckii 8 D.busckii
Drosophila Drosophila
Sophophora Sophophora
Zaprionus D.pictiventris
Chymomyza Chymomyza
D.pictiventris Zaprionus
D.lebano i D.lebanonensis
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tiventris) andDorsilopha(here,D. buscki) 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 thérosophilasubgenus. The statis-
tical analysis presented in Fig. 4 and Table 6 supports
clustering these taxa but showsprionusas the sister
taxon to the cluster of the subgendsi@rtodrosophila,
Dorsilopha,andDrosophila(see 1 in Fig. 4), rather than
being closer to the first two subgenera than to Eive-
sophilasubgenus.

According to Throckmorton (1975), the radiation of
the four taxa just mentioned would have occurred after
separation of their stem lineage from the subgeBas
phophora (represented in our paper by nine species;
three from each of thenelanogaster, obscurand wil-
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 tiadphophora
is a sister clade to the doublet made of ersilopha
andDrosophilasubgenera, wheredaprionusis sister to
the previous three clades, aHdtodrosophilais the sis-

Fig. 4. Eight trees showing alternative phylogenetic hypotheses.ter clade of the previous four (see tree 2 in Fig. 4). On the
Drosophilarefers to the subgenus and includ®shydeiandD. virilis;
the subgenuSophophorancludes three species of each of thela-
nogasterandwillistoni groups;ChymomyzéncludesC. amoenandC.

procnemis.

basis of these proposed phylogenetic relationships, he
accepts the status @aprionusas a genus distinct from
Drosophilaand raisedirtodrosophilafrom 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)

Gpdh Gpdh& Sod
Significantly Significantly
Tree Steps Difference SE worse? Steps Difference SE 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
Gpdh, Sod& Adh
Tree 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

2 Comparisons are with respect to tree 1 (Fig. 4)
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melanogaster Fast
melanogaster Slow
simulans
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. pseudoobscura
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. lebanonensis
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phophoraradiation, a claim contradicted by our analysis,
which statistically supports the position Ghymomyza
outside the genu®rosophila, as proposed also by
Grimaldi (1990). The phylogenetic position Ghymo-
myzaoutside the genuBrosophila(as in tree 1, Fig. 4)
has been conclusively established by the presence of an
extra intron in theSod gene, which is also present in
Scaptodrosophileand Ceratitis, but not in otherDro-
sophila (or Zaprionug (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-

Fig. 5. Polymorphic amino acid sites inferred from the 18 nucleotide 1ant also with Throckmorton’s (1975) conclusions.

sequences given in Fig. &i
melanogaster(Bewley et al

te numbergshown on top) are as iB.
. 1989) and. virilis (Tominaga et al.

1992).Dots indicate amino acids identical to those on top.

subgenusSophophoras retained within theDrosophila
genus, cladistic taxonomy requires tldittodrosophila
be retained as a subgenus and thaprionusbe down-

graded from genus to

subgenus.

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 betwe@nteissieri
and the other two species of tleelanogastemgroup,
about 20 My betweerD. guancheand the other two
species of th@bscuragroup, and about 25 My between
D. nebulosaand the two other species of thllistoni

Throckmorton (1975) proposes that the traditional ge-group. Barrio and Ayala (1997) have studied 253 GPDH
nus Chymomyzaepresents an early branch of tBe-

amino acids (coded by exons 3-6) in 14 species of the
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Fig. 6. Rate ofGpdhevolution. Time ébscissais in million years. right of thetop leftdiagram. The rate of 2.1 for comparisons between

Top left: Amino acid replace

ments (PAM values, Dayhoff 1978)t-

tom left: Genetic distances (K2, Kimura’s two-parameter methddp
right: Nonsynonymous nucleotide substitutioms,(Li 1993). Bottom

right: Synonymous substitutionsK{, Li 1993). The percent rates of

Drosophilaspecies has been obtained by best-fit regression. The rates
betweenChymomyzand Drosophila (5.2) and betweeeratitis and

the Drosophilids (9.1) are obtained by drawing straight lines from the
origin to the relevant points.

amino acid replacement between lineages per 100 My are shown at
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Table 7. Gpdhdivergence between increasingly distant spécies

% amino acid replacements % nucleotide substitutions
Comparison My 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 23 20.3+0.4 17.0
5. Between families 100 £ 20 9.12+0.09 4.6 27.6+0.3 13.8

2The amino acid replacements are PAM-corrected; nucleotide substitutions estimated as Kimura’s distances. Species included in the compar
are: 1, between the three members of each ofte&nogaster, obscurar willistoni species groups; 2, between species from the three different
groups; 3, between species from different subgergepliophora, Drosophila, Dorsilopha, Hirtodrosophiléncluding Zaprionus,but excluding
Scaptodrosophila4, the genera compared adymomyzavith eitherDrosophilaor Scaptodrosophilab, betweerCeratitis and 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
in the text) are crude consensus values derived from the recent literature (see particularly Powell and DeSalle 1995, and references the
Kwiatowski et al. 1994; Takezaki et al. 1995; Russo et al. 1995). Beverley and Wilson (1984) give somewhat larger estimates for the diverger
between families (123 My vs our 120 + 20 My) and between the subg&mshophoraand Drosophila (62 My vs our 55 + 10 My)

affinis and obscurasubgroups and observed very few Dorsilopha s.g.
polymorphisms: (1) One species differs from all others at g;;t:g;zzgp:ga sg-
each of two sites and (2) two species differ from all ) Zaprionus s.g.
others at a third site (but are identical to each other, Sophophora s.g.

although one belongs to thefinis and the other to the . 5 Chymomyza
obscurasubgroup). This corresponds to an average of
about one-half amino acid difference between any two—1 Scaptodrosophila

species, or 0.002 per site, for species that diverged 20-25 Ceratitis
My ago. These results are consistent with previous ob-
servations that GPDH is a slowly evolving enzyme (Bew- 1?0 —
ley et al. 1989; Wells 1995, 1996a,b). Comparisons My
among allDrosophila(includingZaprionug species also Fig. 7. Phylogeny of genera and subgeneFaicker branchesndi-
manifest a slow rate of amino acid replacement. Thegate postulated faster rates @pdh evolution. Numbersidentify rel-
number of amino acid differences between species fronavant nodes.
different groups of theSophophorasubgenus are two
(corresponding to about 90 My of separate evolution, 45
My on each lineage) and between species from differenseparate evolution between a@hymomyzaand Dro-
subgenera are between zero and five (corresponding teophilaspecies, 55 of the 120 My belong to the evolution
about 110 My of separate evolution). This is a lineageof the Drosophila lineages; we are left with 65 My of
rate of aboti1 x 10°'° replacements/site/year, compa- evolution (55 My of theChymomyzéineage, plus 10 My
rable to the rates of the very slowly evolving histones;of the Drosophila lineage before the radiation of the
e.g., 1.7 x 10" for H2A or H2B (Wilson et al. 1977). genus, i.e., between nodes 3 and 4; see Fig. 7). But we
The apparent rate of GPDH evolution increases, howknow that theChymomyzdineages have also been
ever, whenChymomyzas compared withDrosophila.  evolving slowly. The twoChymomyzapecies diverged
The average number of amino acid differences is abouabout 42 My ago (Kwiatowski et al. 1994) but differ only
eight (Tables 5 and 7), corresponding to 120 My of evo-pby two amino acids (compared to about three between
lution, or a rate of 2.6 x I0° replacements/site/year. the somewhat oldeProsophila subgenera) (Table 4).
WhenCeratitisis compared wittDrosophilaor Chymo-  Thus, the time-length during which evolution would
myza,the average number of replacements is about 2®ave happened faster is at a maximum 120 — 55 =42
(Table 4), corresponding to 200 My of evolution, or a 23 My, or one-sixth of the time of separate evolution
rate of 4.6 x 10 replacements/site/year, still slower between anyChymomyzaspecies and anyrosophila
than the rate of 6.7 x T° of cytochromec (Wilson et species. Thus, in order to account for the 2.6 times in-
al. 1977), a slowly evolving protein. crease in amino acid differences between the two genera,
What is going on? One could argue that the rate ofwe have to conclude that during those 23 My (repre-
evolution in theChymomyzdineage, as well as between sented by thicker lines in Fig. 7), the rate of GPDH was
nodes 3 and 4 in Fig. 7, is faster than within the genusine times faster than for the other 97 My of separate
Drosophila.But it would have to be much faster in order evolution betweerChymomyzand Drosophilaspecies.
to account for the 2.6 times increase in the overall num- This conclusion can be somewhat exacerbated by no-
ber of amino acid differences. If we assume 120 My ofticing that the average distance betwe®Boaptodro-
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sophilaand Drosophilais about four amino acids, only Wells (1996b) has elucidated one idiosyncrasy of
slightly greater than the average between@hnesophila ~ GPDH evolution: reversal and parallelism. He obtained
subgenera. Thus between nodes 2 and 4 (Fig. 7) ththe complete GPDH sequence of DBosophilaspecies
prevailing rate of evolution must have been the same agnd observed amino acid polymorphism at 17 of 363
in the Drosophilagenus. Therefore, the accelerated ratesites, at nine of which two or more species were different
of Chymomyzavolution would have been restricted to from the rest. At four of these nine sites, parallel or
the branch segment between nodes 3 and 5, when feversed replacements have occurred. Wells considers
would have been 12 times greater than at any other tim¢ghese four sites hypervariable because they account for
in the evolution ofDrosophilaand Chymomyza. half of all interspecific amino acid replacements, even
We noted earlier that the apparent rate of amino acidhough only two different amino acids occur at these four
replacements betweePeratitis and Drosophilais about ~ Sites in the 13 species. The degree of homoplasy, as
four times greater than within tHerosophilagenus. Us- measured by the global consistency index (Archie 1989),
ing the same logic as in the previous paragraph, the adS Significantly greater irbrosophila GPDH evolution
celeration could have only occurred (Fig. 7) betweenthan the average in ten.addmonal proteins, one (ADH)
nodes 1 and 2 and from node 1@eratitis, correspond- from Drosophila and nine from vertebrates (Wells

ing to 140 My out of the total 200 My separating the two 1996b). .
genera. The rate of evolution corresponding to those T We excludeCeratitisandChymomyzaye have ob-

branches would need to be about six times faster than if€Ved eight polymorphic amino acid sites in 15 species
the rest of the tree (excludinghymomyza o_f Drosophila(incluqling Zaprionus) (Fig. 5). At three _

It may be noted that the disparate rates of GPDHSIES, o_nly one species differs from all others; these sites
evolution observed are not strongly dependent on th&'® u_m_nforr_natlv_e for th? _present purposes. Four of the
particular times of divergence assumed. We have notelgmaining five sites exhibit parallel or reversed replace-

in the Results (see also Fig. 4 and Table 6) that thénents, namely, sites 193, 195, 314, and 336. By refer-

topology displayed in Fig. 7 is statistically superior to ence to the phylogeny in Fig. 3, the minimum number of

other alternatives. This topology shows tkdtymomyza independent amino acid replacements would be:

IS more close_ly related thacaptodrosophil& thepro- ., 1. Three at site 193, from ancestral-ED at the root of
sophila species. Yet the mean number.of amino acid the genus and two parallel reversals DE at the root
replacements (calculated from Tgble 5) is much greater of the willistoni group and of thdDrosophilasubge-
betweenChymomyzeand_ Drosoph|la(3_3_7 * 0.8) than nus {irilis and hyde); the next most parsimonious
be_tw_eenScaptodrosophnaand Drospphlla(17.9 *0.7). alternative would be to assume tliais ancestral and
Itis, in any case, now well established that teapto- that four D — E parallel replacements have occurred
drosophilaand Chymomyzdineages diverged from the i, ceratitis, Chymomyzahewillistoni group, and the
Drosophilalineages within a relatively short time inter-  prg0philasubgenus. The first alternative, in addition
val. Changing their branching sequence would not by 4 requiring only three rather than four replacements,
itself account for the large discrepancy in the GPDH g 5150 favored when one notes that the muscoid fly
differences. The same point can be made with respectto cg|liphora has E at this site (our unpublished data),

Ceratitis. The time of divergence betwedZeratitis and similarly asChymomyzand Ceratitis.
Drosophilaassumed in Table 7 is 100 + 20 My, not quite 2, Three at site 195, all parallel from ancestrab-SA in
double the time of divergence between differ&nmb- the Sophophorasubgenus (which we assume to be

sophilasubgenera (55 + 10); yet the number of amino  monophyletic, comprising theillistoni, obscuraand

acid replacements is 92.0 £ 0.8, nearly six times as large. melanogastemgroups), in theDrosophila subgenus,

This discrepancy cannot be accounted for even if the and inpictiventris.(Calliphora, like Chymomyzand

divergence between the two families were as old as 150 Ceratitis, has S at this site.) An equally parsimonious

My or the divergence between the subgenera as recent as alternative is to assume ancestrah-SA in the root of

40 My, values which are outside those determined by the Drosophilagenus (includindebanonensidut not

various methods (see Powell and DeSalle 1995 and other Chymomyzgpand two parallel reversals A S in D.

references cited in Table 7). busckii and Zaprionus; however, if we assume that
The point made in the previous paragraph can also be the phylogenetic positions @aprionusandpictiven-

made by reference to Fig. 6. The comparisons made and tris are reversed in Fig. 3, only two S A parallel

the times of divergence assumed are the same in all replacements are required.

panels. Yet the nucleotide genetic distances (K2) as wel8. Two parallel replacements at site 314, ancestral

as the number of synonymous substitutiog) @re ap- G - K in the obscuraandwillistoni groups; alterna-

proximately linear with respect to time (bottom panels), tively, ancestraG - K in the root ofSophophorand

whereas the number of amino acid replacements (PAM) one reversal K- G in the melanogastegroup.

or of nonsynonymous substitution€ fj is not (top pan- 4. At 336 three parallel and one reverse replacement:

els). ancestral K- N in the melanogasteiand willistoni
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groups and irbusckii + pictiventris (assuming these Ausubel FM, Brent R, Kingston RE, Moore DD, Smith JA, Seidman
two are monophyletic) and N. K between the Fast JG, Struhl K (1987) Current protocols in molecular biology. John
and Slow alleles oD. melanogastefthe Slow allele Wiley, New York

. _Barrio E, Ayala FJ (1997) Evolution of tHarosophila obscurapecies
is known to be more recent, Takano et al. 1993; group inferred from th&pdhandSodgenes. Mol Phyl Evol 7:1-15

Wells, 1996b); alternatively, ancestral K N in the  Beverley SM, Wilson AC (1984) Molecular evolution Drosophila

root of the Drosophilagenus, and three parallel re-  and the higher diptera. II. A time scale for fly evolution. J Mol Evol

versals N- K in the obscuragroup, theDrosophila 21:1-13 o

subgenus, and. meIanogasteSIow. Bewley GC, Cook JL, Kusakabe S, Mukai TI Rigby DL, Chamber_s GK
(1989) Sequence, structure and evolution of the gene coding for

. . . snglycerol-3-phosphate dehydrogenaséimsophila melanogas-
Of the four homoplasious sites detected in our phy- ter?,\i’ucleic AEids ges 17:8523_3567 P 9

logeny, only site 336 is manifest in Wells’s (1996) phy- cook JL, Bewley GC, Shaffer JB (198&rosophila snglycerol-3-
logeny, which only includeDrosophila species. The phosphate dehydrogenase isozymes are generated by alternate path-
other homoplasious sites (28, 45, and 362) detected by ways of RNA processing resulting in different carboxyl-terminal

; e _ amino acid sequences. J Biol Chem 263:10858-10864
Wells are not included within th@pdh fragment se Csank C, Taylor FM, Martindale DW (1990) Nuclear pre-mRNA in-
qguenced by us.

. . trons: analysis and comparison of intron sequences ffetrahy-
Wells (1996b) has pointed out that the high level of  mena thermophilzand other eukaryotes. Nucleic Acids Res 18:

homoplasy makes GPDH unsuitable for reconstructing 5133-5141

the phylogeny ofDrosophila species. An instance of Dayhoff MD (1978) Atlas of protein sequences and structure. National

misleading similarity occurs between theelanogaster Biomedical Research Foundation, Washington, DC

. B. picti . hich sh . DeSalle R (1992) The phylogenetic relationships of flies in the family
group species anp. pictiventris,which show no amino Drosophilidae deduced from mtDNA sequences. Mol Phylogenet

acid differences (Table 3), although they are phyloge- Evol 1:31-40

netically remote. GPDH is unsuitable for reconstructingDesSalle R, Grimaldi DA (1991) Morphological and molecular system-
the phylogeny oDrosophilabecause of the slow rate of atics of the Drosophilidae. Annu Rev Ecol Syst 22:447-475
amino acid replacements within the genus. Moreover agelsenstein J (1981) Evolutionary trees from DNA sequences: a maxi-

| d d. the d bl f . id | mum likelihood approach. J Mol Evol 17:368-374
already noted, the detectable rate of amino acid rep aC8esenstein J (1989) PHYLIP—phylogeny inference package (version

ments is very erratic within the set of fruitfly species  3.2). cladistics 5:164-166
surveyed in our study, which makes GPDH unsuitableFitch WM (1971) Toward defining the course of evolution: minimum
for estimating times of divergence or making any other change for a specified tree topology. Syst Zool 20:406-416

inferences dependent on the assumption of a molecu|d:|jtch WM, Ayala FJ (1994) The superoxide dismutase molecular clock
clock revisited. Proc Natl Acad Sci USA 91:6802-6807

. Grantham R, Gautier C, Gouy M, Mercier R, Pa&g1980) Codon
The evolution ofGpdh,however, appears to be much  catalog usage and the genome hypothesis. Nucleic Acids Res

more nearly uniform through time at the nucleotide level  8:r49-r62

than at the amino acid level. When the nucleotide dis-Grimaldi D (1990) A phylogenetic revised classification of genera in

tances between species are calculated using Kimura’ﬁ ”L? ijoljsofgg?d:- Bull Am Mt:seum(;\lat HiTt 19;:1_[333 e
(1980) two-parameter method (Table 5, below diagonal, avéérs‘sw_g%gg_ggozuwey onintron and exonfengths. Rucleic Aclds

and Table 7), they approximate a uniform rate of evolu-piggins DG, Bleasby AJ, Fuchs R (1992) CLUSTAL V: improved
tion, as shown in Fig. 6 (lower left panel). This apparent  software for multiple sequence alignment. Comput Appl Biosci
regularity results, no doubt, from the confounding of two  8:189-191

different rates Corresponding to two sets of nucleotidesdukes TH, Cantor CR (1969) Evolution of protein molecules. In: Munro

The rate of nonsynonymous nucleotide substitutions ?oerfesg) g"f_”;g”zal'an protein metabolism. Academic Press, New

(Ka)* calculated by the method of Li (1993)’ 1S Clearly not Kawasaki ES (1990) Sample preparation from blood, cells, and other

a linear function of time, as shown in Fig. 6 (top right  fiuids. In: Innis MA, Gelfand DH, Sninski JJ, White TJ (eds) PCR

panel), whereas the rate of synonymous substitutions protocols: a guide to methods and applications. Academic Press,

(K is more nearly linear (Fig. 6, bottom right), although  San Diego, pp 146-152 o _

much variation is apparent. Kimura M (1989) A simple method for egtlmatlng_evolutlonary rgte of

base substitution through comparative studies of nucleotide se-

quences. J Mol Evol 16:111-120
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