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ABSTRACT
The origins and divergence of Drosophila simulans and close relatives D. mauritiana and D. sechellia were

examined using the patterns of DNA sequence variation found within and between species at 14 different
genes. D. sechellia consistently revealed low levels of polymorphism, and genes from D. sechellia have
accumulated mutations at a rate that is !50% higher than the same genes from D. simulans. At synonymous
sites, D. sechellia has experienced a significant excess of unpreferred codon substitutions. Together these
observations suggest that D. sechellia has had a reduced effective population size for some time, and that
it is accumulating slightly deleterious mutations as a result. D. simulans and D. mauritiana are both highly
polymorphic and the two species share many polymorphisms, probably since the time of common ancestry.
A simple isolation speciation model, with zero gene flow following incipient species separation, was fitted
to both the simulans/mauritiana divergence and the simulans/sechellia divergence. In both cases the model
fit the data quite well, and the analyses revealed little evidence of gene flow between the species. The
exception is one gene copy at one locus in D. sechellia, which closely resembled other D. simulans sequences.
The overall picture is of two allopatric speciation events that occurred quite near one another in time.

SEVERAL hundred thousand years ago one species Historically there have been two main approaches to
of Drosophila gave rise to three that today we call the genetic study of species divergence. The classical

Drosophila simulans, D. mauritiana, and D. sechellia. Today approach is to genetically map traits that are thought
the three species are morphologically distinct (primarily to be important in speciation. Such traits tend to fall
on the basis of male genitalia), partially intersterile into one of three categories.
(male hybrids are sterile, female hybrids fertile), and

1. The most straightforward are those for which thelargely allopatric (D. simulans is a nearly cosmopolitan
species exhibit characteristic differences and thathuman commensal, while the other two are island en-
probably represent species-specific adaptations. Ma-demics). The combination of clear phenotypic distinc-
jor lifestyle or life history adaptations can, in princi-tion, partial infertility, and recent coancestry (not to
ple, play a large direct role in speciation, particu-mention their evolutionary proximity to D. melanogaster)
larly if those changes arise first as polymorphismshas made this little species complex our most thor-
within the ancestral species (Bush 1969; Rice andoughly studied speciation model system (Coyne and
Hostert 1993). For example, the preferred hostKreitman 1986; Coyne 1992; Wu and Palopoli 1994;
of D. sechellia, Morinda citrifolia, is toxic to the otherCoyne and Charlesworth 1997).
species of the D. melanogaster complex, and the
genes that confer resistance can be mapped in the
species hybrids (Jones 1998).
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ples of these are hybrid inviability and hybrid steril- may not be well represented by simple branching trees.
Most real species probably emerge gradually whereas aity. In general such traits can be genetically studied

only in species where postzygotic isolation is incom- branching model entails the assumption of instanta-
neous splitting. This can be misleading particularly ifplete, which is necessary for the production of F2s

or backcrosses. speciation has been recent or there have been multiple
speciation events that overlap in their time course. In

A different genetic approach to understanding specia- such cases we must consider “phylogeny” more broadly
tion is to study the history of species divergence as it as concerning the genesis of phyla, however complex
is revealed in the polymorphism pattern at randomly or slow that process might have been. If speciation
selected genes. In recent years, comparative DNA se- events have been recent, and if they have been complex
quence data (especially mitochondrial) have been fre- and not instantaneous, it may be possible to reveal the
quently used to address basic questions about the relat- complexities using a population genetics approach.
edness of close sister taxa and populations (Avise 1989). This report brings together the efforts of several inves-
Conceptually, the idea is a direct extension of basic tigators interested in the speciation events that have led
population genetic questions (i.e., questions about pop- to our current simulans complex species. To date, DPG
ulation subdivision, gene flow, and natural selection) studies on the simulans complex have been done for
to the species level. However, the use of DNA sequence five different nuclear loci (Hey and Kliman 1993; Kli-
data also permits the use of genealogical coalescent man and Hey 1993a; Hilton et al. 1994). Here we report
models, which incorporate classical population genetic on patterns of DNA sequence divergence at an addi-
parameters (e.g., effective population size and migration tional nine loci. Together these data permit a broad,
rate) within a gene tree framework (Hudson 1990), genome-wide assessment of speciation.
as well as the entire suite of tools used by molecular
phylogeneticists. These methods become even more in-
formative when data come from multiple loci and thus MATERIALS AND METHODS
can be used to distinguish forces that act on all genes

The data for five loci, per, yp2, z, ase, and ci, have previouslyfrom those, like natural selection, that affect individual been described (Hey and Kliman 1993; Kliman and Hey
loci (Hudson et al. 1987; Hey 1994). For the sake of a 1993a; Hilton et al. 1994). DNA sequences were collected
useful label, we refer to this general approach in the from multiple lines of each species of the simulans complex

for each of nine additional loci. For some of these genes, newremainder of the article as divergence population genet-
data were aligned with existing, previously reported data forics (DPG).
some species. For all loci, at least one sequence from D. melano-The two approaches (the mapping of speciation phe- gaster was also available.

notypes and DPG) have historically been directed at Zw, Adh, and est-6: DNA sequences had previously been
very different questions. The gene mapping studies ad- reported for D. melanogaster and D. simulans for these genes

(Kreitman 1983; Cooke and Oakeshott 1989; McDonalddress the genetic architecture of phenotypes that may
and Kreitman 1991; Eanes et al. 1993, 1996; Karotam ethave been important in speciation; however, these maps
al. 1993). DNA was extracted from single individuals ofbear no direct connection to the demographic factors D. mauritiana and D. sechellia drawn from isofemale lines that

that have caused species, and they may not have a direct had been in the laboratory for !200 generations. PCR on
these genomic DNAs was done to generate a 1.3-kb region ofconnection to the selective factors that have actually
Zw, a 0.87-kb region of Adh, and a 1.6-kb region of est-6. Thecaused species. All of the speciation phenotypes listed
sequenced region of Zw corresponds to sites 148–1460 in aabove can arise during or following speciation that is
previously reported D. simulans sequence (Eanes et al. 1993).

primarily caused by selection on other phenotypes. The sequenced region of Adh corresponds to sites 2195–2900
Thus, for example, hybrid sterility and inviability may in a previously reported D. simulans sequence (Cohn et al.

1984). The sequenced region of est-6 corresponds to sitesarise as epistatic by-products of independent adapta-
157–1679 of a previously reported D. melanogaster sequencetions in the separate incipient species (Dobzhansky
(Cooke and Oakeshott 1989). Primary PCR products were1936; Muller 1940). In contrast to the gene map ap- purified from an agarose gel slice using the QIAquick gel

proach, divergence studies can focus directly on evolu- extraction kit (QIAGEN, Valencia, CA) and were then used
tionary forces, particularly those demographic factors as the template for subsequent amplification of shorter regions

for DNA sequencing. These reactions employed one primerthat affect all of the genes in the genome.
carrying an M13 forward tail, while the other primer carriedThe two approaches can greatly complement one an-
an M13 reverse tail. Subsequent sequencing reactions wereother, such as when interpretations of the evolution of done in both directions simultaneously using fluorescently

phenotypic traits are laid upon an understanding of labeled M13 primers on a Li-Cor (Lincoln, NE) automated
phylogenetic history. For example, recent attempts to DNA sequencer. For D. mauritiana, six sequences were used.

Four of these (lines 105, 197, 152, and 207) were the samedemonstrate sympatric speciation and assess its fre-
as those used previously for per, yp2, z, ase, and ci (designatedquency have strongly relied upon accurate branching
in those articles as MA-3, MA-4, MA-5, and MA-6, respectively).phylogenies (Schliewen et al. 1994; Barraclough and For D. sechellia, two sequences were obtained, one from SE-

Vogler 2000; Coyne and Price 2000). However, phylo- C1 (also called strain 24) and one from SE-P1 (also called
strain ss77; Kliman and Hey 1993a).genetic history, particularly for recent speciation events,
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janus: Two loci, janus-A and janus-B, are overlapping and arrangement-specific primer pair (Andolfatto et al. 1999).
For D. sechellia, genomic DNA was prepared, one individualrelated by an ancient duplication (Yanicostas et al. 1989).

Three lines of D. mauritiana and D. simulans were sequenced, per isofemale line. Due to the unexpectedly high degree of
similarity between one D. simulans (ar07) and one D. sechelliaas well as one line each from D. melanogaster and D. sechellia.

To isolate just one allele from each isofemale line, single males allele (from the Robertson line), male genitalia were checked
for both lines and both alleles were resampled and sequenced.were crossed with a virgin female from a balanced lethal strain

of D. melanogaster [Df(3R)X3F/TM3Sb " P[ry " .RP49].84F] Polyethylene glycol-precipitated PCR products were directly
sequenced on both strands using a Rhodamine Terminatordeficient for a region including the janus loci. Following DNA

extraction from single F1 individuals, PCR was conducted using cycle sequencing kit (Applied Biosystems, Foster City, CA)
and run on an ABI377XL automated sequencer.the primers from positions 639–658 of GenBank record

DMSRYG1 and positions 1736–1717 of GenBank record DRO- GenBank accession numbers: Accession numbers are as
follows: for Zw, Adh, and est-6, AF284474–AF284497; ja-JAN. DNA sequencing was conducted with internal primers

spaced approximately every 250 bp, using an Amersham (Pis- nus, AF284453–AF284459; hb, AF295808–AF295835; mt:ND5,
AF295836–AF295861; Sxl and w, AF295862–AF295921; In(2L)t,cataway, NJ) sequenase T7 kit and corresponding protocol.

The final sequence spanned bases 429–1491 of Yanicostas AF294398–AF294409 and AF217926–AF21791.
et al. (1989), including most of the janus-A locus and part of
the janus-B locus. Throughout the analyses, these regions were
treated as a single locus. D. simulans strains were provided by C. RESULTSMontchamp Moreau; D. mauritiana strains and the D. sechellia
strain were provided by F. Lemeunier. Polymorphism summaries: Sample sizes and basic sta-

hb, mt:ND5, Sxl, and w: Portions of each of these loci were tistics of the loci studied are listed in Table 1. DNAsequenced from single flies drawn from inbred lines of each
sequence variation is summarized in Table 2. A simplespecies that were collected or obtained from others. For D.
weighted average of nucleotide diversity per base pairmauritiana, 1 line was obtained from H. Robertson and 9 from

O. Kitagawa. For D. sechellia, 8 isofemale lines were collected shows D. simulans to be the most variable, followed by
from the Seychelles in 1985. These 8 lines were sequenced D. mauritiana and D. sechellia. For the autosomal loci the
for each of these genes. In addition, 6 lines of D. sechellia weighted average values of #̂/bp were 0.015, 0.011, andwere collected from the Seychelles in 1989. These lines were

0.003 for these three species, respectively. The corre-sequenced only for the Sxl locus. For D. simulans, 3 lines
sponding X chromosome values were slightly less than(from France, Tunisia, and Kenya) were obtained from the

Drosophila species stock center, and 13 lines were collected one-half of the autosomal values, at 0.007, 0.005, and
from diverse locations, including Florida City, FL; Beltsville, 0.001. The rankings are unchanged from those origi-
MD; Murakata City, Japan; Palmer Island, Australia; Ottawa, nally reported for fewer loci (Hey and Kliman 1993).
Canada; Cairns, Australia; Capetown, South Africa; Brazzaville,

The simplest interpretation of these patterns is that theCongo; Morven, GA; and Praslin, Seychelles.
historical effective population sizes have been largest inDNA sequencing was done using templates generated via

PCR on genomic DNA. PCR was done using a kinased primer D. simulans and smallest in D. sechellia. Both D. simulans
and was followed by treatment with $ exonuclease to degrade and D. mauritiana have higher levels of polymorphism
one strand (Higuchi and Ochman 1989). The DNAs were than reported for D. melanogaster (Hey and Kliman
sequenced with the dideoxy method with [35S]dATP label 1993; Moriyama and Powell 1996).(Sanger et al. 1977).

Tests of selective neutrality: To focus on demo-For hb (hunchback), the sequenced region corresponds to
graphic factors associated with the divergence of species,intronic sequence from positions 7769–8052 of D. melanogaster

GenBank record U17742. For mt:ND5 (mitochondrial NADH- we first addressed whether the data show evidence that
ubiquinone oxidoreductase chain 5), the sequenced region natural selection has shaped levels of variation. Table
corresponds to positions 7256–7472 of D. melanogaster Gen- 3 shows the results of contingency table tests in whichBank record U37541. For Sxl (Sex Lethal), the sequenced

variable sites are classified both with respect to whetherregion corresponds to intronic sequence from positions
they are polymorphisms within species or fixed differ-241722–241977 of D. melanogaster GenBank record AE003439.

For w (white), the sequenced region corresponds to intronic ences between species and whether they occurred at
sequence from positions 12260–12478 of D. melanogaster Gen- synonymous or replacement sites within the protein-
Bank record X02974. coding regions. Under a model in which all mutationsIn(2L)t: In(2L)t refers to the D. simulans/D. mauritiana/D.

are either deleterious or neutral, the expected ratio ofsechellia homologue of the proximal breakpoint site of the
synonymous to amino acid replacement variation shouldIn(2L)t inversion that segregates in natural populations of D.

melanogaster (Andolfatto et al. 1999). D. simulans isofemale be the same for polymorphisms and for fixed differences
lines were collected from Arena Farms, Maryland. The lines between species. Three loci (est6, janus, and Zw) re-
for D. sechellia include the original “Robertson” isofemale line vealed a poor fit to the neutral model (Table 3), and
collected and described by Tsacas and Baechli (1981) and in each case the direction is the same as had previouslyprovided by Hugh Robertson and two lines collected from

been reported for Adh (McDonald and KreitmanCousin Island, Seychelles, in 1985. The D. mauritiana lines
were provided by Chung-I Wu. To obtain alleles from D. sim- 1991) and Zw (Eanes et al. 1993) in contrasts involving
ulans (Arena Farms, Maryland) and D. mauritiana populations, D. simulans and D. melanogaster. If we assume that the
multiple males from each isofemale line were crossed to virgin pattern of synonymous site variation is close to that
female D. melanogaster In(2L)t homozygotes. The resulting hy- expected for neutral mutations, then the direction ofbrid progeny (all female) were heterozygous for In(2L)t. This

departure for these tests is one in which the number ofallowed the recovery of individual (one per isofemale line)
D. simulans and D. mauritiana alleles by PCR with a standard fixed replacement differences between species is higher
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TABLE 1

Gene and sample summary statistics

Locus nsim
a nmau nsec Mapb Enc

c Recd Lengthe Coding Noncoding

Adh 6 6 2 2 35B2 31.2 0.0020 698 567 131
ase 6 5 6 X 1B4 55.7 0.0000 1067 1067 0
ci 9 6 4 4 101F1 51.8 0 1075 957 118
est6 4 6 2 3 69A1 54.6 0.0027 1520 1470 50
hb 10 9 8 3 85A6 45.2 0.0006 252 0 252
In(2L)t 11 9 3 2 34A8 NA 0.0026 680 0 680
janus 3 3 1 3 99D4 54.6 0.0037 1072 558 514
mt:ND5 9 8 8 mt 25.2 0 277 277 0
per 6 6 6 X 3B2 41.2 0.0029 1870 1677 193
Sxl 13 9 14 X 6F5 51.5 0.0038 236 0 236
w 9 7 6 X 3C2 47.7 0.0034 194 0 194
yp2 6 6 6 X 9A2 33.1 0.0029 1100 1044 56
z 6 6 6 X 3A3 45.9 0.0027 980 799 181
Zw 12 6 2 X 18E 34.5 0.0023 1298 1164 134

a The sample sizes for each locus and species.
b The genomic location of the gene in D. melanogaster. The physical maps of these species are all identical

to each other and nearly identical to D. melanogaster with the exception of one inverted segment on the third
chromosome (sections 84F–93F; Lemeunier and Ashburner 1976). The chromosome (X, 2, 3, or 4) is
shown followed by the polytene chromosome band number (Bridges 1938) as listed in Flybase (http://
flybase.bio.indiana.edu:82/). The mt:ND5 gene is located in the mitochondrial (mt) genome.

c The effective number of codons (Wright 1990). Values near the upper limit of 61 have a low codon bias,
whereas values near the lower limit of 20 have a high codon bias. Values were taken from Kliman and Hey
(1993b) or calculated from the complete coding portion of the gene as reported in the GenBank record. NA,
not applicable; In(2L)t was positionally cloned and has no associated protein coding gene.

d The estimated recombination rate per generation as reported for D. melanogaster in the Appendix of Kliman
and Hey (1993b). Units are centimorgans per kilobase pair.

e The average number of aligned base positions from all pairwise comparisons. Values are shown for total
length, as well as for amino acid coding regions, and noncoding regions.

than expected. This pattern would result if directional collateral selective effects via linkage—genetic hitchhik-
ing (Maynard Smith and Haigh 1974) or backgroundnatural selection has caused some amino acid mutations

to become fixed within species. selection (Charlesworth et al. 1993). The effect of this
indirect selection, whether via beneficial or deleteriousSimilar in principle to the McDonald-Kreitman tests

in Table 3, the Hudson-Kreitman-Aguadé (HKA) test mutations, is to reduce polymorphism levels in regions
of low recombination while leaving divergence levelsexamines whether the relative levels of observed poly-

morphism and divergence are consistent across multiple typical of those seen among loci (Begun and Aquadro
1992). In the case of D. mauritiana, the ci and In(2L)tloci. Figure 1 shows the results of HKA tests (Hudson

et al. 1987). Rather than rely on the assumption that loci contributed a large amount to the test statistic.
D. sechellia presents an interesting situation, for it carriesthe test statistic follows a %2 distribution (Hudson 1987),

the overall test statistic was compared with a distribution very low polymorphism levels at nearly all loci, almost
certainly due to a small effective population size (Cariougenerated from 10,000 coalescent simulations. Figure

1 shows, for each locus, whether or not the observed et al. 1990; Hey and Kliman 1993). Again, both ase and
ci have low polymorphism, but, in this species, neithervalues of polymorphism and divergence are higher or

lower than expected, and it shows the contribution from locus appears unusual, as all loci but one have low poly-
morphism levels. The exception is In(2L)t, which re-each data point to the overall test statistic. In each case

the overall test statistic indicates a rejection of the vealed 23 polymorphisms in D. sechellia. Upon inspec-
tion of the three sequences, two were revealed to beneutral model: D. simulans, %2 & 25.31, P & 0.0010;

D. mauritiana, %2 & 18.61, P & 0.0390; and D. sechellia, very similar to each other (four differences), while the
third closely resembled sequences from D. simulans. It%2 & 52.84, P & 0.0010. For D. simulans, Figure 1 shows

how ase and ci make large contributions to the test is this simulans-like sequence that contributes most of
the polymorphisms to the D. sechellia sample for In(2L)t.statistic, as expected from previous reports (Berry et

al. 1991; Hilton et al. 1994). These two genes are also There are two possible explanations for the observa-
tion: limited gene flow in the wild and recent admixturethe only ones in the study from low recombination por-

tions of the genome (as identified in D. melanogaster ; in the laboratory. Gene flow seems reasonable in that
D. sechellia and D. simulans are partially interfertile andsee Table 1) and thus have probably been subject to
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TABLE 2

Polymorphism statistics

Locus Species S a #̂b #̂/bp 'c D d Div.e

Adh sim 13 5.69 0.0082 — (0.82 0.0281
mau 5 2.19 0.0031 — (1.34 0.0326
sec 0 0.0 0.0 — — 0.0279

ase sim 0 0.0 0.0 — — 0.0252
mau 5 2.40 0.0023 — 0.00 0.0267
sec 0 0.0 0.0 — — 0.0244

ci sim 1 0.37 0.0003 — (1.09 0.0504
mau 1 0.44 0.0004 — (0.93 0.0504
sec 0 0.0 0.0 — — 0.0494

est6 sim 69 37.64 0.0247 149.0 0.19 0.0507
mau 36 15.77 0.0104 24.5 (0.50 0.0503
sec 0 0.0 0.0 — — 0.0507

hb sim 11 3.89 0.0155 — (1.89* 0.0324
mau 6 2.21 0.0084 — (1.12 0.0353
sec 0 0.0 0.0 — — 0.0328

In(2L)t sim 30 10.24 0.015 4.3 0.52 0.0382
mau 44 16.19 0.0243 41.3 (0.34 0.0407
sec 23 15.33 0.0239 — — 0.0415

janus sim 33 22.00 0.0215 23.9f — 0.0517
mau 29 19.33 0.0190 49.2f — 0.0494
sec — — — — — 0.0586

mt:ND5 sim 1 0.37 0.0013 — (1.09 0.0393
mau 0 0.0 0.0 — — 0.0505
sec 1 0.39 0.0014 — (1.05 0.0510

per sim 54 23.65 0.0127 44.3 (0.59 0.0349
mau 48 21.02 0.0113 84.6 0.34 0.0402
sec 4 1.75 0.0009 — (0.06 0.0391

Sxl sim 8 2.58 0.0101 42.7 0.33 0.0362
mau 4 1.47 0.0057 — (1.15 0.0353
sec 1 0.31 0.0015 — 0.25 0.0572

w sim 19 7.00 0.0361 12.2 (0.15 0.0704
mau 3 1.22 0.0066 — (1.89* 0.0626
sec 2 0.88 0.0042 — (1.13 0.0760

yp2 sim 3 1.31 0.0012 — (0.45 0.0258
mau 4 1.75 0.0016 — (1.30 0.0285
sec 1 0.44 0.0004 — (0.93 0.0280

z sim 18 7.88 0.0080 6.0 (0.07 0.0386
mau 9 3.94 0.0040 — 0.03 0.0373
sec 0 0.00 0.0 — — 0.0387

Zw sim 10 3.31 0.0026 9.3 1.33 0.0360
mau 10 4.38 0.0033 — (1.16 0.0364
sec 0 0.0 0.0 — — 0.0411

For each gene, the top row shows values for D. simulans (sim), the second row shows values for D. mauritiana
(mau), and the third row shows values for D. sechellia (sec). (—)Estimates cannot be obtained for small samples
or for samples with few informative polymorphic sites.

a The number of polymorphic sites.
b An estimate of the population mutation rate 2Gu, where G is the effective number of gene copies and u

is the mutation rate for the region (Watterson 1975). Also shown is the estimate of 2Gu/bp.
c An estimate of the population recombination rate, 2Gc, where c is the rate of crossing over per generation

for the region (Hey and Wakeley 1997).
d Tajima’s statistic of equality between different estimates of 2Gu (Tajima 1989b). Negative values indicate

an excess of low frequency polymorphisms. * indicates the value exceeds the expected 95% confidence interval.
e Average divergence, per base pair, between the sample sequences and a sequence from D. melanogaster.
f One outgroup sequence from D. melanogaster was included with the small janus samples to estimate '.

that both have been collected on the large island of flow. The second explanation, recent mixing in the
laboratory, also does not fit the observed pattern atMahé (Cariou et al. 1990; R’Kha et al. 1991). However,

no other loci show a pattern suggestive of recent gene In(2L)t in a simple way, as the D. sechellia line from which
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TABLE 3

Contrasting levels of synonymous and replacement variation

Locus Syn poly Rep poly Syn fixed Rep fixed Ga P

Adh 9 0 3 1 1.576 0.2093
ase 3 2 2 1 0.029 0.8628
ci 0 2 4 2 2.716 0.0994
est–6 68 18 16 12 4.792 0.0286*

(sim vs. mau) 68 18 1 3 4.237 0.0396*
(sim vs. sec) 53 11 12 9 5.136 0.0234*
(mau vs. sec) 24 9 14 11 1.705 0.1916

janus 14 1 4 4 5.040 0.0248*
(sim vs. mau) 14 1 0 0 NA NA
(sim vs. sec) 9 1 4 4 3.306 0.0690
(mau vs. sec) 9 1 4 4 3.306 0.0690

mt:ND5 2 0 13 1 0.117 0.7323
per 71 7 16 2 0.068 0.7943
yp2 4 2 2 2 0.237 0.6264
Zw 14 0 8 4 6.240 0.0125*

(sim vs. mau) 14 0 2 3 7.953 0.0048**
(sim vs. sec) 7 0 8 4 3.738 0.0532
(mau vs. sec) 7 0 6 1 0.974 0.3237

McDonald-Kreitman tests of amino acid replacement and synonymous polymorphisms, within and between
species (McDonald and Kreitman 1991): Syn poly, synonymous polymorphisms; Rep poly, replacement
polymorphisms; Syn fixed, synonymous fixed differences; Rep fixed, replacement fixed differences. Tests
include all three species. A site is counted as polymorphic if it is variable in any of the species. For those tests
that were statistically significant (* P ) 0.05; ** P ) 0.01), tests on individual species pairs are also shown
(sim, D. simulans; mau, D. mauritiana; sec, D. sechellia).

a Williams’ correction is applied to G-tests (Sokal and Rohlf 1981).

this sequence arose has normal viability and normal size, the expected value of D is very near zero (Tajima
1989b). A negative D results when more than the ex-male genitalia for this species. Thus, neither explana-

tion can be directly supported nor ruled out. Also, de- pected number of polymorphic sites have low frequen-
cies in the sample, a pattern that can be caused eitherspite the evidence from the McDonald-Kreitman tests

(Table 3) of excess replacement differences between by recent selection that has removed variation or by a
recent population size expansion. For D. simulans, thespecies at est6, janus, and Zw, we do not find evidence

that these loci have overall levels of polymorphism and values of D vary considerably and one (hb) is signifi-
cantly less than zero. However, for D. mauritiana, ninedivergence that are inconsistent with the neutral model

(Figure 1). values were negative while only two were positive (two
could not be calculated and one was equal to zero),The HKA test was repeated with the exclusion of just

those loci that showed the strongest departures from and again one of the values was significantly different
from zero (w). To check whether such an overall nega-expectations. As expected, the value of the overall test

statistics dropped markedly, though that for D. sechellia tive pattern of D values is very unlikely by chance, the
average observed value of D was calculated (weightedwas still significant (D. simulans, %2 & 10.77, P & 0.1308;

D. mauritiana, %2 & 13.92, P & 0.1520; D. sechellia, %2 & by locus length) and compared to the distribution of
the same quantity generated by computer simulation.21.90, P & 0.0459*). In the case of D. sechellia the still

significant departure is primarily due to two loci The simulations were the same ones used for the HKA
tests and included 10,000 independent standard coales-(mt:ND5 and w) that revealed two polymorphisms where

none were expected. cent simulations using estimates of divergence time and
# for each locus that were generated from the observedWe also considered Tajima’s D statistic (Table 2) of

the difference between different estimators of the popu- polymorphism and divergence levels. For each simula-
tion, we noted whether the absolute value of the observa-lation mutation rate, # & 2Gu, where G is the effective

number of gene copies and u is the mutation rate (Tajima tion was greater than the absolute value of the simulated
value (two-tailed test). For D. mauritiana, the weighted1989b). For a diploid species of effective population

size N, G & 2N for an autosomal locus; G & 3N/2 for an average of D was (0.677 and only 2% (P & 0.020) of
the simulations generated a more extreme value. ForX-linked locus; and G & N/2 for a sex-limited, effectively

haploid locus found on the mitochondria or the Y chro- D. simulans and D. sechellia, the same analysis revealed
a weighted value of D that fell near the middle of themosome. Under a neutral model of constant population



1919Drosophila Species Divergence

sons of sequences drawn from different species and
summarized the results for each species pair and each
gene in Table 4. Half of the genes (hb, In(2L)t, janus,
per, Sxl, w, and Zw) had some pairs of sequences in
which the substitution rate difference seemed excessive
under the null model of no rate variation. These signifi-
cant comparisons tended to show up in all three pairwise
species contrasts. Another pattern is that for all these
genes where some tests were significant, there was an
average substitution rate excess for D. sechellia relative
to D. simulans and relative to D. mauritiana (* columns
in Table 4). In the comparisons between D. simulans and
D. mauritiana the direction of departure varied evenly
among genes.

The second method of summarizing was applied to
Figure 1.—Three multilocus HKA tests were done (Hudson the data, prior to the relative rate tests, so as to have

et al. 1987), one per species. (") SimP, (!) SimD, (!) MauP, results that are not complicated by so many multiple(") MauD, (#) SecP, ($) SecD. In each case, polymorphism
comparisons. This analysis employed just one single con-within species (as listed in Table 2) and divergence from a
structed sequence from each species. The followingsingle D. melanogaster sequence were used for the test. Shown

are the contributions to the overall %2 test statistic by the genes have been sequenced, at least in part, from at
polymorphism and divergence observations for each locus. least one individual from each of the three simulans
Thus, for example, SimP refers to the standardized departure complex species, as well as D. melanogaster : the proximalfrom expectations for polymorphism within D. simulans and

Amylase gene (Amy-P ; Shibata and Yamazaki 1995);SimD refers to the same quantity for divergence from D. melano-
Amyrel (Da Lage et al. 1998); the Cecropin gene clustergaster. If the observed value was greater than the expected,

then the point is placed above the line; otherwise it is placed (Ramos-Onsins and Aguadé 1998); dynein (Dhc-Yh3;
below the line. In the case of SecP for In(2L)t the value was Zurovcova and Eanes 1999); glutathione-S-transferase D1
38.4, and in the case of SecD for In(2L)t the value was 7.39. (GstD1; M. T. Hargis and J. B. Cochrane, unpublishedThese extreme values are represented by points outside the

sequences in GenBank); myosin alkali light chain (Mlc1;graph. Loci are ordered from left to right in rough accord
Leicht et al. 1995); male accessory gland peptide geneswith their degree of departure from expectations.
Mst26Aa and Mst26Ab (Aguadé et al. 1992); nullo (Cac-
cone et al. 1996); Cu-Zn superoxide dismutase (Sod;
K. Arxontaki, P. Kastanis, S. Tsakas, M. Loukas andsimulated distribution (results available upon request).

The overall negative pattern of D values from D. mauri- E. Eliopoulos, unpublished sequences in GenBank);
and serendipity (sry-+; Caccone et al. 1996). The se-tiana suggests that recent population demographics

have shaped the polymorphism pattern, with the sim- quence from each species, for each of these genes, was
aligned by eye and concatenated. To these sequencesplest explanation being recent population size expan-

sion (Tajima 1989a). were added one randomly drawn sequence from each
species from the 14 genes listed in Table 1. The finalDivergence of genes: The three species of the simulans

complex are closely related to one another, and much data set included concatenated data from 23 gene re-
gions, with a total length for each sequence of 28,692of the history of gene samples drawn from the simulans

complex predates the origins of the three species (Hey bases. For each of the three possible comparisons, the
D. melanogaster sequence was used to root the divergenceand Kliman 1993). This recent complicated history pre-

cludes any simple analysis in which gene divergence is between the sequences from each of the other two spe-
cies and to obtain estimates of the substitution rate perequated with species divergence (see below). However,

we can ask some simple questions about how individual base pair since that root point. For the comparisons
between D. simulans and D. sechellia the relative rate testgene copies have diverged. In particular, we can use

sequences from D. melanogaster to root the differences yielded values of 0.0092 and 0.0137 changes per site,
respectively, which are highly significantly differentbetween pairs of sequences drawn from the simulans

complex and ask whether genes drawn from different (P ) 0.0001). For the simulans/mauritiana compari-
son, the values are 0.0102 and 0.0122, respectively (P )species have accumulated mutations at the same rate.

Relative rate tests were conducted for pairs of simulans 0.05); and for the mauritiana/sechellia contrast the values
are 0.0121 and 0.0145, respectively (P ) 0.05). On bal-complex sequences, rooted by a D. melanogaster se-

quence, using the method of Wu and Li (1985). Because ance it appears that genes from D. sechellia have been
evolving !50% more quickly than have genes in D.each test involved just a pair of sequences, and there

are many such pairs, we have done two types of sum- simulans and that genes in D. mauritiana have an average
rate of mutation accumulation that is in between thatmaries. In the first place, we examined all of the data

for the 14 genes by doing all possible pairwise compari- of the other species. Put another way, if we consider
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TABLE 4

Relative rate test results

sim and sec sim and mau sec and mau

No. No. No. No. No. No.
Loci pairsa sigb *c pairs sig * pairs sig *

Adh 12 0 0.0002 36 0 (0.0047 12 0 (0.0049
ase 36 0 0.0008 30 0 (0.0016 30 0 (0.0024
ci 36 0 0.0011 54 0 0.0000 24 0 (0.0011
est6 8 0 0.0010 22 0 0.0007 12 0 (0.0003
hb 80 6 (0.0022 90 9 0.0004 70 2 0.0026
In(2L)t 32 1 (0.0045 96 3 (0.0030 26 1 0.0014
janus 3 1 (0.0075 9 1 0.0027 3 1 0.0102
mt:ND5 72 0 (0.0126 72 0 (0.0120 64 0 0.0006
per 36 14 (0.0055 36 17 (0.0063 36 0 (0.0007
Sxl 143 77 (0.0201 117 3 0.0011 99 53 0.0212
w 54 6 0.0180 62 7 0.0098 42 8 0.0050
yp2 36 0 (0.0020 36 0 (0.0028 36 0 (0.0008
z 36 0 (0.0001 36 0 0.0013 36 0 0.0014
Zw 24 12 (0.0057 72 1 (0.0006 12 8 0.0051

Each sequence from each locus was compared against all of the other sequences from each of the other
species in a relative rate test (Wu and Li 1985).

a The number of pairwise comparisons between the two species being compared.
b The number of comparisons that were statistically significant at P , 0.05.
c The difference between the estimated substitution rate, per base pair, for the first species listed at the head

of the column and the same quantity for the second species listed at the head of the column. If * is positive
then a sequence from the first species has had a higher substitution rate than the sequence from the second
species.

just the 112 Mb of DNA sequence recently reported for in this species subsequent to its split from D. simulans.
Using D. melanogaster as an outgroup, we identified bythe D. melanogaster genome project, then a random copy

of the D. sechellia genome had !500,000 more mutations parsimony the ancestral and derived states for fixed
synonymous substitutions unique to each of the threeaccumulate than a comparable copy of the D. simulans

genome since the various times at which the different simulans complex species (see Table 5). D. simulans and
D. mauritiana had too few fixed synonymous substitu-genes had common ancestors.

The ranking of mutation accumulation rates inversely tions with which to conduct a test, but there are 29
such fixations in D. sechellia. Of these, 17 substitute anmirrors the ranking of estimated effective population

sizes—the larger the effective population size, the lower unpreferred codon for an ancestral preferred codon,
the rate of mutation accumulation. This pattern is con-
sistent with the slightly deleterious model of mutation

TABLE 5accumulation, in which more mutations are effectively
neutral when population sizes are smaller (Ohta 1972, Fixed synonymous mutations
1973). If the slightly deleterious mutation model does
explain the differing rates of mutation accumulation, Ancestral codon Derived codon sim mau sec
then we would also expect this to be reflected in the

Preferred Unpreferred 0 2 17ways that synonymous mutations have accumulated in
Unpreferred Unpreferred 1 2 5

the different species. Synonymous codon usage in Dro- Preferred Preferred 1 0 1
sophila does appear to have been shaped, in part, by Unpreferred Preferred 0 3 6
natural selection (Kliman and Hey 1993b; Akashi 1994,

The ancestral state at each site was inferred by parsimony,1995; Duret and Mouchiroud 1999), and the degree using D. melanogaster sequence(s) as an outgroup. Fixed differ-
to which prefered codons (vs. unprefered codons) accu- ences are those base positions where a derived base is unique
mulate can be taken as a measure of the efficacy of to just one of the three D. simulans complex species. In other

words, the inferred derived state is fixed in only one species,natural selection on codon usage. Thus, for example,
while only the ancestral state is found in the others (includingAkashi (1995) found that fixations of unpreferred co-
D. melanogaster). The ancestral and derived states were classi-dons were significantly more numerous than fixations fied as preferred or unpreferred on the basis of synonymous

of preferred codons in D. melanogaster, indicating that codon preferences established by Akashi (1995) for D. melano-
gaster and its closest relatives.selection on codon usage may have become ineffective
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TABLE 6

Shared polymorphisms and fixed differences

sim and sec sim and mau sec and mau

Locus Shared Fixed Shared Fixed Shared Fixed

Adh 0 (0.00) 7 1 (0.09) 4 0 (0.00) 14
ase 0 (0) 2 0 (0) 1 0 (0) 3
ci 0 (0) 5 0 (0.00) 6 0 (0) 4
est6 0 (0) 23 11 (1.63) 4 0 (0) 27
hb 0 (0) 0 1 (0.26) 0 0 (0) 2
In(2L)t 8 (1.01) 0 9 (1.94) 0 5 (1.59) 0
In(2L)t a 0 (0.18) 11 9 (1.94) 0 0 (0.26) 10
janus NA NA 11 (0.89) 0 NA NA
mt:ND5 0 (0.00) 8 0 (0) 8 0 (0) 12
per 1 (0.12) 18 11 (1.39) 3 0 (0.01) 21
Sxl 0 (0.07) 1 1 (0.14) 0 0 (0.03) 5
w 0 (0.19) 1 0 (0.29) 0 0 (0.03) 4
yp2 0 (0.00) 4 0 (0.01) 2 0 (0.00) 6
z 0 (0) 4 0 (0.17) 1 0 (0) 10
Zw 0 (0) 15 0 (0.08) 6 0 (0) 9

Shared polymorphisms are those DNA base positions in which two species share two or more segregating
bases. Fixed differences are those positions where all the sequences from one species are different from all
those of the second species. Observed values are shown for each of the three two-species contrasts. Values in
parentheses are the expected number of shared polymorphisms calculated using expression (2) in the text.
An expected value of (0) arises if one or both species have no polymorphic sites. NA, not applicable.

a Two sets of values are shown for In(2L)t. The upper values are based on inclusion of all three D. sechellia
sequences, while the lower value is based on just those two that do not resemble D. simulans (see text).

while only 6 show the opposite pattern. These values at a majority of the loci. In contrast, species comparisons
that involve D. sechellia generally revealed no shareddiffer significantly from equality (G & 5.48, P & 0.0019),
polymorphisms, as expected given the low level of poly-consistent with the hypothesis that selection on silent
morphism found within this species. The exceptionssites has been ineffective in D. sechellia in the time since
involving D. sechellia are a single shared polymorphismcoancestry with the other species.
between D. simulans and D. sechellia at per and the abun-The evidence of reduced effective population size
dance of shared polymorphisms at In(2L)t due to aand reduced efficiency of natural selection, in D. sechellia
single D. sechellia sequence (see above).relative to the other species, is also consistent with the

To assess how many of the shared polymorphismsfinding that D. sechellia bears many fewer genes that
could be expected to arise just by recurrent mutation,contribute to hybrid sterility in crosses with D. simulans
we conducted a simple calculation under the assump-than does D. mauritiana. Though this pattern was once
tion that mutations occur randomly and independentlyinterpreted as evidence that D. simulans and D. sechellia
with equal probability at all sites. If s1 and s2 polymor-are the most closely related species pair (Palopoli et
phic sites were observed in each of two historically inde-al. 1996), it is also consistent with a greater rate of
pendent species over a common region of length L,adaptation in D. mauritiana, as might occur with a larger
then the probability that exactly ss of those polymor-effective population size.
phisms fall on the same base positions in the two samplesDivergence of species: As incipient species begin to
is given by the hypergeometric probabilitydiverge from one another they can be expected to share

genetic variation that was common to their ancestral
species. If neither incipient species experiences a strong

P(ss|L, s1, s2) &
!L ( s1
s2 ( ss"!s1ss"

!L
s2"

(1)population bottleneck, then these shared polymor-
phisms may persist for a long period of time, particularly
at those genes that are not associated with adaptive
divergence (and are not linked to such genes). Table 6 (Clark 1997). The expected number of shared poly-
shows the numbers of shared polymorphisms and fixed morphisms E(ss) is equal to
differences found between each species pair. Both

#
Min(s1,s2)

j&0

j - P(j|L, s1, s2) & s1 - s2/L. (2)D. simulans and D. mauritiana are highly polymorphic,
and even though the number of sequences sampled is
small, we find that the two species share polymorphisms In the case of the simulans complex data, the expected
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values of shared polymorphisms are quite low, generally with one another (with the exception of one sequence
near zero, and even when the values are !1, they are at In(2L)t), but depending on the gene the D. sechellia
still a small fraction of the observed number (Table 6). cluster may fall almost anywhere within the diagram.
The reasons for this are simply that mutations are rare The frequent tendency for genes from D. simulans
and that there are a very large number of available sites. and D. mauritiana to cluster with those from the other
This method assumes that all sites are equally likely species is entirely consistent with the presence of a large
to mutate, and so it is likely to underestimate shared number of shared polymorphisms between these species
polymorphisms that arise via multiple mutations. How- (Table 6). These patterns are expected if multiple gene
ever, even if the analysis is repeated by first breaking lineages persist in both species since the time of specia-
down the observed values of L, s1, and s2 into compo- tion (Clark 1997; Wakeley and Hey 1997).
nents due to replacement, synonymous, and intron sites, Fitting a speciation model: We compared the data
the overall expected values do not approach the observa- to what would be expected under a simple speciation
tions for those cases when shared polymorphisms were model, called an “isolation model,” in which an ances-
observed (results available upon request). tral constant size population splits over a very short

Another way to check whether mutations are oc- period of time into two populations, each of constant
curring randomly and fairly uniformly across sites is to size. There are four primary parameters to the model,
compare observations with a Poisson distribution. An including three #’s, or population mutation rates (one
approximate check can be made by asking whether the for the ancestral population and one for each descen-
number of sites that support a 2-, 3-, or 4-base polymor- dant), and a time since the splitting event. The model
phism is consistent with a Poisson distribution, given fitting requires the counts of shared polymorphisms and
the number of sites that revealed no polymorphic sites. fixed differences, as well as counts of the numbers of
Fitting a Poisson distribution to the D. simulans data unique polymorphisms. The method is outlined in
set returned expected values of 12,271, 275, 3, and 0 Wakeley and Hey (1997) and Wang et al. (1997).
positions with 1, 2, 3, and 4 segregating bases, respec- Table 7 shows the results of fitting the isolation model
tively (sites with 1 segregating base are invariant). The to four different data sets. The first case includes
observed values were 12,271, 271, 7, and 0. The good D. simulans and D. mauritiana and, as in the original
fit of the Poisson distribution suggests that overall the application of the method for this species pair, the an-
data set has just a small number of sites where recurrent cestral species appears to have had a size intermediate
mutations have occurred. between the descendants and to have occurred not very

Also revealed in the comparison between D. simulans long ago (Wakeley and Hey 1997). The second caseand D. mauritiana is the negative correlation, across loci, is the same as the first except that the numbers of sharedthat is expected between fixed differences and shared polymorphisms were reduced by the number expectedpolymorphisms. In the absence of recombination and
by chance and independent mutation as shown in Tablerecurrent mutation, a gene tree for one locus can sup-
6. The isolation model parameter estimates are veryport either fixed differences or shared polymorphisms,
similar to the first case. The third and fourth applica-but not both (neither may occur as well), as a simple
tions are to the case of D. simulans and D. sechellia (withbyproduct of the possible gene tree topologies (Wake-
and without the shared sequence of In(2L)t, respec-ley and Hey 1997). However, if recombination has been
tively). It is interesting that the removal of that sequenceoccurring, then different portions of a locus have differ-
does not have a large effect on the parameter estimates.ent gene trees and it is possible for both shared polymor-
In both cases D. sechellia has a low estimated value forphisms and fixed differences to occur.
#, while the ancestral species estimate is considerablyFigure 2 shows the results of cluster analyses for most
larger than that for either descendant species. The rea-of the genes (similar diagrams for the remaining genes
son for the similarities, with and without the In(2L)twere reported previously). These diagrams should not
sequence, is that this sequence is not the only locusbe equated with gene tree estimates, as most loci showed
where a shared polymorphism was found (one also oc-evidence of recombination and thus do not have a bifur-
curred at per; Table 6). Thus, in both applications, thecating gene tree history. However, these diagrams do
model must still reconcile the presence of divergenceserve to show the variable patterns of similarity that
between the taxa, low polymorphism within D. sechellia,are found among genes and how those patterns are not
and the presence of shared polymorphism. The com-consistent with simple phylogenetic relationships among
bined effect of all three is to drive up the estimate ofspecies. As in the case of the original studies on ase, ci,
the size of the ancestral species (Wang et al. 1997).per, yp2, and z (Hey and Kliman 1993; Kliman and Hey

We also performed statistical tests of the quality of fit1993a; Hilton et al. 1994), sequences from D. simulans
between the expected levels of polymorphism undershow only a limited tendency to cluster by their taxo-
the isolation model and the observed values (Wang etnomic designation. The same kind of dispersed pattern
al. 1997). The test proceeds by conducting coalescentis seen for D. mauritiana sequences at hb, In(2L)t, and

janus. The D. sechellia samples do consistently cluster simulations based on the parameter estimates and then
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Figure 2.—Distance trees for nine loci. The length of the branch to the outgroup sequence of D. melanogaster is shown in
units of estimated changes per base pair. Comparable trees for the remaining loci (ase, ci, per, yp2, and z) were reported previously
(Hey and Kliman 1993; Kliman and Hey 1993a; Hilton et al. 1994). For each locus, DNA sequences were aligned by eye and
clustering was done using the neighbor-joining algorithm (Saitou and Nei 1987). Where lines were not common to multiple
loci, lines are labeled only to species. For Adh, est6, and Zw, the lines with specific line numbers were the same as some of those
used in earlier reports on ase, ci, per, yp2, and z (see materials and methods). For hb, mt:ND5, Sxl, and w, most lines came from
a common set (as described in materials and methods) and these lines are numbered within each species.



1924 R. M. Kliman et al.

Figure 2.—Continued.

by comparing the distribution of results from 10,000 bination rate (Hey and Wakeley 1997) as determined
for each species and locus. Just as with the actual data,such simulations with the actual data. These simulations

incorporated recombination, at rates based on the esti- each simulated data set is partitioned into the four cate-
gories of polymorphic sites (polymorphisms exclusivemated amount of recombination that occurs within each

gene in each species, as this strongly affects the degree to species 1, those exclusive to species 2, shared polymor-
phisms, and fixed differences) for each locus, and theseto which shared polymorphisms and fixed differences

covary. We used the ' estimate of the population recom- quantities are used to generate isolation model parame-
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TABLE 7

Isolation model fitting

Species 1 Species 2 Test #̂1 #̂2 #̂A T P%2 PWWH

sim mau 1 143.7 79.5 139.9 0.42 0.138 0.827
75.7–280.5 46.0–129.7 85.5–203.0 0.22–0.64

sim mau 2 152.3 83.3 127.1 0.44 0.118 0.781
87.2–293.3 50.7–134.0 75.7–186.1 0.23–0.67

sim sec 3 32.3 7.75 221.1 0.51 0.216 0.465
3.76–187.1 0.95–25.8 0.00–283.4 0.30–0.97

sim sec 4 55.7 7.98 201.7 0.56 0.434 0.810
17.1–303.7 2.33–17.0 0.0–259.3 0.35–1.52

For each contrast, the data were fit to the isolation model as described (Wang et al. 1997). The estimated
values for the primary parameters are shown, along with the 95% confidence intervals determined by simulation
(see text). Four contrasts are shown: (1) 12 loci (all excluding ase and ci); (2) same as (1) but observed shared
polymorphisms were decreased by that amount expected by chance (see Table 6); (3) 11 loci (all excluding
ase, ci, and janus); and (4) same as (3) except that one D. sechellia sequence for In(2L)t data was excluded (see
text). The P values, for both the %2 and the Wang, Wakely, and Hey (WWH) test statistics, are the proportion
of simulated values greater than or equal to the observed. The test is one-tailed because the focus is on detecting
a departure from the model in the direction expected if historical gene flow had occurred.

ter estimates and expected values for each of the quanti- 1993), yet in the patterns of mutation accumulation and
in the patterns of shared and fixed differences, we canties. The simulations were also used to generate 95%

confidence intervals for the parameter estimates. still assess the effects of population sizes and assess the
historical presence of gene flow between species. ForWe considered two test statistics. One was a simple %2

statistic that summed the discrepancies between obser- two quite different reasons, the DPG approach to the
study of recent speciation events becomes considerablyvations and expectations for each locus and each poly-

morphism type. If we denote the counts of the four more informative the more that comparative DNA se-
quence data are available from multiple independentlytypes of polymorphisms for locus i as Si, j, with j & 1 . . . 4,

and if there are L loci, then segregating genes. First, multiple loci permit the assess-
ment of different evolutionary forces. The historical
portraits that are developed for each locus can be com-%2 & #

L

i&1
#
4

j&1

(Si,j ( E(Si,j))2

E(Si,j)
. (3)

pared to see whether different loci are consistent with
a common historical model. Thus multiple loci can beThe second test statistic was that used by Wang et al.
used to distinguish those demographic forces that have(1997), which is equal to the difference between the
acted on many genes (e.g., population splitting, popula-highest and lowest counts of shared polymorphisms ob-
tion size changes, and migration) from those that haveserved across loci, plus the difference between the high-
acted just on smaller parts of the genome (e.g., naturalest and lowest counts of fixed differences, observed
selection). The second benefit of multiple loci concernsacross loci.
sampling effort. For populations or species that haveFrom comparison of the first two rows of Table 7, it
been diverging for some time, the gene trees withinis clear that adjusting the observed numbers of shared
species may not extend back to the time of the commonpolymorphism by the number expected by chance has
ancestor, and even if they do, only a small minority oflittle effect on the parameter estimates or the quality
lineages are expected to be of that age. Thus, only aof the fit of the isolation model. Similarly, from rows
small portion of the true genealogical history for a spe-three and four, we see that the effect of including the
cies, at a locus, may extend from the time period underunusual sequence of In(2L)t within the D. sechellia sam-
investigation. When this is the case, repetitive samplingple has little effect on the parameter estimates. There
within species tends to include that history even in ais an effect on the fit between the model and the data
small sample. Put another way, the older nodes of a(the model fits better when the sequence is excluded),
species’ true genealogy, for a locus, tend to be revealedbut in neither case is the model rejected.
in a small sample, whereas more recent portions are,
on average, only revealed as the sample size per locus

DISCUSSION grows large (Kliman and Hey 1993a). This basic feature
of genealogical sampling necessarily dictates an optimalOur basic approach has been to extend DNA se-
strategy that is shifted away from multiple sequencesquence-based population genetics to questions associ-
per locus and toward multiple loci—each with few se-ated with relatively ancient speciation events. The diver-
quences. In the extreme, it is even possible to study thegence of the simulans complex species probably began

hundreds of thousands of years ago (Hey and Kliman sizes of ancestral species by using just one sequence



1926 R. M. Kliman et al.

from each species, so long as many loci are studied enced substantial gene flow at multiple loci. Hilton
and Hey (1996, 1997) also found a case wherein two(Takahata 1986).

Departures from the neutral model: The major as- cytospecies, D. americana americana and D. a. texana, had
experienced considerable gene exchange at multiplesumptions of the basic null model that is used as a

heuristic guide for many analyses, and as an explicit loci and thus should not be considered as species (see
also McAllister and Charlesworth 1999).baseline in the statistical tests, are that mutations are

neutral and that population sizes are constant (the When simulans taxa are considered from the stand-
point of just one single locus, then we often do findMcDonald-Kreitman test does not rely upon the latter).

We observed four distinct kinds of departures from null that taxa are poorly reflected by the patterns of similarity
among individual gene copies. Pairs of gene copiesexpectations: an overall negative value of Tajima’s D

for D. mauritiana (Table 2), suggestive of a recently drawn from D. simulans and D. mauritiana vary widely
in the degree to which they differ, and gene tree esti-expanding population size in this species (Tajima

1989a); significant McDonald-Kreitman tests at est6, ja- mates for individual genes show that these taxa are
highly paraphyletic when represented by multiple genenus, and Zw (Table 3), suggestive of an accumulation

of excess amino acid replacement differences between copies for a single locus (Satta and Takahata 1990;
Hey and Kliman 1993; Kliman and Hey 1993a; Hiltonspecies at these loci (Eanes et al. 1993); an excess accu-

mulation of mutations in D. sechellia, many of which et al. 1994; Figure 2). However, when the same set of
multiple strains from each species was studied at multi-are probably slightly deleterious (Tables 5 and 6); and

significant HKA tests, primarily due to low variation ple loci, there was no tendency for ancient population
subdivision within species and no strong evidence ofwithin species at genes in low recombination portions

of the genome (Figure 1). On balance, our null model recent gene flow at multiple loci (Hey and Kliman
1993; Hilton et al. 1994). In the branching cluster dia-does not fare very well, though we do learn a great deal

from each of these exceptions. These findings necessar- grams for z, yp2, and per, the D. sechellia sequences clus-
tered, as did those for D. mauritiana, while those forily lessen the applicability of the isolation model fitting,

which strongly relies upon the neutral model. In recent D. simulans tended to be spread out across the diagram
and to come together mostly at the deepest parts ofyears, particularly with growing data on polymorphism

and divergence, there have come many reports on ex- the diagram (Hey and Kliman 1993). However, despite
these common patterns among taxa across loci, the clus-ceptions to the neutral model, particularly for the well-

studied D. melanogaster (Kreitman 1996; Moriyama and tering patterns varied widely within taxa across loci—
even though the same set of inbred lines had beenPowell 1996; Ohta 1996; Hey 1999).

Speciation: Throughout this report, the three sim- studied for each locus. For some of the newly studied
loci (hb, w, mt:ND5, and Sxl), a common set of inbredulans complex species are considered to be biological

entities within which evolutionary forces of natural se- lines was used, and again we see that there are common
patterns among taxa (very similar to what was foundlection and genetic drift play out amid a recombining

gene pool, and between which there is a near absence with z, yp2, and per), and again we see that within taxa
the relationships among particular lines vary widelyof gene exchange (Dobzhansky 1937). If we wish, this

starting point can be taken as an assumption under across loci (Figure 2). These results are just what we
expect for taxa that represent real, recently diverged,test. Thus, for example, consider that the three simulans

complex taxa have been represented by DNAs prepared biological species, within which there is recombination.
The overall picture is one in which all three speciesfrom organisms that were taxonomically identified on

morphological grounds. Then our evolutionary investi- diverged at about the same time, in which both D. mauri-
tiana and D. simulans have had large effective populationgation amounts to a testing of the hypothesis that the

taxonomic samples have indeed come from biological sizes and still carry shared polymorphisms since diver-
gence, and in which D. sechellia has a small effectivespecies. In particular, we can ask two questions: (1)

whether the patterns of DNA sequence variation for any population size.
At the crux of many speciation discussions is the ques-one taxon are consistent with that taxon being a single

biological species and (2) whether the patterns of DNA tion of whether or not natural selection plays a direct
creative role in forming species. In the simplest modelssequence variation between taxa are consistent with ge-

netic isolation. The first question can be partly assessed of allopatric speciation it does not, and speciation is a
byproduct of the evolution that proceeds in physicallyby asking whether single taxa show evidence of multiple

separate gene pools. An example of this would be if separated populations. Thus, for example, in the classic
speciation model of Dobzhansky and Muller, each ofmultiple genes show evidence of relatively ancient popu-

lation subdivision among the samples from a single two separate populations accumulates adaptations one
by one. However, it turns out that when given the chancetaxon. For example, a pattern like this was found for

multilocus samples of D. novamexicana (Hilton and to hybridize, the mutations fixed in one species are
incompatible with the novel genome of the other spe-Hey 1996, 1997). The second question can be partly

assessed by asking whether multiple taxa have experi- cies. In other words, they are epistatic and deleterious
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when expressed in a genetic background other than the recurrent mutations can also cause shared variation.
Given the overall recent low levels of DNA sequenceone in which they arose (Dobzhansky 1936; Muller

1940). However, speciation may also arise in a more divergence, this has probably not been a large factor in
this study. However, recurrent mutation could well havedynamic context where natural selection promoting re-

gional specialization is in a tug-of-war against recombi- been the cause of the single polymorphism that is shared
by D. sechellia and D. simulans at the per locus.nation and gene flow that break down associations both

among genes and between genes and geography. Under Limited evidence of gene flow among these species
also comes from a study of ase and ci. In this case thethese circumstances, where diverging populations are

sympatric or parapatric, natural selection is acting di- observation did not involve shared variation (polymor-
phism is nearly absent in these genes) but rather thatrectly to shape the species barrier.

Whether or not natural selection promotes species divergence between the simulans complex species was
less than expected given what had been found at otherformation directly or indirectly depends on whether

or not gene exchange was occurring among incipient loci (Hilton et al. 1994). On balance, the data are
largely consistent with an absence of gene flow. Onlyspecies. Thus, research on the historical demographic

processes associated with species divergence may reveal In(2L)t revealed the kind of pattern expected of a very
recent gene flow event, and in this case laboratory ad-evidence of ancient gene flow and, therefore, illuminate

the kinds of natural selection and the kinds of pheno- mixture cannot be ruled out. Overall the levels of shared
polymorphisms and fixed differences are consistent withtypes that might have existed during the beginning

stages of species formation. Of course, if gene flow and an isolation model. However, given the difficulty of dis-
tinguishing gene flow from shared ancestral variation,natural selection were important factors for just a short

period of time at the beginning of speciation, then we cannot rule out a speciation model that included a
period of gene flow following population splitting.patterns of variation may not be indistinguishable from

those expected under the isolation model, particularly Phylogeny: As an important model system for the
study of speciation, the D. simulans complex has beenif those events were long ago. However, population ge-

netic methods can sometimes reveal recent or ongoing the subject of many efforts to infer phylogeny. Indeed,
all three possible pairs of taxa have been proposed asgene flow between species that are otherwise long di-

verged. With such findings our understanding of species the most closely related species pair, including simulans/
sechellia (Cariou 1987; Palopoli et al. 1996) and sim-as evolutionary entities undergoes a significant adjust-

ment; for it is then that natural selection can be seen ulans/mauritiana (Lachaise et al. 1986; Joly 1987; Hey
and Kliman 1993; Coyne and Charlesworth 1997;as having maintained the phenotype, by which we recog-

nize the species, in the face of that gene flow. Harr et al. 1998; Ting et al. 2000), and also the sechellia/
mauritiana pairing (Caccone et al. 1988, 1996), whichAssessing gene flow: Variation can be shared between

species either by gene flow or by dual persistence since seems unlikely on the basis that it would require a coloni-
zation from one remote island to another, whereas thethe time of population splitting. These historical alter-

natives can be difficult to distinguish, relying primarily other models simply require two colonizations from the
mainland.on two kinds of observations. First, if most gene se-

quences suggest moderate or high divergence, but a The difficulty of the phylogeny problem can be seen
both from the standpoint of the data and from theminority are identical for two species, then the simplest

explanation may be population splitting long ago and standpoint of theory. Regarding data, a simple appraisal
of the cluster diagrams for the 14 genes shows howlimited recent gene flow. This kind of observation is

essentially one of an appearance of a sequence that is difficult it could be to try to discern an overall species
branching history. Thus consider from the standpoint“atypical” for its taxon. An example of this pattern was

found at the per locus in D. pseudoobscura and D. persimilis of D. sechellia sequences, which always cluster together
[excepting In(2L)t], and ask whether the next most simi-(Wang and Hey 1996). Among the loci studied here,

only In(2L)t showed an example of this. The second lar sequence is from D. simulans, or D. mauritiana, or
whether it is a node that joins sequences from both ofkind of observation that can be suggestive of gene flow

is if loci vary widely in the degree to which they share these species. A plurality of genes pair the D. sechellia
cluster with a mix of simulans and mauritiana gene cop-polymorphisms. A model of limited gene flow is ex-

pected to give wide variation among loci in apparent ies, including ase and ci (Hilton et al. 1994), as well as
est6, hb, In(2L)t, janus, and yp2 (Hey and Kliman 1993).divergence (Wakeley 1996; Wang et al. 1997). How-

ever, such variation among genes must be quite high, Five genes reveal a simulans gene copy, or a cluster of
simulans copies, as the next most similar to the D. sechelliaand assessment of it is strongly dependent upon recom-

bination rates. Thus we could not reject the model of cluster, including Adh, per (Kliman and Hey 1993a),
Sxl, w, and z (Hey and Kliman 1993). Just 2 genes,no gene flow, in the testing of the isolation model,

between D. simulans and D. sechellia, despite the appear- mt:ND5 and Zw, have a sechellia/mauritiana pairing. On
balance, there is a suggestion that the origin of whatance of haplotype sharing at In(2L)t. A third explanation

of shared variation is not genealogical, but mutational— we call D. sechellia arose prior to the splitting that gave
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rise to our other species. This was the conclusion based including the D. melanogaster outgroup sequences, and
there are a total of 554 polymorphic sites, including 320on just 3 genes (Hey and Kliman 1993), and now with

14 genes we see that a plurality of the cluster diagrams so-called “phylogenetically informative” polymorphisms
(i.e., the rarer base occurs more than once). Also, asfavor this explanation. This conclusion is also supported

by a recent study of the Odysseus (OdsH) locus that these are very closely related DNA sequences, only a
small fraction of these polymorphisms are expected tocontributes to hybrid sterility between D. mauritiana and

D. simulans. Multiple sequences from each of the three have occurred at the same site (see results). One might
suppose that a data set with just three taxa and hundredsspecies revealed a striking pattern of very low polymor-

phism within species and multiple fixed differences be- of informative sites (with little recurrent mutation)
would permit a straightforward, traditional, phyloge-tween species (Ting et al. 2000). When considered in

light of the relative paucity of fixed differences found netic resolution, but clearly it does not.
If we consider “phylogeny” as pertaining to the gene-at other genes, this pattern is strongly suggestive of

multiple recurrent selective sweeps at this locus. The sis of phyla then we have good reasons for eschewing
most analyses that impose a simple bifurcating modelOdsH coding region sequences of the three taxa appear

quite separate and distinct on the estimated gene tree, on the history of these species. All three species are
similarly related to one another, and the data suggestwith those from D. simulans and D. mauritiana more

closely related to each other than either are to those of that all three have been evolving as separate entities for
about the same amount of time. It also appears thatD. sechellia (Ting et al. 2000).

It is noteworthy that what appears to be the most divergence has been accruing in a manner consistent
with allopatric speciation. If that is correct then we mustunlikely pairing for the most recent speciation event, on

the basis of these cluster analyses and on biogeographic also consider the likelihood that there was an extended
period of time when multiple separate, but nonrepro-grounds (D. sechellia and D. mauritiana), was the favored

topology in a study that brought together multiple com- ductively isolated, populations existed. The isolation
model used here for some analyses assumes an instanta-parative DNA sequence data sets (Caccone et al. 1996).

Caccone et al. included data sets for which there were neous population splitting event, but even if that is
accurate, neither that model nor any of our data helponly single copies from each taxon, as well as those

available data sets with multiple sequences from each. us to think about the origins of reproductive isolation.
Given the recency of these speciation events, their evi-When multiple sequences were available the data were

collapsed within taxa, so as to represent each taxon by dent proximity in time to one another, and the biologi-
cal necessity that such events encompassed some time,just a single sequence, with polymorphisms represented

using the IUPAC ambiguity codes (A. Caccone, per- there seems a large chance that we could misunderstand
history if we were to take “speciation event” too literallysonal communication). Different genes supported dif-

ferent topologies, but when all the data were combined as denoting an instance in time. For example, under
allopatry and the Dobzhansky/Muller model (Dob-into one large data set (i.e., one long sequence for each

species), the result was strong support for the sechellia/ zhansky 1936; Muller 1940), it would have taken some
time for independent adaptive mutations to arise andmauritiana pairing. This result was not sensitive to inclu-

sion of the ambiguous (i.e., polymorphic) positions. For sweep to fixation in the separate populations.
There are also a number of ways that the demographicthree reasons, we do not further explore why Caccone

et al.’s method of data combining would yield a network circumstances associated with the origin of these taxa
could positively mislead any attempt to impose a bifur-that is at odds with the data from most of the 14 genes

studied here. First, it is difficult to assess whether the cating model. For example, if the ancestral species con-
sisted of multiple populations with limited gene ex-collapsing and combining of data from many genes,

with widely varying histories, might lead to a misinter- change, with differentiation and local adaptation then
the divergence of multiple species out of this ancestralpretation of closely spaced speciation events. Second,

the data presented here cannot rule out any particular species could be expected to reflect this structure. In-
deed, there is evidence that D. simulans once had morebifurcating topology—though the sechellia/mauritiana

pairing seems unlikely. Third, we have tried to avoid population structure than we find at present (Hamblin
and Veuille 1999). It is entirely possible that conclu-imposing a traditional phylogenetic model on our analy-

ses. Such models necessarily employ assumptions of in- sions from a majority of gene trees, or a combined data
set, might mistakenly reflect this population structurestantaneous splitting among distinct homogeneous enti-

ties. In the diversification of the simulans complex, we and fail to reflect the actual sequence of speciation
events.have the opportunity to understand phylogeny in a

broader sense. A synthesis: If we draw from the current biogeography
and patterns of DNA sequence similarities, then it ap-It is worth noting that the difficulty of inferring a

branching species history is probably not a simple by- pears as if there were two island colonization events by
flies that came from a large continental population.product of too little data. The 14-locus data set com-

prises very nearly 220,000 bp of DNA sequence, not Given the large variation in DNA sequence similarities,
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the 14 loci, is 123.7. The reason for including separate
mutation rates after splitting is that we have clear evi-
dence from the relative rate tests that D. mauritiana and
D. sechellia have been evolving faster than D. simulans
since the time of common ancestry. From the overall
difference in branch lengths, we can estimate for D.
sechellia that ui & um · 1.49 (i.e., 0.0137/0.0092; see re-
sults, Divergence of genes). Similarly we can estimate for
D. mauritiana that ui & um · 1.20 (i.e., 0.0122/0.0102;
see results, Divergence of genes). The estimate of dim

is simply the average number of pairwise differences
between sequences from the island and mainland spe-
cies, summed across the 14 loci; for D. sechellia it is
205.4 and for D. mauritiana it is 169.7. Substituting these
quantities into expression (5) we find for the divergence
between D. simulans and D. sechellia that t & 32.8/um.
Similarly for the divergence between D. simulans and D.
mauritiana we find t & 20.9/um.

The absolute time can be roughly assessed by assum-Figure 3.—Diagram of one mainland population of con-
ing that um applies to the divergence between D. melano-stant size giving rise to two island populations of different

sizes. gaster and D. simulans. The average of the pairwise differ-
ences between these species, summed across these 14
loci, is 476.62. If we assume that the separation of these

particularly in the way that sequences from different gene copies was !3 million years ago (Hey and Kliman
species cluster, it seems nearly certain that a large 1993), then um & 476.62/(2 · 3 · 106) & 7.94 · 10(5.
amount of the variation that presently occurs among Applying this rate we obtain an estimate of t, for D.
species includes samples of the variation that was pres- sechellia, of 413,000 years and of t, for D. mauritiana, of
ent in ancestral species. If the two colonization events 263,000 years. These dates scale linearly with any esti-
happened nearly at the same time, then different genes mate of um, and it should be noted that the 3 million
are expected to suggest different orders and topologies year date is very rough, as it relies upon a few amber
for these population splitting events. fossils of early Drosophilids of somewhat uncertain age

Consider a model in which a large continental species (Throckmorton 1975) and an assumption of a molecu-
gives rise to two smaller isolated populations on offshore lar clock (Hey and Kliman 1993; Kliman and Hey
islands, and that after formation these island popula- 1993a).
tions are constant in size and exchange no genes with
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