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ABSTRACT

According to measures of molecular divergence,the three species of the Drosophila simulans clade are
closely related to and essentially equidistantfrom each other. We introgressed 10%of the D. sechellia X
chromosome into a pure D.simulans genetic background and found
that males carrying this introgressed
region were consistently fertile; in contrast, males carrying the same segment from D. mauritiana are
sterile and suffer from incompatibilitiesat a minimum of four loci. Together with other recent results,
these data suggest that D. simulans and D. sechellia are much more closely related to each other than
either is to D. mauritiana. Howcanwe
reconcile the phylogeny inferred from the density of hybrid
sterility genes with that inferred from molecular divergence? If the molecular phylogeny is correct,
the discrepancy might be explained by uneven rates of functional evolution, resulting in the uneven
accumulation of substitutions with corresponding negative effects
in hybrids. If the functionalphylogeny
is correct, thenlow levels of gene flow across nascent species boundaries, particularly for
loci not tightly
linked to a hybrid sterility gene, may have erased the original pattern of lineage splitting. We propose
tests that will allow us to discriminate between these hypotheses.

I

N a landmark study, WILSONet al. (1974a) argued
that there aretwo major types of molecular evolution. One is the steady accumulation of fixed differences in protein sequences, which occurs at roughly
equal rates for a given protein ina wide range of
species; the other is divergence in the regulatory systems responsible for anatomical/morphological evolution, which occurs at extremely variable rates in different lineages. To test this hypothesis, WILSONet al.
contrasted measures of divergence between proteins
of species pairs capable of producing viable hybrids
in two broad taxonomic groups: frogs and mammals
(50 and 31 species pairs, respectively). As a general
rule, protein sequence differences between mammalian species capableof producing viable hybrids are an
order of magnitude smaller than the corresponding
values for pairsof frog species. To explain this discrepancy, theauthorsproposedthat
mammals,unlike
frogs, have experienced rapid morphological evolution and correspondingly rapid evolutionary change
in the systems regulating coordinated gene
expression
(see also WIISON et al. 197413; KING and WILSON1975).
By contrasting the molecular evolutionary results for
these taxa with an independent data set based on a
functional assay, the authors presented an interesting
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hypothesis that was not apparentbased on eithertype
of data alone and might not
have been considered
otherwise.
Recently, several studies have addressed questions of
molecular population genetics in the three sibling species of the Drosophila simulans clade (HEYand KLIMAN
1993; KLIMAN and HEY1993; HILTONet al. 1994; BALLARD and GALWAY
1995; GACCONE et al. 1996). Perhaps
the most consistent result reported in all of these analyses is that there is relatively little sequence divergence
and many shared polymorphisms among these species.
Together with earlier reports (COYNEand KREITMAN
1986; SOLIGNACand MONNEROT1986; CARIOU1987;
CACCONEet al. 1988; SATTA and TAKAHATA
1990), these
molecular results suggest that these species shared a
common ancestor in the very recent past, and that all
threedescendant species arose within an extremely
short period of time. This conclusion is supported by
extensive nucleotide sequence data for 11 nuclear and
five mitochondrial genes, as well ascomparisons of allozymes, DNADNA hybridization profiles, and mitochondrial DNA restriction fragment length polymorphisms.
In accord with common practice for closely related,
allopatric taxa, the numerous shared polymorphisms
have generally been interpreted as the remnants of ancient polymorphisms (i.e., polymorphisms that were
segregating in the ancestral population and have persisted in more than one descendant population until
1989; Wu
thepresent day; see NEI 1987; TAKAHATA
1991); however, gene flowacross species boundaries
has also been invoked in some cases (see SOLIGNAC
and MONNEROT1986; HILTON
et al. 1994; BALM and
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GALWAY
1995). The species phylogeny is considered to
be an unresolved trichotomy.
In parallel to these studies of molecular evolution,
the genetic basisof
reproductive isolation between
these three sibling species has been analyzed extensively
(COYNE and CHAFUESWORTH 1986, 1989;JOHNSON et al.
1992, 1993; NAVEIRA1992; PEREZ et al. 1993; WU et al.
1993; PALOPOLI
and WU 1994; PEREZand WU 1995;
DAVISand WU 1996; HOLLOCHER
and WU 1996). As is
typical between recently diverged species of Drosophila,
male hybrids are sterile whereas female hybrids are fertile (reviewed in WU and DAVIS1993). The genetical
analyses have shownthat these species have diverged at
a large number of loci that have various deleterious
effects on male fertility. For example, based on finescale analyses for the D. mauritiana-D. simulans species
pair, it has been estimated that there areat least 40 such
loci on the X chromosome alone (PALOPOLIand WU
1994; DAVISand WU 1996). The question addressed in
the presentanalysis is whether thephylogeny suggested
by the number of genetic incompatibilities in hybrids
agrees with the phylogeny that has been established
using measures of divergence at molecular markers.
MATERIALSAND METHODS
Stocks and crosses: The crossing scheme used to generate
introgressions was similar to the one outlined in Figure 1 of
DAVISand WU (1996). For 15 generations, y u [m+g+]f/yv m
gfvirgin females (brackets denote introgressed region) from
each of fourindependent introgression lines were backcrossed to D. simulalzs males from the y u m g f stock. At
this point, males harboring the [m+g+]introgressions were
collected from each line and their fertility assessed (see below). All fly cultures were maintained at 22-23" and reared
on standard cornmeal medium. The y u m g f a n d wild-type
D. sechellia stocks were provided by J. COWE.
DNA markers: To determine the lengths of introgressions
more precisely, as well as to verify the species origin of the
internal segments, the introgressions were mapped using four
species-specific, single-strand conformation polymorphism
(SSCP) markers as described in DAVISand Wu (1996). These
four SSCP markers map to the 10C2-5 (RpZZ215),11A7-8 ( g d ) ,
llB3-9 (P1 clone), and 12B-C ( Y p 3 ) band regions of the D.
melunoguster polytene chromosomes (see Figure 1).
Determination of fertility: For each introgression, a population of males was examined toassess the effects of the introgressed segment on male fertility. Three criteria were employed, as follows: (1) Sperm motility: Males were separated
by genotype and aged 4-7 days without access to females.
Testes of individual males were dissected in a drop of' Drosophila Ringer's solution, gently squashed under a coverslip,
and examined using phase-contrast microscopy. Individual
males were placed in one of four categories according to the
approximate number of motile sperm thatwere visible under
the coverslip, as follows: none (sterile), between one and 25,
between 25 and 100, 3,100 (apparently quite fertile). (2) Spermatogenic phenotype: For most of these males, a qualitative
examination of spermatogenesis was also conducted. Individual males were placed in one of three categories, as follows:
normal onion cell stages, abnormalities in onion cell stage
(i.e., irregularities in the numbers and/or volumes of nuclei
us. mitochondrial derivatives within a given cyst), or testes

TABLE 1
Analysis of motile sperm productionin males carrying D.
sechellia [m+g'] introgressions
Motile sperm estimate"

25-100

>lo0

Fertile by
Total"
mating'

Line no.

0 1-25

4
sec-A (I)
sec-B
sec-C (11)
sec-D (I)10

2
2
1
2 4 3
3

4
5
1
3

11
10
1

21 (0.905)
18 (0.889)
10 (0.800)
17 (0.824)

Total

9

18

13

26

66 (0.864)

Yes
Yes
Yes
Yes

"Virgin males were collected and held for 4-7 days before
dissection.
Numbers in parentheses are overall proportions of males
with motile sperm.
' Five virgin males from each line were collected and allowed to mate with D. simulans C(1) y w virgin females for 7
days.
dType I lines have introgressionbreakpoints distal of
10C2-5 (RpZ1215SSCP marker) while type I1 lines have distal
breakpoints proximal of 1OC2-5. See Figure 1.
completely atrophied ( i e . , visibly reduced in size and nothing
but cellular debris found inside). (3) Progeny production:
Multiple virgin males from each line were mated individually
to D. simuluns C(1) y w females in an attempt to establish a
culture. Vials that failed to produce progeny after 7 days were
classified as sterile. If a culture so established could not be
maintained, it was considered to be subfertile.
RESULTS

In parallel with a similar study of introgressions covering the same region from D. mauritiana (DAVISand
WU 1996), we created four independent introgressions
of the middle 10% of the Xchromosome from D.sechellia into a pure D. simulans genetic background. These
were then analyzed for their effects on motile sperm
production (Table 1). In general, males harboring the
introgressed region were able to produce sizable numbers of motile sperm. The only exception to this was
the line designated sec-D: about half of these males
produced <25 motile sperm under the assay conditions. If sec-D is excluded from analysis, the introgressions tested did not differ from one another in motile
sperm production (Gadj= 4.66, P > 0.25, d.f. = 6, secD excluded). If sec-Dis included in this comparison,
there is a significant difference in motile sperm production (Gadj= 21.13, 0.01 < P C 0.005). This result suggests the presence of a "partial" sterility factor within
this single introgression; nevertheless, all lines were
able to establish and maintain a culturewith D. simulans
C ( I ) y w females (Table 1).
The spermatogenic phenotypes exhibited by males
harboring introgressions are summarized in Table 2.
None of the lines differed significantly in the average
degree of spermatogenic disruption. In each line, over
80% of the males exhibited normal onion cell stages,
indicating little premeiotic disruption; however, some
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DISCUSSION

Spermatogenic phenotypes of males carrying
D. sechellia [m' g+] introgressions

D. sechellia X chromosome was introgressed into a D.

Although > l o % of the euchromatic portion of the

Spermatogenic phenotype"
No. with
No. with
normal
onion
cell
atrophied

No. with

Total6
testes
defects
Line
onions
no.
sec-A (I)
sec-B (11)'
sec-C (11)
sec-D (I)

15
15
8
13

Total

51
1

3
3
0

2

0
0

9

1
0

8

18 (0.833)
18 (0.833)
(0.889)
(0.867)
15
60 (0.850)

Virgin males were collected and held for 4-7 days before
dissection.
"Numberin parentheses is overall proportion of males with
normal onion cell morphology.
of
'Type I lineshaveintrogressionbreakpointsdistal
1OC2-5 (RpZZ215SSCP marker) while type I1 lines have distal
breakpoints proximal of 1OC2-5. See Figure 1.
'I

males did exhibit noticeable amounts
of subcellular debris in their seminal vesicles (e.g., sperm tails, vacuoles).
Overall, these introgressions caused only minor disruptions in spermatogenesis.
The breakpoints of the D. sechelliaintrogressions (Figure 1) were mapped using the species-specific SSCP
markers introduced in DAWSand WU (1996). All four
introgressions extended from distal of m to proximal
of Yp3 at 12B-C; however, two sizesof introgressions
were identified that differed in the location of their
distal breakpoints with respect to the 1OC2-5 marker,
as follows (Figure 1): lines designated sec-B and sec-C
had distal breakpoints that were proximal of 1OC2-5
(making these the two smaller introgressions, designated type 11), whereas sec-A and sec-D had distal
breakpoints that were distal of lOC2-5 (making these
the two larger introgressions, designated type I ) .

RpII215 m

17

I4

I
I

I

10B
10A
No. of
Lines

I1

I 4 I
14 I
I
I
I
I
1
I
1OC 10D10E 11A
10F

simulans genetic background,males harboring these introgressions were consistently fertile. In contrast, if the
same region is introgressed from D.mauritiana into D.
simulans, the resulting males are always sterile and suffer
from hybrid incompatibilities at a minimum of four loci
(DAVISand Wu 1996). Together, these genetic results
suggest that D. simulans and D. sechellia are moreclosely
related to each other than either is to D. mauritiana.
This phylogenetic hypothesis contrasts sharply with the
unresolved trichotomy that has beeninferred from
DNA sequence data.
The hypothesis that D. simulans and D. sechellia are
more closely related to each other than either is to D.
muuritiana is supported by a series of analyses of the
male sterility associated with introgressions of various
chromosomal regions between these species, as follows:
the entire Y chromosome (JOHNSON et al. 1992, 1993;
ZENC and SINCH1993); a proximal region of the X
chromosome, comprising -5% of its length (PEREZet
al. 1993; PEREZand WU 1995); the most distal 5% of
the Xchromosome (CABOT et al. 1994); and five regions
on the second chromosome associated with visible genetic markers (HOLLOCHER
and WU 1996). In every
genomic region that has been examinedin detail, there
are moremale sterility factors associated with a segment
introgressed into D. simulans from D. mauritiana than
are found when the corresponding segment has been
introgressed from D.sechellia; this discrepancy is apparent in a compilation of the results for those regions of
the Xchromosome thathave been analyzed in the most
detail for both species (Table 3). In each of nine genomic regions analyzed in sufficient detail to make the
comparison possible, at least one more hybrid sterility
gene needs to be invoked for D. simulans X D. mauritiana than forD.simulans X D.sechellia. Overall, we must
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FIGURE1. -Physical mapping of the D.sechellia introgressions (U) listed in Tables 1 and 2. Four SSCP markers were developed
from D. melunoguster clones in this region as follows: RpZZ215 (10C2-5),gd (11A7-8),P1 clone DS08832 from the Drosophila
Genome Center (llB3-9), and Yp3 (12B/C). Dotted lines indicate breakpoint uncertainty between the two markersshown.
Proximal breakpoints were not determined beyond Yp3 (12B/C). All introgressions shown were male fertile (Table 1). The
polytene chromosome map depicted here is scaled to the number of bands in each letter division.
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TABLE 3

Comparison of the number of hybrid male sterility factors
identified in high-resolution mapping studies of X-linked
introgressions from D. mauritiana or D. sechellia
into D. simulans

No. of hybrid male sterility factors
mapped"
Polytene region
analyzed

D.mauritiana
introgression
introgression

D.sechellia

4A-5c"
10A-12B'
13F-18C"

3
4

2

1
0
0

Total

9

1

"To be included in the table, the region must have been
analyzed with sufficient rigor for introgressions from both
species. Using the criterion, we excluded three mapped D.
maun'tiana factors and a single mapped D.sechellia factor because the comparison for the region in question could not
be made fairly. Note that notall factors in a given region were
necessarily detected; forexample, epistasis could conceal factors.
CABOT et al. 1993. The region from polytene bands 1A-4A
is not included because it was not analyzed adequately in D.
mauritiana; as aresult, one mapped D. sechellia factor was
excluded.
' DAVISand WU 1996. Two mapped D. mauritiana factors
were excluded.
"PEREZ et al. 1993; PEREZand WU 1995. The region proximal of polytene band 18C is not included because physical
breakpoints were not determined beyond this location. Careful phenotypic analyses suggest, however, that thereis a factor
(or factors) proximal to 18C that are presentin D. mauritiana
but not D. sechellia.

invoke about nine times as many genes for the former
cross as for the latter (i.e., the density of functionally
divergent genes contributing to hybrid male sterility
appears to be about ninefold as great).
The most widely accepted, neo-Darwinian view is that
the alleles contributing to hybrid male sterility evolved
for reasons having nothing to do with their effect in
hybrids ( i . e . , they evolved via natural selection and/or
random drift operating within each lineage separately);
thus, the deleteriouseffects of these alleles when placed
in a hybrid genetic background are considered incidental, negative, pleiotropic effects of the various substitutions within each lineage (e.g., DOBZHANSKY
1937).
Based on this view, with all other things being equal,
the much greatercapacity of the D. mauritiana genome
than that of D. sechellia for causing sterility in a D. simulans background should indeed be interpreted as indicative of phylogenetic relatedness: D. simulans and D.
sechellia would seem to be much more closely related
to each other than eitheris to D.mauritiana. Thus there
is a peed to reconcile the phylogeny inferred from the
density of hybrid sterility genes with the phylogeny inferred from sequence comparisons at arbitrarily chosen
loci (i.e., chosen primarily because molecular diver-

gence could be measured at those loci). There are at
least two different ways of explaining this disagreement
between data sets.
Uneven rates of functional divergence:
First, itis possible thatthe phylogeny originally suggested by the
DNA sequence data is closer to correct, and the species
actually diverged within an extremely short period of
time (ie., the phylogeny is essentially a trichotomy). To
explain the hybrid sterility data, then, we must assume
that the rate of accumulation of genes capable of causing hybrid sterility varies between lineages. Two verbal
models explaining this type ofevolutionary scenario are
summarized in Figure 2 and outlined below. First, if
the process of accumulating functional divergence for
thegenes involved in male fertility occurredmuch
more quickly in theD. maum'tiana lineage than in either
the D. simulans or D. mauritiana lineages, then this
would help to explain the discrepancy between data
sets (Figure 2, middle). There is no reason, however,
to expect the D. mauritiana lineage to evolve at such a
different rate; none of the three species exhibits significant morphological divergence from the other two
and it is D. sechellia that is the only one of the three
that has undergone clear adaptive evolution; it has
evolved to specialize on the fruit of Morinda citrifolia
(LOUISand DAVID1986; R'KHA et al. 1991). Nevertheless, it is possible that the D. mauritiana lineage has
evolved more quickly, and this scenario makes a testable
prediction: the density of hybrid sterility genes between
D. mauritiana and D. sechellia should prove to be about
the same as that already observed between D. mauritiana
and D. simulans (i.e., relatively high; refer to Table 3).
Second, if functional divergence occurred much
more slowly in the D. sechellia lineage than in the other
two lineages, then this would help to explain the discrepancy between data sets (Figure 2, bottom). This
type of scenario makes a different, testable prediction:
The density of hybrid sterility genes between D. mauritiana and D. sechellia should prove to be about thesame
as that already observed between D. sechellia and D. simulans ( i . e . , relatively low;refer to Table 3). Interestingly,
there is a plausible reason to expectthe D. sechellia
lineage to accumulate factors at aslower rate. Based on
studies of molecular polymorphism, it appears that D.
sechellia has experienced a muchlower effectivepopulation size than the other two species (HEYand KLJMAN
1993; HILTONet al. 1994).
Presumably, a certain fraction of the substitutions
that occurred in each lineage and now contribute to
hybrid sterility were driven to fixation by positive selection (hybrid sterility being an incidental, pleiotropic
effect of these substitutions). All other things being
equal, the much smaller effective population size of D.
sechellia would be expected to haveslowed the rates
at which such favorable alleles arose via mutation; in
addition, reduced population size would be expected
to have narrowed the window of selective coefficients
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FIGURE2.-The impact that differences in the rate of functional evolution for different lineages are expected to have on the
degree of divergence measured as the relative density of mapped hybrid incompatibilities between species. These models all
assume that the species phylogeny is essentially a trichotomy,which is suggested by extensive measures of divergence at arbitrarily
chosen loci. The top row indicates the simplest model: that, in accord with the trichotomy suggested by the molecular results,
the degrees of functional divergence, based upon estimates of the density of hybrid sterility genes, would suggest a trichotomy.
This model is not correct (see Table 3). The middle row indicates a possible model that is consistent with all ofthe datacollected
so far: that functional evolution was speeded up dramatically in the D. mauritiana lineage, resulting in the faster accumulation
of genes contributing to hybrid sterility. This model predicts that the density of hybrid sterility genes between D. sechellia and
D.mauritiana will prove to be high, as has been observed for the D.simulans X D.mauritiana species pair. Finally, the bottom
row indicates another possible model that is consistent with all of the data collected so far: that functional evolution was slowed
down significantly in the D. sechellia lineage, perhaps because of the much smaller historical effective population size that has
been inferred for this species based on the molecular results. This model predicts that the density of hybrid sterility genes
between D. sechellia and D. mauritiana will prove to be low, as has been observed for the D.simulans X D.sechellia species pair.
Note that a “Nonlinear” function mapping the relationship between genotype and phenotype is required for this third model
in order to translate the “sec slowdown” into the observed ninefold difference in the density of hybrid incompatibilities (Table
3); there are excellent theoretical reasons to expect such a nonlinearity (ORR1995). The species names D. spchellza, D.simulans,
and D.mauritiana are represented in the top row as sec, sim, and mau, respectively. In the bottom two rows, these names are
omitted to reduce visual clutter but the diagrams are in the same orientations as they are in the top row (i.e., for both the
hypothetical distance trees depicted in the second column and horizontal bars representing degree of hybrid incompatibility
in the fourth column).

that couldovercome the randomeffects of genetic drift
(i.e., only alleles with relatively large beneficial effects
would have made it to fixation; e.g., K”RA
1983; NEI
1987). Hence, to the extent that the substitutions responsible for hybrid sterility were driven to fixation by
positive selection in each lineage, the D.sechellia lineage
would be expected to have accumulated substitutions
more slowly than the other two lineages. As a result,
the degree of divergence between D.simulans and D.
mauritiana would be expected to exceed that between
D.sechellia and either of these species. These basic conclusions concerning the effects of reduced population
size are supported by a recent theoretical analysisof
this problem (N. A. JOHNSON, unpublished results).
One potential problem with this explanation is that
it is difficult to imagine any such rate discrepancy accounting for theseveral-fold difference observed in the
density of hybrid sterility genes (see Table 3). In particular, even if there was no euolution at all in the D.sechellia
lineage, and assuming roughly equal rates of evolution
in the other two lineages, then the number of fixed
differences between D. simulans X D. mauritiana would

only approach twice that between either species and D.
sechellia. This problem is alleviated, however, when we
take into account the expected
nonlinearity between
the number of fixed differences between two species
and the number of hybrid incompatibilities observed
when these same two species are crossed (ORR1995).
There are convincing theoretical reasons to expect that
the number of genic incompatibilities between any two
taxa will increase much faster than linearly with the number of substitutions. Under certain circumstances, this
“snowballing” effect of genetic interactions would be
expected to make the relative density of hybrid incompatibilities a much moresensitive measure of the extent
of divergence among taxa than would anymeasure that
increased only linearly with time, such asDNA-sequence divergence at neutral sites. Indeed, something
akin to the observed disagreement between the DNAsequence and hybrid sterility data sets might have been
model.
predicted using ORR’S
Permeable species boundaries: Alternatively, the
phylogeny inferred from the degree
of reproductive
incompatibility could be correct in the sense that it
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accurately reflects the relative order and the timing of
lineage separations; this would place D. simulans and D.
sechellia as the most closely related pair, with D. mauritiana as a distant out-group. In this case, we could explain the apparent trichotomy suggested by the DNAsequence studies as due to interspecific introgression,
whereby the genes chosenfor molecular phylogeny
studies have occasionally made it across species
boundmauritiana
simulans
aries in thepast, whereas genes that contributeto reproductive isolation were quickly eliminated upon introgression because of their severe fitness consequences.
This scenario is illustrated in Figure 3. Under this
model, the observed discrepancy between the phylogeny inferred from genes that cause hybrid sterility us.
randomly selected genes could be accounted forby the
cumulative introgression of only the latter across permeable species boundaries. If correct, we expect that
those neutral polymorphisms that are tightly linked to
the genes responsible for hybrid male sterility between
D. mauritiana and D. simulans [such as Ods (PEREZet al.
1993) or JixA and JixC (CABOT et al. 1994)] will tend to
depict a phylogeny that agrees with the patterns deduced from the overall density of hybrid sterility genes
(i.e., Figure 3C). Specifically, in these genomic regions,
we might expect to observe greater neutral divergence
mauritiana
simulans
between D. mauritiana and D. simulans, a higher frequency of species-diagnostic variants and perhaps reduced levelsof intraspecific polymorphism in one of
these species (due to a recent selective sweep). These
are testable predictions, although to address them will
ultimately require the molecular cloning of genes responsible for hybrid sterility to examine molecular divergence and polymorphism levels at nearby sites (e.g.,
within 10 kb on eitherside of the primary genetic lesion
responsible for a mappedsterility factor). Indeed,falsifying these predictions would require examining alarge
number of such regions, as only those polymorphisms
that are tightly linked to sterility factors that became
fixed early in divergence would tend to exhibit the original pattern.
Note that the permeable-species-boundaries hypothesis aspresented here does not contradict theconclusion
of KLIMAN and HEY(1993) that “The sequence data do
imply an absence of gene flow between the species.”
They observed a pattern of within-species clustering of
sequences in the estimated genealogies, which can be
interpreted as lack of significant gene flow in the recent
past (as diagrammed in the lower portion of Figure 3A).
We are suggesting that low levels of gene exchange at
earlier stages of divergence (see the upper portion of
Figure 3A) could blurthe phylogenetic pattern observed (Figure 3B), if that pattern is based on loci that
are not tightly linked to genes that reduce hybrid fitness. In contrast, the genes that reduce hybrid fitness,
and the regions tightly linked to those genes, would
retain the underlying phylogenetic relationship more
accurately (Figure 3C). It is important to realize that

a) Hypothetical underlying species phylogenyand levels of gene flow

sechellia

b) Resulting randomly-chosen gene genealogy

T

lT2
c) Tree deduced from functional analysis of reproductive isolation

sechellia

FIGURE3.-The impact that introgressive hybridization (a)
is expected to haveon thespecies tree inferred from two
for a randomly chosenlocus
types of data: the gene genealogy
(b) us. the tree deduced from a functional analysis of reproductive isolation (c). The arrows in a represent levels of gene
flow, withwider arrows depicting less restricted gene flow;
the opportunityfor introgression is expected to decrease with
time, as the number of genes contributing to reproductive
isolation increases. TI and T2 represent the timesbackto
the appearance of substantial but incomplete reproductive
isolationbetween D. maun’tiana X [D. simulans/D. sechellia]
ancestors andD.simulans X D. sechellia ancestors, respectively.
Because genes that are not tightly linked to a gene that reduces hybrid fitness are able to move across incipient species’
boundaries, the time back to a common ancestor inferred
(b) is much less
from a randomlychosengenegenealogy
than the time inferred from the apparent density of hybrid
male sterility factors ( c ) .

to generate such a discrepancy would not necessarily
require large levelsof unrestricted gene flow,which
would result in comparable levels of polymorphism in
all three species. Rather, the introgressed materials depicted in Figure 3 might represent only a small subset
of the total array of D. simulans variations. The amount
of such early gene flow necessary to effectively erase
(unlinked) gene genealogies can probably be inferred
accurately from classical studies of population differenpersonal commutiation ( i e . , 4Nm 2 1; N. TAKAHATA,
nication); it is clear that extremely low levels of gene
flow are sufficient. Interestingly, low levels of gene flow
among these sibling species has been suggested recently
byDNA sequencing studies: there are two nonrecombining pieces of DNA (the mitochondrial genome and
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the nonrecombining fourth chromosome) that appear
to have moved across species boundaries withinthis
clade in the recent past (HILTONet al. 1994; BALLARD
and GALWAY
1995).
Speciation is often portrayed as a point event. This
may be justified if the time to evolve ecological, behavioral, or physiological incompatibility is relatively short.
During the process of speciation, however, there may
be a protracted period of time when a limited amount
of genetic exchange is possible, even in the absence of
extended hybrid zones between taxa. This may apply
to D.simulans, D. mauritiana, and D.sechellia. The geographical distributions of thelatter two species are
nested within that of the cosmopolitan D.simulans. Certainly, the three species can still exchange genes in a
laboratory setting. Most importantly, the restriction of
gene flow is not likely to be the same across the whole
genome. Genes that are tightly linked to hybrid sterility
factors (or other loci involved in hybrid fitness reduction) are less likely to be introgressed; however, even
such restriction in gene flow is often unidirectional for
aparticulargenomic
region (WU and BECKENBACH
1983;JOHNSON et al. 1993; ZENG and SINCH 1993; PALOPOLI and WU 1994).
A general implication of this hypothesis is that a low
level of gene flow during the time when incipient species remain incompletely isolated couldblurthe
resulting phylogeny andconfoundsequence
comparisons. It is conceivable that the time it takes to restrict
gene flow completely could set a lower limit for the
resolution of molecular phylogenies. In contrast, the
genes responsible for reproductive isolation should be
less affected by any such genetic exchange and therefore reflect the original pattern of lineage splitting
more faithfully. Interestingly, this type ofscenario could
account for the apparent differences in observed “regional time depth” between molecular and morphological traits in modernhumanpopulations
(FISCHMAN
1996; TISHKOFF
et al. 1996).
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