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ABSTRACT 
A 1.9-kilobase region of the period locus was sequenced in six individuals of Drosophila  melanogaster 

and from six individuals of each of three sibling  species: Drosophila simulans, Drosophila sechellia and 
Drosophila mauritiana. Extensive  genealogical  analysis of 174 polymorphic sites  reveals a complex 
history. It appears that D.  simulans, as a large population still segregating very  old  lineages,  gave  rise 
to the island  species D.  mauritiana and D. sechellia. Rather than considering these speciation events as 
having produced “sister” taxa, it seems more appropriate to consider D.  simulans a parent species to 
D. sechellia and D. mauritiana. The order, in time, of these two phylogenetic events remains unclear. 
D. mauritiana supports a large number of polymorphisms,  many of  which are shared with D. simulans, 
and so appears to have begun and persisted as a large population. In contrast, D. sechellia has very 
little variation and seems to have experienced a severe population bottleneck. Alternatively, the low 
variation in D. sechellia could be due to recent directional selection and genetic hitchhiking at or near 
the per locus. 

E XPERIMENTAL  approaches  to  the  study  of ev- 
olution  are  traditionally  divided  into  those  that 

address  microevolutionary  topics (i.e., forces  that de- 
termine  patterns  of  genetic  variation within  species) 
and  those  that  deal with  macroevolutionary issues (i.e., 
speciation  processes and  other  determinants  of phy- 
logenetic  patterns).  Within  recently  formed species, 
however,  DNA  sequence  variation  may  reflect  not 
only  processes  acting  since  divergence,  but  also  proc- 
esses that  acted  prior  to  and  during speciation. For 
example, if new  species  arise via founder  events  of 
very few  individuals (e.g., MAYR  1954),  rapid  genetic 
drift is expected  to  lead  to low levels of  neutral or 
nearly  neutral  genetic  variation.  Alternatively, if spe- 
ciation  events  are  not  preferentially  associated  with 
times  of very small population size, then  recently 
diverged species  may share  many  polymorphisms. 

T h e  species  of  the Drosophila  melanogaster complex 
a r e  closely related  and  afford  an  excellent  opportunity 
for  genetic  studies  of  recent  speciation  events.  Two 
of  the species, D. melanogaster and Drosophila simulans, 
are cosmopolitan, while the  other  two, Drosophila 
mauritiana and Drosophila  sechellia, are endemic  to 
single island groups (LACHAISE et al. 1988).  Phyloge- 
netic  studies  on a  wide array  of  morphological  and 
genetic  characters  have  revealed  only  that D. melano- 
gaster is a sister  taxon to the  other species. D.  simulans, 
D. sechellia and D.  mauritiana are very  similar to one 
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another  and,  despite  considerable  effort, a bifurcating 
phylogeny  for  these  species  has  not  been  unambigu- 
ously determined (BODMER and ASHBURNER 1984; 
COHN, THOMPSON and MOORE 1984;  COYNE  and 
KREITMAN 1986; LACHAISE et al. 1988; CACCONE, 
AMATO and POWELL 1988).  Together  these  four spe- 
cies represent  three speciation  events,  two  of  which 
appear to have  occurred very recently  and  at similar 
times. 

We  sampled a  1.9-kilobase  pair  sequence  of  the X- 

linked period locus (per)  from six individuals  of  each 
species  in the D. melanogaster complex.  Like the  earlier 
studies,  our genealogical  analyses support  the  separa- 
tion  of D. melanogaster from  the  other species.  How- 
ever, the history  of  the per locus  within D. simulans, 
D. sechellia and D. mauritiana looks  complex and  does 
not  support a bifurcating  phylogeny.  It  appears  that 
D. sechellia and D. mauritiana have  arisen  independ- 
ently  from a large  ancestral D.  simulans population, 
and  that  present  day D. simulans segregates  polymor- 
phisms  that  persist  since  before  the  formation  of  the 
island  species. In  addition,  the island  species appear 
to  have  different  histories. D. sechellia has  diverged 
from D. simulans by the  accumulation  of  many  fixed 
differences,  while zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. mauritiana has  diverged by the 
accumulation  of  many  new  polymorphisms.  Further, 
D. mauritiana appears  as  variable  as D.  simulans, in- 
dicating  that  divergence  of  the  former  from  the  latter 
was not  accompanied by a population  bottleneck. 
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MATERIALS  AND  METHODS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Sources of flies: All strains used here began  as  isofemale 

lines.  For  each  species and strain, the site and date of 
capture, the trapper, and the supplier  (in  parentheses) if 
different than the trapper are as  follows: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmelanogaster: 
ME-NJ1,  ME-NJ2, Terhunes Farm, New Jersey, IOj87, M. 
KREITMAN; ME-K1,  ME-KP, Impala, Kenya 8/89, K. AR- 
DLEY (via M. KREITMAN); ME-LI1,  ME-LI2,  Davis  Peach 
Farm, Mt. Sinai, New York, 1989, W. EANES; D. simulans: 
SI-LIl, SI-LIP, Davis Peach Farm, Mt.  Sinai, New York, 
1989, W. EANES;  SI-CA1,  SI-CA2,  Soda  Lake,  California, 
fall 1989, S. BRYANT (via  D. BEGUN); SI-K1,  SI-K2,  Impala, 
Kenya, 8/89, K. ARDLEY (via M. KREITMAN); D. mauritiana: 
MA-1,  MA-2,  MA-3,  MA-4,  MA-5,  MA-6, Mauritius  (main 
island)  198 1, 0. KITAGANA (via J. COYNE); D. sechellia: SE- 
C1, SE-CP,  Cousin I., Seychelles, 1/85, J. DAVID (via J. 
COYNE); SE-PI, SE-P2,  SE-P3,  SE-P4,  Praslim I . ,  Seychelles, 
7/87, Y. FUYAMA (via K. KIMURA). 

DNA preparation: Single X chromosomes  were extracted 
from D. melanogaster and D. simulans by crossing  single 
males  with  multiple  attached-X  females  of the Same  species. 
Similarly, the X chromosomes of single  males  in strains SE- 
P1, SE-PP and SE-Cl of D. sechellia and strains MA-1, MA- 
2, MA-3 and MA-4  of D. mauritiana were extracted by 
crossing  each male  with several D. simulans attached-X  fe- 
males for one generation. Since  all  males derived from  these 
crosses are isogenic  with respect  to the X chromosome, DNA 
was extracted from  multiple male offspring,  following the 
protocol of  MCGINNIS, SHERMOEN and BECKENDORF (1 983). 
We extracted DNA from  single  males  of the remaining 
strains of D. sechellia and D. mauritiana using the protocol 
of ASHBURNER (1 989). 

Polymerase  chain  reaction  (PCR)  and  sequencing: An 
approximately  2.1  kilobase  pair  region of the per locus  was 
PCR-amplified  using  oligonucleotide  primers corresponding 
to bases 2822-2841 and 4856-4875 of the published Ore- 
gon R sequence  (CITRI et al. 1987) (see Figure la). PCR  was 
performed in 50 pl reactions using one unit of AmpliTaq 
DNA polymerase  (Perkin-Elmer  Cetus) with  1-1.5 mM mag- 
nesium  ion concentration. The resulting fragment was  iso- 
lated  from a 1% agarose TBE (89 mM Tris base, 89 mM 

boric  acid, 2 mM EDTA) [Gel  Using The Geneclean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 Kit 
(BiolOl), and Eluted  With]  50 pL TE (10 mM Tris HCI, pH 
8.0, 1 mM EDTA). PCR  was repeated using the original 
PCR product as a template and with one primer phosphoryl- 
ated by T4 polynucleotide  kinase (BRL) (HIGUCHI and OCH- 
MAN 1989). The products of four identical PCR reactions 
were  combined, chloroform extracted, and subsequently 
purified and concentrated using  Ultrafree-MC  filters (Mil- 
lipore). The product was then made  single-stranded by 
treatment with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 units of  X-exonuclease (BRL), purified 
again using the Ultrafree-MC filter, and concentrated to 65 
PI total  volume.  Direct  sequencing of single-stranded DNA 
via the chain-termination  method (SANGER, NICKLEN and 
COULSON 1977) was performed on both strands using the 
modified T7 DNA polymerase  (U.S.  Biochemical Corp.). 
Six internal sequencing  primeI-s ranging from  16-18  bases 
in  length  were  chosen for each strand from  regions of 
complete  sequence  identity among the 24  lines studied. 
Sequencing  reactions  were  generally  split  between  two 6% 
polyacrylamide/8 M urea gels (60 cm X 30  cm X 0.4 mm), 
and run for either 5.5 hr with a NaOAc gradient (SHEEN 
and SEED 1988) or for 14 hr without a gradient. 

RESULTS 

DNA sequence variation summary: A  schematic  of 
the per locus and a  single sequence  are  presented  in 

Figure 1. The length of the sequenced  region varies 
because of insertion/deletion  differences,  but  includes 
an  average of 190 bases evenly spread  among  three 
introns  and  an  average  of  1679 bases spread  among 
4  exons.  In D. sechellia, sequences  SE-PI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, SE-P2 and 
SE-P3 were  identical. A  total  of 174 polymorphic  sites 
were  observed  across all species,  identified  as 115 
synonymous  sites (i.e., not resulting  in  amino acid 
substitution), 12  replacement sites (i.e., resulting in an 
amino  acid  change),  40 single  base  differences in 
introns,  two  length  polymorphisms within exons,  and 
five length  polymorphisms within introns. The loca- 
tions of polymorphisms  within species and  gene re- 
gions are shown  in  Figure 2, while a breakdown of 
polymorphism by gene  region is shown  in  Figure 3. 

Amino  acid  replacement  polymorphisms  occurred 
only in exon 3, the largest  exon we sequenced. Also, 
a region of fixed  interspecies  sequence  length  differ- 
ences  occurs  in  exon 3 (sites 465-470  in  Figure 2), 
with four consecutive  glutamate  residues  in D. mela- 
nogaster (sites 459-470  in  Figure  lb),  three  in D. 
mauritiana and D. simulans, and two in D. sechellia. 

Patterns of intraspecific variation: The amount of 
variation  within a species,  when considered  under a 
neutral  model, is a function of the population size N 
and  the  mutation  rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp. A commonly  used  parameter 
in models  of  DNA  sequence  variation is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 = 4Np (for 

a  sex-linked  locus like per, 3Np is actually more  appro- 
priate).  If we assume  a  constant  population size and 
that ail mutations  are  neutral  and  occur  under  an 
infinite  sites  model (KIMURA 1969),  then  there  are 
two  straightforward ways to estimate 8. For a species 
with S polymorphic  sites and a  sample size of n ,  0 can 
be estimated  with the relation 

€I = S /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx n- 1 

(1) 
i =  1 

(WATTERSON 1975).  Alternatively, 0 can be estimated 
by calculating the  average  number of nucleotide dif- 
ferences  observed  among all possible pairs of se- 
quences (NEI and LI 1979). 

We  have  observed  differences  in  polymorphism lev- 
els among species. Sequences  from D. simulans and D. 
mauritiana revealed  nearly twice as  many  polymorphic 
sites  as found in D. melanogaster and  over 10 times  as 
many  as  seen  in D. sechellia (Table  1).  Figure 4  shows 
estimates  of 8 along with their 95% confidence limits, 
based on  the  number of  polymorphic  sites (see KREIT- 

MAN and HUDSON 1991). Although  there is some 
overlap in the  confidence  intervals of D. sechellia and 
D. melanogaster, it seems  clear  that D. sechellia is  less 
variable  than  either D. mauritiana or D. simulans. This 
result is in agreement with estimates  of  allozyme  var- 
iation in these species (CARIOU et al.  1990). The same 
pattern is seen  when 8 is estimated  from the average 
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1000 bp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

121 
241 
361 
481 
601 
721 
841 

1081 
96 1 

1201 
1321 
1441 
1561 
1681 
1801 

CAAGGTGTCCCACTCGGCCTACTCGMCAGCTGCAGCAAC AGCCAGTCGCAGCGCAGgtgagtccatttgatgtgctcaa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtcatgcg...agtagtctaaacgat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA....... ccatcccc 
ATAAGTCGCGCMGAAGMGMGAACMGGGCGCCGGCCA GGGGGCGGGGCAGGCGCACACCCTGATCTCGGCGTCGACG AGCCTAGAGGGCAGGGACGAGGAGAAGCCGCGGCCCAGCG 
tttccagTGGCAGCTCCAAATCCCGCCTGAGCGGCAGCCA CTCCTCCGGCAGCAGTGGCTATGGGGGWGCCCTCGACG CAGGCCAGCAGCAGCCACATCATCATCMGCGCAACAAGG 

GCACTGGGTGCGTAGAACAGCAGATCTGCCGAWICCTGCA GCATCMCAGCACGGCGAGGATCACAGCGAGCCGCAGGCC ATAGAGCAGCTGCAGCAGGAGGAGGAGGAGGATCAGTCCG 

GAGTGGGCCACGCAGCCGGTCTGGACAGCGGGCTGGCCAA GTTCCACMGACCTGGGAGGCAGGTCCGG~GCTGGAG TCCATGACCGGGGTGGGCGCAGCGGCGGCGGGCACAGGGC 
AGCGCGGGGAGCGGGTGMGGAGGACAGCTTCTGCTGCGT CATCTCCATGCACGACGGCATCGTCCTGTACACGACGCCC AGCATCACCGATGTCCTGGGCTACCCGCGCGACATGTGGC 
TGGGCAGGTCCTTCATCGATTTTGTGCACCTTAAGGACCG CGCCACCTTCGCCAGTCAGATCACCACGGGCATACCCATT GCGCMTCCAGGGGCACCGTGCCCMGGACGCCAAGAGCA 
CCTTCTGCGTGATGCTGCGTCGCTACCGGGGACTCMGTC CGGCGGATTCGGCGTCATCGGCAGGCCCGTCAGCTACGM CCCTTCCGCCTGGGGCTCACCTTCAGGGAGGCTCCGGAGG 
AGGCGCGACCGGACMCTACATGGTCTCCMTGGCACCM CATGCTGCTCGTCATCTGCGCCACTCCGATCMGAGCAGC TACMGGgtgagtatctgtgcccgttttggtttcatccag 
ccatgtaaccatcgatctctgccccccccagTTCCCCACG AGATTCTCTCACAGAAGAGCCCCMGTTCGCCATACGCCA  CACGGCCACCGGGATCATATCGCACGTG~CAGCGCGGCG 

GCTCCGAGTCGGAGGCGGACCGAGTCCAGGGCGTGGCCAA GTCGCAGGCGGCACAGAGCTTTCCGATTCCCTCGCCGCTA TCCGTCACCATTGTCCCGCCCTCGATGGGCGGCTGCGGCG 

ACGGCGGGCGCCTCCTTCTGCAGCMGCCATACCGCTTCC TCATCCAGAACGGTTGCTACGTCCTTCTGGAGACCGMTG GACCAGCTTCGTCMTCCATGGTCCCGCAAGCTGGAATTT 
GTCAGTGCACTGGGCTATCTGCCGCAGGACCTGATTGGCC GCAGCATCATGGACTTCTACCACCACGAGGACCTCTCAGT CATCMGGAGACCTACCAGACGGTMTGAAGAAGGGTCAG 

GTCGTCGGACACCATCGCGTCTTTCAGGgtgagttcgcgt gccgacccagtgatccaatgatcctctaaacaggtcattt caccttccagGACCWGCAGTGCMCGTCTTCGAGGCGG 
CGCCCACATGTMGCTGMGATATCGGAGGAGGCACAGAG  CCGCAACACGCCAATCMGGAGGATATCGTGAAGCGCCTG GCGGAGACGGTGTCCCGTCCGTCGGACACGGTCAAGCAGG 
AGGTTTCCCGCCGCTGCCAGGCGCTGGCCAGCTTCATGGA MCGCTCATGGACGAGGTGTCCCGGGCGGATCTCMGC 
""""-+""""-+""""-+""""+ """"-+""""-+""""-+""""-+ .."""-+"".....+""""~+""""-+ 

FIGURE 1.-(a) Map of per locus (Oregon R, type A transcript, based on CITRI et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1987).  Introns are indicated by lines, exons by boxes 
(open boxes, noncoding sequence; closed boxes, coding sequence). The bold line indicates the region sequenced in the present study. (b) 
Nucleotide sequence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. melanogaster, strain ME-NJI (see Figure 2 legend for details). The sequence shown corresponds to bases 2875- 
4742 in the published Oregon R sequence (CITRI et al. 1987). Nucleotide 1 is in the  third coding position. Upper case, exon; lower  case, 
intron; gaps relative to  other sequences in this study (except D. yahuba) are denoted by an asterisk. 

number of differences between pairs of sequences 
(Table 2). 

There is considerable  shared polymorphism be- 
tween D. simulans and D. mauritiana (1 l exon sites), 
two shared polymorphic sites between D. melanogaster 
and D. mauritiana, and single shared polymorphic sites 
in pairs of D. simulans-D. sechellia and D. melanogaster- 
D. simulans (plus one  shared  length polymorphism in 
intron  2 in the  latter  pair). D. melanogaster, D. simulans 
and D. mauritiana displayed 25,  33  and 34 unique 
polymorphisms ( i .e.,  at least one,  but  not all, bases at 
a polymorphic site were unique to that species). Ad- 
ditionally, D. melanogaster possessed a  unique  length 
polymorphism in Intron 4. Only three unique poly- 
rnorphisms were seen in D. sechellia (see Figure 2 for 
details). 

Interspecific variation: The total and  net average 
pairwise distances were calculated for each pair of 
species and  are shown  in Table 3. This table also 
shows fixed differences, the  number of  base positions 
at which  all sequences of one species differ  from all 
sequences of the second species (HEY  199 1). 

We  also  assessed the  number of "unique" fixed 
differences, which is the  number of positions at which 
a species is different  from all others.  A  total of 35 
fixed base differences and  four fixed length  differ- 
ences were unique to D. melanogaster. D. sechellia 
possessed 14 unique fixed base differences and  one 
fixed length difference (a deletion at sites 465-467 in 
Figure 2). D. simulans and D. mauritiana each had  a 
single unique fixed base difference (sites 89  and  497, 

respectively). At base position 560, D. melanogaster 
and D. mauritiana shared  a fixed base difference rel- 
ative to  the  other two species. 

Genealogical analysis: To include  length variation 
in the genealogical analysis, all length polymorphisms 
were treated as an absence of sequence  information 
in those lines lacking length variants and, instead, 
were coded as a single binary character  added  to  the 
ends of the sequence. Thus, all length variants were 
equally weighted (and weighted the same as base 
polymorphism), and  the base pair variation within 
regions  that were polymorphic for length was in- 
cluded. All genealogical analyses  used the published 
D. yakuba sequence (THACKERAY and KYRIACOU 1990) 
as an outgroup. 

The program  PAUP version 2.4 (SWOFFORD 1985) 
was used to construct  a maximum parsimony tree. 
Preliminary parsimony analysis, as well as neighbor- 
joining analysis (see below), strongly suggested that 
the D. melanogaster sequences collectively form a sister 
group  to  the sequences of the  other species. By re- 
moving all but  one D. melanogaster sequence, it was 
possible to  run  PAUP using the branch and bound 
option (HENDY  and  PENNY  1982), which guarantees 
the most parsimonious trees.  A single most parsimon- 
ious tree was found. Upon inclusion of  all  six D. 
melanogaster sequences, we found  three  trees of 232 
steps (consistency index 0.647). These trees  differed 
only slightly in the  branching  pattern  among  the D. 
melanogaster sequences. One of these trees is given in 
Figure  5. T o  better convey the  length of tip  branches, 
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Base zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
posi t ion 

colment 
IIE-NJ1 
ME-NJ2 
ME-K1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"K2 
I E - L I l  
K-112 
S I - c A 1  
SI -cA2 

SI-Kz 
S I - K 1  

S I - L l 1  
S I - L I Z  
SE-C1 
sE-c2 
SE-P1 
SE-P2 
sE-P3 
%-PC 
" 1 
"2 
MA-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
"4 

MA-6 
"5 

Base 
posi t ion 

ccinnent 
ME-NJ1 
ME-NJ2 
ME-K1 
ME-K2 
ME-LI1 
"LIZ 
SI -CA1 
SI -CA2 
SI -K1 
S I - K 2  
S I - L I 1  
S I - L 1 2  
SE-Cl 
SE - C2 
SE-P1 
SE-PZ 
SE-P3 
SE-PC 
"1 
"2 
"3 
"4 
"5 
MA-6 

FIGURE 2.-Polymorphic sites among D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmelanogaster, D. simulans, D. sechellia and D. mauritiana. First four rows refer  to base position 
relative  to  Figure 1 b. "Comment" row: s,  synonymous substitution in an  exon; r, amino acid replacement substitution; an absence  of  a letter, 
nucleotide substitution within an  intron; i, nucleotide  substitution within an  intron  sequence  length polymorphism. The sequence of ME-NJ1 
(D.  melanogaster) is used as the  reference. Nucleotides  identical to  the  reference in the  remaining  23 lines are indicated by a dash. N ,  
unresolved base. Upper case, exon sites; lower case, intron. At amino acid replacement sites, the  nucleotide is followed in parentheses by the 
one-letter  code for the  resulting  amino acid (A, Ala; C, Cys; D, Asp; C ,  Gly; H, His; I, Ile; L, Leu; M, Met; N,  Asn, S, Ser; T, Thr;  V, Val; 
"-" = same as reference).  Length polymorphism is indicated by an asterisk in sequences shortened relative to others. 

changes at noninformative sites ( i .e . ,  those in  which 
only a single sequence carries  the less common base) 
were included in Figure 5. 

We  also performed  a neighbor-joining analysis (SAI- 
TOU and NEI 1987) with 200 bootstrap replications. 
The programs SEQBOOT,  DNADIST,  NEIGHBOR 
and CONSENSE from  PHYLIP version 3.4 (FELSEN- 
STEIN 1989) were used to  create  a majority rule con- 

sensus tree.  DNADIST was run using the multiple 
hits correction of KIMURA (1981) with a transition/ 
transversion ratio of 1.6, based on the ratio seen 
among variable sites in the present  study. The major- 
ity rule consensus tree is presented in Figure  6a. I t  is 
noteworthy  that the basal nodes of D. melanogaster, D. 
mauritiana and D. sechellia occur in  all 200 of the gene 
trees  produced by bootstrapping. Similarly, the  node 
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Intron zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 Exon 3 Intron 3 Exon 4 Intron 4 Exon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
6 7  1 0 3 7  6 1  3 5 7  6 2  2 2 8  

FIGURE %--The nuniber of polymorphic sites per base pair 

classified by gene  regions. Polymorphisms are indicated as occurring 

within particular species or as fixed differences  between species. 

The  average length of each region is given below the  gene region 

label. The sequenced portion of exon 2 (57 bases) was invariant 

and is  not shown. 

at  the base of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsimulanslD.  mauritianalD. sechel- 
lia cluster also occurred 100% of the time. In addition, 
we performed a standard  neighborjoining analysis on 
the data set in order  to present  intra- and interspecies 
DNA sequence variation in the form of a distance tree 
(Figure  6b). 

The trees  presented in Figures 5 and 6 are very 
similar. In particular, the maximum parsimony tree 
(Figure 5 )  and  bootstrapped neighborjoining  tree 
(Figure  6a)  differ only among lines of D.  mauritiana 
and in the  branches leading to ME-NJ2 (D. melano- 
gaster) and SI-CA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 (D. simulans). Several characteris- 
tics common to all trees are noteworthy. (1) As with 
other phylogenetic studies (LACHAISE et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1988; CAC- 
CONE, AMATO and POWELL 1988), D. melanogaster 
lineages are clearly separated  from those of the  other 
species. (2) All of the lineages within D. sechellia and 
11. mauritiana form discrete clusters. (3) One of the 
11. simulans lineages, SI-Kl, is paired with the cluster 
of D. sechellia lineages. (4) The earliest nodes of the 
tree, excluding  the  root,  separate lineages of D. simu- 
lans (except in the case of the  standard  neighbor- 
joining  tree in Figure  6b; here, five D.  simulans line- 
ages form a sister group  to D.  mauritiana,  D. sechellia 
and D.  simulans line SI-Kl). Additionally, based on 
the standard  neighborjoining  tree  and on the  number 
of steps required  to  produce  the maximum parsimony 
tree, branches within  species are relatively very short 
in D. sechellia, intermediate within D.  melanogaster, 
and long within D. simulans and D. mauritiana. 

Recombination: I f  recombination has occurred in 
the history ofa sample of sequences, then that history 
may be  misrepresented by a bifurcating genealogy. 
Figure 7 shows all sites within each species at which 
different bases appear in two or more sequences. 
Within each of the species, except D. sechellia, many 
pairs of sites exhibit all four  “gametic” tvpes. While 

TABLE 1 

The number of polymorphic sites within  species 

Exons Introns 

Synony- Replace- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. No. 
Species m o w  ment bases Rase Length basesa 

D. melanogastrr 19 1 1682 9  2 186 
D. simulans 40 6 1679 8  2 192 
D. srchellia 2 1 1676 1 0 191 
D.  mauritiana 38 2 1679 8 0 191 

Intron lengths are an average because of length polymorphism. 

these patterns could be accounted  for by multiple 
mutation events, it is likely that a majority of these 
conflicts result from recombination. The algorithm in 
Appendix 2 of HUDSON  and KAPLAN (1985) applied 
to  the  patterns in Figure 7 reveals evidence for two 
recombination events in D.  melanogaster, seven events 
in D.  simulans, and  nine events in D. mauritiana. These 
numbers are  the minimum necessary to explain the 
observations and can be expected to greatly underes- 
timate  the actual number of recombination events 
that have occurred in the history of a sample (HUDSON 
and KAPLAN 1985). There is no evidence for recom- 
bination in D. sechellia. However, this is expected 
because of the low polymorphism, regardless of the 
actual amount of recombination at per in this species. 

More evidence for recombination comes from the 
1 1  polymorphisms shared by D.  mauritiana and D. 
simulans. Polymorphisms shared via descent are in- 
compatible with a genealogical interpretation of the 
single branch  that leads to the D. mauritiana sequences 
in Figures 5 and  6. I f  this basal branch does  represent 
a single ancestral lineage to  the D. mauritiana sample, 
then all polymorphism shared with D.  simulans must 
result from independent identical mutations. Consid- 
ering  that only 2.6%  and 3.0% of all sites are variable 
within these species, respectively  (see Table l ) ,  most 
of the  shared polymorphism must be explained by 
descent. 

The intent of maximum parsimony analysis is to 
reconstruct the  true genealogy of the sampled se- 
quences; in this view, a bifurcating tree reflects only 
the processes of gene replication and transmission. 
Since the history of the portion of the genome studied 
here appears to include recombination within  species, 
it would be improper  to  interpret Figure 5 as an 
estimate of the per locus genealogy. The true geneal- 
ogy appears  to be a complex intercalated network, 
especially  within D. simulans and D.  mauritiana. Also, 

because of shared polymorphism, the  branch between 
these species represents  divergence,  and does not rep- 
resent the transmission of a single lineage. Still,  based 
on fixed differences between species and  the boots- 
trapped neighborjoining analysis (Figure 64 ,  the 
branches leading to the D. melanogaster and D. se- 
chellia  basal nodes may, in fact, appropriately repre- 
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FIGURE 4,"Estimates of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 calcu- 
lated using Equation 1. Bars represent 
the 95% confidence interval for each 
species (KREITMAN and HUDSON 199 1). 

TABLE 2 

The average number of pairwise differences within  species 

Exon Intron Total 

Species 
Total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

S, S,, S* S, S, SSI per  base  pair zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmelanogaster 8.4 3.0 4.3 3.3 1.3 1.9 11.7 4.1 5.9 0.0062 
D. simulans 18.0 6.2 8.8 3.5  1.4 2.0 21.5 7.4  10.5 0.01 15 
D. sechellia 1.2 0.6 0.8 0.5  0.3 0.5 1.7 0.7 1.1 0.0009 
D. mauritiana 18.3 6.3  9.0 3.7 1.4 2.1 22.0 7.5 10.7 0.01 18 

By employing the assumptions of no recombination, a Wright-Fisher demographic model (FISHER 1930; WRIGHT 1931; EWENS 1979), 
and an infinite sites mutation model (KIMURA 1969), these values may be taken as estimates of 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3Np (see text). The  error estimates are 
made under the same assumptions (TAJIMA 1983). The sampling error, s,, is a measure of the variation expected among samples from the 
same population. I t  is calculated as the square root of the sampling variance from expression 32 of TAJIMA (1983). The stochastic error s.~ ,  
is a measure of the variation expected among populations of identical population sizes. It is calculated as the  square  root  of  the stochastic 
variance from expression 3 1 of TAJIMA (1  983). 

TABLE 3 

Differences between species 

Species 2 

Species I melanogaster simulans mausitiona sechellia 

melanogaster 48.8  58.1 66.3 
65.2 74.9  72.9 

simulans 37 13.1 21.5 
34.7  33.1 

mauritiana 44  3 31.3 
43.2 

sechellia 60 19 21 
~~ 

Above the diagonal are values for average pairwise distance 
between species,  with net average distance [see NEI (1987), p. 2761 
above the gross average pairwise distance. Below the diagonal is the 
number of fixed differences between species  (see text). 

sent a  portion of the  true genealogy. However, the 
topology of the maximum parsimony tree should be 
considered  more like a distance tree (as  in Figure 6b) 
than  a  true genealogy. 

Tests of natural selection: We compared  the  ratio 
of amino acid replacement  mutations to synonymous 
mutations  for changes that have become fixed be- 

I I I I I I I  1 
70 60 50 40 30 20 10 0 

Number of Steps 

FIGURE 5.-A maximum parsimony tree. Branch lengths repre- 
sent the number of steps required to construct the  tree. 

tween species relative to those that  are polymorphic 
within species (MCDONALD and KREITMAN 1991). 
[Note: if different polymorphism occurred  at  the same 
site in different species, then  the site was counted 
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FIGURE 6.-Neighbor-joining trees. (a) A tree representing  the 
result of bootstrapping. Bootstrap values indicate how many times 
o u t  of 200 runs the lineages to the  right were clustered. (b) A 

standard neighbor-joining tree, in  which  all sites are weighted 
equally. 

twice; otherwise the site was counted  once.] If some 
amino acid replacement  mutations are favored and 
become fixed between species by the action of natural 
selection, the  ratio of replacement to synonymous 
variation  should be higher for interspecific compari- 
sons (MCDONALD and KREITMAN 1991).  From com- 
parisons of the coding  region within and  among zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. 
melanogaster and  the  three sibling species, we found  a 
total of 84 synonymous polymorphic sites, 10 replace- 
ment polymorphic sites, 35 fixed synonymous substi- 
tutions,  and 3 fixed replacement  substitutions. The 
ratios are nearly equal, consistent with the  neutral 
model (G = 0.159, P > 0.9). 

In comparing variable sites at which two different 
nucleotides  appear in a sample of six individuals, the 

D. melanogaster D. SirUlanS 

position  4677745 position  1112344568133446 
Base 11  Base  111111 

67812345  71287016618856573 
83962437  08153567871308562 

Intervals 1 H 1 Intervals i H I H H I H I- 
WE-NJ1 TTCAGGGA SI-CA1 ATCGACGACTTGCCATA 
HE-NJ2 C--T"-- SI-CA2 -C*C--CG-CC-TTC-T 
HE-Kl C--T"-G SI-K1 GC*-G-CG"-TIT"- 
WE-K2 CCT-M-G SI-K2 G--CGG-----T--CCT 
WE-LIl -cT-A" SI-LI1 -c*cGGcGGcc-TTCCT 
WE-LIZ -cT"- SI-L12 -C~CGGCGGCC-TTCcT 

D. mauritiana 
Base 
position  1336678999999000111223455677 

111111111111111 

0489941006679125578115834903 
1162862252815652742471805136 

Intervals -i H II  II H H H 1 U k 
MA-1 
MA-2 

GMATCCTCCl'ACCGCCCCCACGACACmC 

"3 
AGCGC--CT---TTAGTGTTCTGT-C-- 

a - 4  
AGCCC--CT---TTAGTCTT-C-- 

MA-5 
AGC--TTCM;CC-TA-----C---GCM 

MA-6 
AG-GCT---GCG-TAGT-----G----- 
---CC-T--------GT--TC-G-G~ 

0. SeChellia 
Base 
position  17 

11 

81 
05 

Intervals - 
SE-C1 AA 
SE-C2  GT 
SE-P1  GT 
SE-P2 GT 
SE-P3  GT 
SE-P4 -- 

FIGURE 7.-Evidence for recombination. All polymorphic sites 
at  which different bases are each found in  two or more individuals 
within a species (ie., genealogically informative sites) are shown. 
Assuming  homoplasy is not due  to multiple substitutions, recombi- 
nation events must have occurred between sites left unconnected 
by a horizontal line in the row labelled "Intervals" (e.g., between 
sites 68 and 473 in D. melanogaster). When a single site is incom- 
patible with either adjacent site (e.g., site 185 in D. simuluns), this is 
indicated by a double horizontal line. 

two nucleotides will be observed in either  1:5, 2:4 or 
3:3  patterns. From expression (50) in TAJIMA (1989), 
we expect these three polymorphism patterns,  under 
the  neutral  model, to occur in 1.2:0.75:0.33  propor- 
tions in each of our species. Figure 8 shows the ob- 
served and expected  frequencies of the  three patterns. 
Although D. melanogaster and D. simulans had  a 
greater  than expected  number of 1:5 sites, while D. 
mauritiana had  a  surplus of 2:4 sites, application of 
TAJIMA'S test (1989) revealed no significant depar- 
tures of observed  frequencies  from  neutral  expecta- 
tions (results  not shown). 

DISCUSSION 

Levels of polymorphism: From  the levels  of intra- 
specific sequence polymorphism, it appears  that D. 
melanogaster, D. simulans and D. mauritiana have 
maintained  large effective population sizes (Ne) .  D. 
sechellia appears  to have had  a historically much 
smaller Ne or a  recent episode of directional selection 
and genetic  hitchhiking at  or  near  the per locus. 

The observed intraspecies variation agrees with 
studies of restriction  fragment  length polymorphism 
in D. melanogaster and D. simulans, which consistently 
reveal more variation in the  latter  (AQUADRO, LADO 
and NOON 1988; BEGUN and AQUADRO  1991). We 
also note  that  the level  of per sequence variation in D. 
melanogaster (from Table 2 , 6  per base pair = 0.0062) 
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FIGURE 8.-Frequencies of polymorphism 

patterns. For each species, the number of sites 

with 1:5, 2:4 and 3:3 polymorphism patterns 

(labeled as 1,  2 and 3, respectively) are shown, 

along with expected  frequencies. 

1 2 3   1 2 3   1 2 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mohno#utor dmrrl.lrr manrftfana. 

Site Frequencies 

M’;IS within the  range of values observed for other loci 
i n  this species (AGUADE,  MIYASHITA and LANGLEY 

1989; AQUADRO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. 1986; EANES et al. 1989; EANES, 

LARATE and AJIOKA 1989; MIYASHITA and LANGLEY 

1988; SCHAEFFER,  AQUADRO and LANGLEY 1988; 
AQUADRO, LADO and NOON 1988; BEGUN and 
AQUADRO 199 1). 

Genealogical  analysis: The divergence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. mela- 
nogaster from the common ancestor  for all D. simulans, 
11. sechellia and D. mauritiana is thought  to have 
occurred  about 2.5 million years ago (LACHAISE et al. 
1988). Our results are consistent with this relatively 
ancient split. Many unique fixed differences and 
unique polymorphisms contribute  to  the  separation of 
I ) .  melanogaster from the  other species in our gene 
trees. The large  number of fixed differences is also 
reflected in the  deep branch  connecting the basal node 
of 2). melanogaster with that of D. simulans in the 
neighbor-joining tree (Figure  6b). 

Both maximum parsimony and neighbor-joining 
methods indicated clustering of per gene copies within 
I ) .  sechellia, D. mauritiana and D. melanogaster (Figures 
5 and  6). Since these are acknowledged species, this 
result may seem trivial. However,  the clusters are  not 
required by the biological species concept. If  species 
divergence has occurred relatively recently, and if 
there has not been a  severe  population  bottleneck, it 
would be reasonable to  find,  for  example,  that some 
per gene copies in D. sechellia are  more closely related 
to copies sampled from D. mauritiana than  to  the 
others from D. sechellia (TAJIMA 1983). Put another 
way, there is no  guarantee  that  the most recent com- 
mon ancestors to all per copies in the respective species 
existed  after  the split from  the ancestral population. 

I t  is possible that  certain  features of the  tree topol- 

1 2 3  
8oaholIfa 

ogies, such as the tightness of clustering within  most 
species and  the absence of intercalation between spe- 
cies, would change with the inclusion  of more se- 
quences.  In  particular, we would like to assess the 
extent  to which the conclusions drawn  from  a small 
sample of sequences from  one species can be  extended 
to  the  entire  tree  for  that species. Consider a sample 
of sequences drawn  from  a single species and assume 
the  population fits a  standard  Wright-Fisher model 
(FISHER 1930; WRIGHT 1931; EWENS 1979) with con- 
stant effective population size N (i.e., a  discrete gen- 
eration model with each generation of 2N gene copies 
formed by sampling 2N times, with replacement,  from 
the previous generation). We  also assume, for  the 
moment,  that  recombination  does  not  occur. The 
placement ofper on the X chromosome  does  not affect 
the applicability of this model if the sample size n is 
much smaller than N .  A random sample of n gene 
copies will have a genealogy that is a sample of  the 
genealogy for all 2N gene copies. We would like to 
assess P(n) ,  the probability that  the basal node of  the 
sample genealogy is also the basal node of the popu- 
lation genealogy. Consider  that the basal node  of  the 
population genealogy divides the population into two 
sets of lineages, and let the  frequency in the popula- 
tion of those gene copies that descend from one side 
of the basal node  be  denoted by p .  It follows that  the 
frequency of those  gene copies that descend from  the 
other side of the basal node have frequency 1 - p .  If 
2N >> n, then  the probability that  the sample of n 
genes is not  made  up of lineages from only one side 
of the basal node is, to a  good  approximation, 

1 - p” - (1 - p)”. (2) 

HARDING (197 l),  in a study of random bifurcating 
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Ilistories, has shown that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp can take on any of the 
values 1/2N, 2/2N. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . 2N/2N with equal likelihood. 
If we treat p as  a  continuous, uniformly distributed, 
random variable, then 

P(n )  = 1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp” - (1 - p)” d p  = - n -  1 
n +  1‘ 

Since P(6) = 0.714 we find,  under  the  model,  a  large 
chance  that  the basal node  for  the sample genealogy 
of  a species is also the basal node  for  the  entire species. 

A critical assumption of this analysis is that se- 
quences are drawn  randomly  from the  entire popula- 
tion.  In this light, it is important  to  note  that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. 
melanogaster and D. simulans sequences are  drawn 
from  both North America and Africa, with the  latter 
thought  to be the site of the oldest populations of 
these species (LACHAISE et al. 1988). Similarly, the D. 
sechellia sequences have come  from two different is- 
lands in the Seychelles. 

We can also gain a  rough assessment of the  degree 
to which additional sequences can be  expected,  on 
average,  to  add  to  the  depth of the  tree. The relation- 
ship between population size and  the time depth of 
genealogies is made explicit in KINGMAN’S coalescent 
(1982a,b).  For  a  Wright-Fisher  population, the ex- 
pected time since the basal node of the  entire geneal- 
ogy is approximately  4N  generations and  the expected 
time  depth of a genealogy based on a sample of n 
sequences, in generations, is 4N(1 - l/n). Thus for n 
= 6, the  expectation of total depth of the genealogy 
is 5/6 of that  for  the  entire species. 

In sum,  three points indicate that additional se- 
quences would not appreciably alter  the main feature 
of  the trees in Figures 5 and 6 .  First, from Equation 
3 ,  there is a  good  chance that we have found  the 
deepest nodes within species’ gene  trees.  Second, we 
expect  that even if additional sequences were to yield 
deeper nodes, they would not  greatly increase the 
depth of the basal nodes of the within-species gene 
trees. Finally, there  are  the considerable number of 
fixed  differences  that  separate the D. sechellia se- 
quences from those of D. simulans, as well as D. 
melanogaster from the  three remaining species. 

I t  is possible that, by chance, polymorphism and 
divergence at per is not  representative of the genome 
and thus, our conclusions are subject to  the stochastic 
variance that  occurs  among unlinked loci. Under sim- 
plifying assumptions, including no recombination, sto- 
chastic variance can be  estimated  for intraspecific 
variation and accounts for much of the total variance 
(Table 2). However, D. simulans and D. mauritiana 
have had a  large  amount of recombination and,  thus, 
the 1 .9-kilobase region of per in these species behaves 
l ike multiple partially linked loci. This means that  the 
evolutionary history of this region of per is more 
representative of the D. simulans and D. mauritiana zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I’ (3) 

genomes, though  the effect is not easily quantified. 
Recombination reduces the stochastic variance of in- 
traspecific variation (HUDSON 1983),  reducing  the 
chance  that  (1)  additional per sequences would sharply 
alter  the  trees  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) that  other loci  would  show  very 
different  patterns of variation. It also means that  the 
stochastic errors in Table 2 and  the confidence  inter- 
vals  in Figure 4 for D. simulans and D. mauritiana are 
overestimates (HUDSON 1983). 

D. mauritiana zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvs. D. simulans: The two species, D. 
mauritiana and D. simulans, share several characteris- 
tics. Estimates of 8, based on average pairwise  se- 
quence  difference and on the  number of polymorphic 
sites, were similar (Tables  1 and 2, Figure 4). The 
high estimates of 8 in D. mauritiana are consistent 
with the  reported ecology  of the species; although it 
is limited in  its range  to  the islands of Mauritius, it is 
widespread and broad-niched  (DAVID et al. 1989). The 
relatively high degree of polymorphism within D. 
mauritiana also corresponds to  prior estimates of al- 
lozyme heterozygosity and  proportion of polymorphic 
loci, where D. mauritiana actually appears  more vari- 
able  than the  other  three species in this study (CARIOU 
et al. 1990). D. simulans and D. mauritiana also share 
eleven polymorphisms, and  there is little fixed se- 
quence  difference between them. Additionally, both 
species possess a  large  number of unique polymor- 
phisms. 

The trees in Figures 5 and 6 indicate that  the two 
species have very different histories. Because  of re- 
combination, the D. simulans and D. mauritiana por- 
tions of the  trees  cannot  be taken as genealogies, but 
they do show the variation in D. mauritiana sequences 
having arisen more recently than D. simulans varia- 
tion. Our interpretation is that D. simulans still  seg- 
regates many ancient polymorphisms; that some of 
these are shared with D. mauritiana; and that D. 
mauritiana has accumulated many  new polymor- 
phisms. The presence of 11  shared polymorphisms 
between D. simulans and D. mauritiana would seem to 
rule  out  a small founder population in the origin of 
D. mauritiana, a speciation model commonly applied 
to insular species (MAYR 1954).  It has been argued 
that  a small founding  population  experiences  a rapid 
change in natural selection so that genetic variation 
persists despite  a small effective population size (CAR- 
SON 1975; TEMPLETON 1980). However, all  of the  1  1 
shared polymorphisms are  at silent sites (Figure 2) 
and they are unlikely to have been linked to nearby 
selected polymorphisms, given the large  amount of 
recombination in the history of these species at per. 
The simplest explanation  for  the  shared polymor- 
phism is that D. mauritiana arose and has persisted 
with a  large effective population size. 

Because both species have similar estimates of 8, 
and since D. mauritiana appears  younger  than D. 
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TABLE 4 

Relative  rate  tests  comparing  the  divergence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. simulans sequences  with  the  divergence of D. mauritiana and D. sechellia sequences 

Sequence 1 

MA- 1 

MA-2 

MA-3 

MA-4 

MA-5 

MA-6 

SE-C 1 

SE-C2 

SE-P 1 

SE-P2 

SE-P3 

SE-P4 

Sequence 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- SI-CA 1 

0.0035 
0.0033 
0.0047 
0.0033 
0.0053 
0.0033 
0.0046 
0.0034 
0.0035 
0.0032 
0.00 17 
0.0033 
0.0030 
0.0033 
0.0035 
0.0033 
0.0030 
0.0033 
0.0030 
0.0033 
0.0030 
0.0033 
0.0035 
0.0033 

Sl-CA2 

0.0069' 
0.0031 
0.008 1 * 
0.0034 
0.0087* 
0.0034 
0.0080* 
0.0031 
0.0069* 
0.0032 
0.0051 
0.0032 
0.0064 
0.0033 
0.0069* 
0.0032 
0.0063 
0.0033 
0.0063 
0.0033 
0.0063 
0.0033 
0.0069* 
0.0033 

SI-Kl 

0.0040 
0.0035 
0.0052 
0.0037 
0.0058 
0.0038 
0.0052 
0.0036 
0.0041 
0.0034 
0.0023 
0.0035 
0.0035 
0.0034 
0.004 I 

0.0034 
0.0035 
0.0034 
0.0035 
0.0034 
0.0035 
0.0034 
0.0041 
0.0034 

SI-K2 

0.0035 
0.0034 
0.0047 
0.0035 
0.0053 
0.0035 
0.0046 
0.0036 
0.0035 
0.0034 
0.001 8 
0.0033 
0.0030 
0.0035 
0.0035 
0.0034 
0.0030 
0.0035 
0.0030 
0.0035 
0.0030 
0.0035 
0.0036 
0.0035 

SI-LI 1 

0.0086** 
0.0031 
0.0098** 
0.0033 
0.0104** 
0.0033 
0.0097** 
0.0032 
0.0086** 
0.0031 
0.0069* 
0.0032 
0.0081** 
0.0030 
0.0086** 
0.0029 
0.0081** 
0.0030 
0.0081** 
0.0030 
0.0081** 
0.0030 
0.0086** 
0.0030 

SI-LIP 

0.0086** 
0.0031 
0.0098** 
0.0033 
0.0104** 
0.0033 
0.0097** 
0.0032 
0.0086** 
0.0031 
0.0069* 
0.0032 
0.008 1 ** 
0.0030 
0.0086** 
0.0029 
0.0081** 
0.0030 
0.0081** 
0.0030 
0.0081 ** 
0.0030 
0.0086** 
0.0030 

ME-NJl was used  as an outgroup in  all tests. The upper value is the number of substitutions per base pair between sequence 1 and the 
outgroup minus the  number of substitutions per base pair between sequence 2 and  the outgroup. A positive  value indicates more divergence 
ior sequence 1 than for sequence 2. The lower  value is the standard error of the difference. Standard errors were calculated and tests made 
usinrr the method of Wu and Lr 119851. *> < 0.05; ** zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP < 0.01. 

, ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
simulans, D. mauritiana may be evolving faster at  the 
nucleotide level than D. simulans. In order  to test 
whether  the D. simulans and D. mauritiana lineages 
have diverged at equal rates, we used  ME-NJ1 as an 
outgroup  and  performed relative rate tests on each of 
the 36 different pairs of D. simulans and D. mauritiana 
sequences. All of the tests attributed  more  substitu- 
t.ions to the D. mauritiana branch  than to the D. 
simulans >ranch  (Table 4),  and  three of the D. simu- 
lans lines (SI-CA1, SI-LI1 and SI-L12) had signifi- 
cantly shorter  branches relative to some or all  of the 
I>.  mauritiana lines (Table 4). On  the whole, these 
results support  the view that D. simulans is evolving 
more slowly than D. mauritiana. Unfortunately, be- 
cause of the complex genealogy and  the  apparent 
history of recombination, the  interdependence of 
these  contrasts  cannot  be assessed. 
D. sechellia vs. D.  mauritiana: Based on low intras- 

pecies variation, and a high degree of divergence  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11. simulans, D. sechellia appears to have a historically 
low effective population size. Specifically, it  has  many 
unique fixed sequence differences and only four ob- 
served polymorphic sites (one of  which is shared with 
11. simulans). Unlike D. mauritiana, D. sechellia is 
highly specialized, breeding only on the  rotting  fruit 

of Morinda citrijolia on the Seychelles (LEMEUNIER 

and ASHBURNER 1984). The contrasting ecologies of 
the two island species may explain differences in Ne, 
and consequently the observed levels  of genetic vari- 
ation (CARIOU et al. 1990). Our results are consistent 
with a  scenario suggested by R'KHA,  CAPY and DAVID 

(1991), in  which a  founding D. simulans population 
gave rise to a specialist adapted  to M. citrijolia. 

Like D. mauritiana, D. sechellia appears to be evolv- 
ing more rapidly than D. simulans. Relative rate tests 
were carried  out  on D. simulans and D. sechellia in the 
same way as with D. mauritiana and D. simulans, with 
nearly identical results (Table 4). 

Natural  selection: In  theory,  the observed differ- 
ences among species in  levels  of per sequence variation 
could be caused by differences in the action of natural 
selection. However, analyses of our data do not sup- 

port this. Balancing selection does  not  appear to have 
been a  determinant of the gene  trees in Figures 5 and 
6, since this should  create  a deep basal node  separating 
lineages that  correspond  to  different functional alleles 
(STROBECK 1983; HUDSON and KAPLAN 1988).  None 
of the within species gene  trees exhibits a  fork  note- 
worthy for its depth in relation to others.  Note  that 
the apparently  large  amounts of recombination in the 
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history of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsimulans and D. mauritiana severely limit 
the extent  to which balancing selection is expected to 
increase levels of polymorphism in adjacent sequences 
(HUDSON and KAPLAN 1988). 

We  also find no compelling evidence  for  directional 
selection acting on this locus. The G-test did  not  detect 
deviations  from  neutral  expectations in the  ratio of 
replacement to synonymous substitutions within and 
between species. Thus, unlike at Adh (MCDONALD and 
KREITMAN 1991),  there is no evidence that this por- 
tion of per has undergone  repeated  adaptive fixation 
of amino acid replacement  mutations, at least since 
the common ancestor of these species. Likewise, we 
found  no significant departure  from  neutral expecta- 
tions in the observed frequencies of patterns of poly- 
n~orphism within any of the species (Figure  8). These 
results  agree with a restriction-site study by .BEGUN 
and AQUADRO (1991), which also provided no evi- 
dence for selection around per in D. melanogaster or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. simulans using the multilocus test of HUDSON, 
KREITMAN and  AGUADE (1 987). 

I t  is possible that the lack  of variation within D. 
sechellia is the result of recent  directional selection. 
The genealogical effect of directional  selection, 
whereby an  advantageous  mutation quickly becomes 
fixed within a  population, is to create very short 
branches with nodes tightly clustered in time (MAY- 
NARD-SMITH and HAICH  1974; KAPLAN, HUDSON and 
LANGLEY  1989). Since per is associated with species 
differences in the male courtship  song  (WHEELER et 
al. 199 l), one scenario is that amino acid replacements 
i n  per were targeted by selection to  enhance  premating 
isolation between sympatric populations of D. simulans 
and D. sechellia. Within the region  sequenced, the 
only amino acid substitution fixed within D. sechellia 
is an alanine  to valine substitution at position 532 
(Figure 2). However, since we have not  sequenced the 
entire locus and adjacent  regions, we can not  rule  out 
the possibility that  the lack  of sequence variation is 
the result of hitchhiking accompanying adaptive fixa- 
tion at  a closely linked site. 

As pointed out  earlier,  the  frequencies of polymor- 
phism patterns  did  not  differ significantly from  neu- 
tral  expectations (see Figure 8). However,  the two 
species, D. simulans and D. mauritiana, appear quali- 
tatively different  from each other in their polymor- 
phism patterns. D. mauritiana had 19  “1:5” sites and 
29 “2:4” or  “3:3” sites, while these values were 38  and 
16, respectively, in D. simulans. The ratios are signif- 
icantly different zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C = 9.91, P < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.005). This test is 
not  appropriate if polymorphic sites occur on a com- 
mon genealogy and  are not  independent of each other 
(TAJIMA 1989).  However, because there  appears to 
have been considerable  recombination within each of 
these species (Figure 7), different sites are much  more 
independent  than if linkage where complete. This 

comparison should also be interpreted conservatively 
because the test was applied a  posteriori and  to  the 
most extreme  contrast. If, in fact, the polymorphism 
distributions of D. simulans and D. mauritiana are 
different,  then  one possible cause is different levels  of 
purifying selection in the two species. In effect,  there 
may be a lower neutral  mutation rate in D. simulans 
than in D. mauritiana, perhaps due  to larger N ,  in the 
former. In  a small population,  genetic  drift may  allow 
slightly deleterious  mutants to persist longer,  and 
attain  higher  frequencies,  than in a  large  population, 
perhaps  explaining the relative surplus of “2:4”  and 
“3:3” sites in D. mauritiana. This could also account 
for  the  apparently  higher rate of divergence seen on 
the branches leading to D. mauritiana and D. sechellia 
sequences relative to some D. simulans sequences 
(Table 4). 

Phylogeny of the D. melanoguster species  com- 

plex: One possible outcome of genealogical analysis 
using multiple sequences sampled from closely related 
species is that  the phylogenetic relationships of  species 
becomes evident.  In  the  present  study, D. sechellia and 
D. mauritiana appear  to  be  independently  derived 
from an ancient  population  that also gave rise to 
modern D. simulans. The relationships suggested by 
Figures 5 and 6 do not  support  a phylogeny that 
makes D. sechellia and D. mauritiana most  closely 
related (see CACCONE, AMATO and POWELL 1988). 
Such a species tree is also  unlikely on biogeographic 
grounds, since both species are endemic  to  different 
small and isolated island groups (LACHAISE et al. 
1988).  However, the estimated per gene  trees also do 
not  support  a  particular  order  to  the branching of the 
island species from  ancestral D. simulans. First, the 
order of the events leading to  the formation of D. 
mauritiana and D. sechellia sequence clusters is not 
discernible. This is not  counter  to  the concept of a 
bifurcating species tree,  but it prevents us from set- 
tling on  a single tree.  Second,  the  gene  trees do not 
support  an  interpretation, commonly applied to  bifur- 
cating phylogenies, of divergence of descendant spe- 
cies following speciation. On  the basis o fpe r  sequences 
(in particular, by the  presence of apparently  ancient 
polymorphisms and  the lack  of accumulated  unique 
fixed differences), D. simulans is little changed since 
divergence of the island  species. In  contrast, D. sechel- 
lia is separated  from the  other species by many fixed 
differences, while D. mauritiana possesses numerous 
unique,  recent polymorphisms. This  pattern of varia- 
tion is evident in Table  3, where  for  both  the  number 
of fixed differences and  net pairwise divergence,  the 
divergence between D. mauritiana and D. sechellia is 
approximated by the sum of the divergence values 
between each of these species and D. simulans. Thus, 
rather  than considering D. simulans, D. mauritiana 
and D. sechellia as “sister” species, it might be more 
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useful to consider D. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsimulans the “parent” species and 

the island species as “daughters.” 

We would like to  thank two anonymous reviewers for  their 
helpful comments.  This  research was supported by National  Science 
Voundation grant BSR 8918164 to  J.H. 
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