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ABSTRACT

The divergence of Drosophila pseudoobscura and close relatives D. persimilis and D. pseudoobscura bogotana
has been studied using comparative DNA sequence data from multiple nuclear loci. New data from the
Hsp82 and Adh regions, in conjunction with existing data from Adh and the Period locus, are examined
in the light of various models of speciation. The principal finding is that the three loci present very
different histories, with Adh indicating large amounts of recent gene flow among the taxa, while little
or no gene flow is apparent in the data from the other loci. The data were compared with predictions
from several isolation models of divergence. These models include no gene flow, and they were found
to be incompatible with the data. Instead the DNA data, taken together with other evidence, seem
consistent with divergence models in which natural selection acts against gene flow at some loci more
than at others. This family of models includes some sympatric and parapatric speciation models, as well
as models of secondary contact and subsequent reinforcement of sexual isolation.

OSOPHILA pseudoobscura and close relatives D.

persimilis, D. miranda, and subspecies D. pseudo-
obscura bogotana may provide an opportunity to study
species divergence in the presence of gene flow be-
tween species. With the exception of D. p. bogotana,
which is restricted to regions near Bogota, Colombia
(DOBZHANSKY et al. 1963 ), these species occupy large
and partially sympatric ranges in western North
America. In the laboratory, reproductive isolation be-
tween D. miranda and its sibling species is complete
(DoBzHANSKY and EPLING 1944) , but fertile hybrids are
formed in crosses between D. pseudoobscura and D. p.
bogotana (PRAKASH 1972; ORR 1989a), between D. pseu-
doobscura and D. persimilis (DOBZHANSKY and EPLING
1944), as well as between D. persimilis and D. p. bogotana
(H. A. ORR, personal communication).

Whether gene flow occurs among these taxa was a
question of long standing interest to DOBZHANSKY
(DoBzHANSKY and EPLING 1944; DOBZHANSKY 1973).
DOBZHANSKY and colleagues did, in fact, find direct evi-
dence of gene flow: a total of three backcross hybrids
collected from nature, although this took many years
and over 30,000 chromosomal preparations { DOBZHAN-
sky 1973; POWELL 1983). Other attempts to address
questions of gene flow have relied on patterns of shared
genetic variation. An apparent absence of divergence
for mitochondrial DNA between D. pseudoobscura and
D. persimilis that were collected from regions of sympatry
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was regarded as evidence of gene flow (PowgLL 1983).
However, a similar study concluded that the species do
not share variation and that there was no evidence of
mitochondrial gene flow (HALE and BECKENBACH
1985) . The wealth of allozyme data on these species is
also difficult to interpret in terms of gene flow (Pra-
KASH 1972; AvALA and DoBzZHANSKY 1974; SINGH 1983),
since the presence of shared alleles can be due to gene
flow or to the persistence of alleles since the time of
common ancestry. A recent study of DNA sequence
variation at the Xlinked Period locus found evidence
for very limited gene flow between D. pseudoobscura and
D. persimilis (WANG and HEey 1996) .

In this study we extend the nuclear gene comparative
DNA approach to include two more loci. We report new
results for a heatshock locus Hsp82 and from the Alcohol
dehydrogenase (Adh) region that has already been stud-
ied extensively within D. pseudoobscura and D. p. bogotana.

Hsp82 encodes a heatshock protein that is highly con-
served among Drosophila species at the amino acid level
(BLACKMAN and MESELSON 1986). It is located within a
puff of chromosome region 23, on the right arm of the X
chromosome, of D. pseudoobscura (BLACKMAN and MESEL-
SON 1986; SEGARRA ¢f al. 1996). We sequenced a region
of ~2000 base pairs {bp), much of it from the large intron.

The Adh region lies on chromosome 4, an autosome
( SCHAEFFER and AQUADRO 1987), and includes both
Adh and Adh-Dup, a fairly old and divergent duplication
of Adh (SCHAEFFER and AQUADRO 1987). In a series of
papers, SCHAEFFER and MILLER (1991, 1992a,b, 1993)
have described the pattern of variation within D. pseudo-
obscura for a span of >3500 bp. They have also studied
the divergence between D. pseudoobscura and D. p. bogo-
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tana and sequenced one copy from each of D. persimilis
and D. miranda in this same region (SCHAEFFER and
MILLER 1991 ). We have sequenced five additional lines
of D. persimilis for this same region.

MATERIALS AND METHODS

Hsp82 sequencing: The fly samples are identical to those
used for the Period locus study (see Table 1 of WANG and
Hry 1996). DNA from individual male flies was extracted
according to protocol 48 of ASHBURNER (1989). From each
sample of genomic DNA, a section of the Hsp82 locus (be-
tween positions —11 and 2279 of BLACKMAN and MESELSON
1986) was PCR amplified. Additional DNA preparation and
sequencing followed the protocol used by KLiMAN and HEY
(1993). Both strands were sequenced for each strain. A total
of 10 20-bp-long sequencing primers, spaced ~200 bp apart,
were used on each strand. The final length of the sequenced
portion was ~2 kilobases (kb), covering exon 1 (not trans-
lated), the only intron, and exon II and spanning positions
8732872 of BLACKMAN and MESELSON (1986) inclusive. The
sequences have been submitted to GenBank (accession num-
bers AF006529—AF006563) .

Adh sequencing: D. persimilis lines 40, 42, 44, 49, and 50
were used (see Table 1 of WANG and HEy 1996). All of these
lines were originally from the National Drosophila Species
Resource Center (NDSRC, Bowling Green, OH), and they
represent a geographically diverse sample. To avoid sequenc-
ing heterozygous DNA samples, the lines were first inbred via
full sib-mating for 10 or 11 generations. Genomic DNA was
prepared from individual flies using protocol 48 of Ash-
BURNER (1989). STEVE SCHAEFFER kindly provided the PCR
and DNA sequencing primers that he designed and used for
the generation of the large D. pseudoobscura and D. p. bogotana
data sets ( SCHAEFFER and MILLER 1991, 1992a). With these
primers, the five D. persimilis lines were sequenced for the
same 3.5 kb as had previously been done in D. pseudoobscura
and D. p. bogotana. Sequencing was done in both directions,
and no evidence of heterozygosity was observed within sam-
ples. The sequences have been submitted to GenBank (acces-
sion numbers AF006564—-AF006568) .

Data analysis: The large majority of the DNA sequences were
assembled and aligned visually. For two difficult portions of the
Adh region, and in order to align the D. persimilis Adh sequences
with those from D. pseudoobscuraand D. p. bogotana, the multiple
sequence alignment program PILEUP of the Genetics Com-
puter Group Sequence Analysis Software Package was also used.
Most polymorphism and recombination analyses were carried
out using the SITES computer program (HEy and WAKELEY
1997). Gene tree estimates were carried out with the PHYLIP
computer program package (FELSENSTEIN 1993).

Isolation model fitting: WAKELEY and HEy (1997) devel-
oped a method for fitting a general model of speciation via
isolation to polymorphism data that come from two closely
related populations or species. This model assumes that two
descendant populations formed from an ancestral population
at a single time point and that there was no gene flow between
the populations beyond that time. Each of the three popula-
tions have constant sizes, though they may be different from
one another. The input data are the counts of four types of
polymorphic base positions: polymorphisms that are exclusive
to species 1, the same for species 2, polymorphisms that are
shared by the two species, and polymorphisms that appear as
fixed differences between the two species. The method yields
estimates of the population mutation parameter §, which is
equal to 4Nu, where N is the effective population size and u
is the neutral mutation rate. Since there are three species

(species 1, species 2, and the ancestral species) each of which
may have a unique effective population size, there are three
population mutation parameters, 8;, 8,, and 8,. The method
also yields an estimate of the time since isolation T, in units
of 2N, generations (note that WAKELEY and HEY primarily
used a slightly different measure of time, 7, which is easily
converted to T by the relation T = 7/6,). In the original
report, a method was not provided for the case when data
come from multiple loci with varying sample sizes. Here we
describe a modified method that addresses three aspects of
multilocus data sets: (1) samples from different loci may be
of different sizes; (2) different loci may have inherently differ-
ent effective population sizes if, for example, some are autoso-
mal and others are Xlinked; and (3) different loci may have
different neutral mutation rates or different lengths.

Assume that [loci have been sampled and that the sample
sizes for locus i in the two populations are n{” and n$”. Point
(1) above is that there may be ! different n"’ and n{”. Next
a scaling factor must be included to account for different
models of inheritance among loci; this is point (2) above.
Let g'” be the ratio of the effective ¢ (py number of locus i
to that of an autosomal locus. Thus g 1 for autosomal
loci, g¥ = %/, for Xlinked loci, and g'” = '/, for uniparentally
inherited loci (e.g., organellar or ¥linked genes). Both the

n'? and the g' are known at the outset of the analysis and
are not to be estimated. After adjusting by g'”, the model
parameters for locus 4, 817, 857, 4§), and T'?, may vary
among loci depending on the neutral mutation rate at each
locus. This is point (3) above and is addressed by introducing
anew parameter, f, which does need to be estimated from the
data. Thus ¥ is defined as the fraction of the total neutral
mutation rate that is attributable to locus i. Since

fpooy

i=1

there are just I — 1 independent f? to be estimated.

If 61, 0, B4, and T are the total parameters for all /loci com-
bined, the single locus values are 6{? = g £?8;, where j is
either 1, 2, or A, and TV = f")T The expectauons of the
numbers of exclusive, shared, and fixed polymorphic sites at each
locus (S}, S, S§", and S§”, respectively) depend on these
parameters and are given in WAKELEY and Hey (1997). With
multilocus data, estimates are obtained for the the four total
parameters plus /— 1 values of f . These are obtained by numeri-
cal solution of the following system of 4 + { ~ 1 equations.

!
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Z SX% 2 E(S&% In(z) n(i) g(i)’ 91’ @2, 9/\, T(i),/“(i)),

i=1 i=1
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RESULTS

Polymorphism summary: The polymorphisms for
Hsp82are shown in Figure 1, while those for D. persimalis
Adh are shown in Figure 2. A summary of the numbers
of polymorphisms and of estimators of the neutral mu-
tation parameter 6 (equal to 4Nu for autosomal genes
and 3Nu for Xlinked genes) is given on a per base pair
basis in Table 1. The overall pattern appears to be one
in which Adh is the most polymorphic locus, followed
by Period, and then Hsp82. Among taxa, D. pseudoobscura
is the most variable, followed by D. persimilis, and then
D. p. bogotana. The one exception to these patterns is
Period in D. p. bogotana, which revealed very little varia-
tion. This pattern was statistically significant in HKA
tests, suggesting that natural selection had removed
variation from D. p. bogotana at Period (WANG and HEY
1996).

As in the case of Period (WANG and HEY 1996), both
Hsp82 and Adh showed the greatest divergence in com-
parisons between D. miranda and the other species. At
Hsp82, net divergence per base pair between D. miranda
and the other taxa was ~0.023 in each of the contrasts.
At Adh, the net divergence values involving D. miranda
ranged from 0.025 to 0.028 changes per base pair
(SCHAEFFER and MILLER 1991). These values can be
compared with those from other species contrasts in
Table 2. The finding that D. miranda is the most distant
member of this group is consistent with the original
reports of morphological and chromosomal differences
between D. miranda and D. pseudoobscura (DOBZHANSKY
and EPLING 1944) as well as numerous reports of ge-
netic differences among species.

Analyses of the differences among D. pseudoobscura,
D. p. bogotana, and D. persimilis are shown in Tables 2
and 3. Interestingly, the pattern of divergence is not
the same for all loci. Table 2 shows the levels of net
divergence, which is the average pairwise divergence
between species, minus the average of the within-spe-
cies average pairwise variation (NEr 1987). Under a
simplistic speciation model with no gene flow, and in
which the ancestral species has a population size that
is the average of that of its descendants, net divergence
is expected to be proportional to the time since specia-
tion (HUDSON et al. 1987). Variation among loci for
net divergence should mirror variation among loci for
polymorphism levels within species (Table 1) . Further-
more, the ranking of net divergence levels among spe-
cies pairs should be the same for all loci. However,
neither of these expectations are borne out by the data.
Adh reveals per base pair values of net divergence that
are on par with or less than that for Hsp82 (Table 2),
even though the Adh locus shows considerably more
variation per base pair within species than the other
loci (Table 1). Also, based on net divergence at Adh,
D. pseudoobscura and D. persimilis are the most closely
related species pair. This pattern conflicts with the

other loci and with mitochondrial, protein electropho-
retic, and chromosomal inversion data (DOBZHANSKY ¢!
al. 1963; PRAKASH 1969, 1972; SINGH 1983; ORR 1989b;
BARRIO ¢t al. 1992). The pattern of wide variation
among loci for measures of divergence is different from
observations made in a similar study on the D. melano-
gasterspecies complex, where different loci showed simi-
lar patterns of divergence (HEY and KLIMAN 1993).

Similar patterns can be seen in estimates of the popu-
lation migration parameter Nm (Table 2) . An Fstbased
estimate of Nm can be generated from the observed
pairwise differences within and between populations or
taxa (HUDSON ef al. 1992), assuming an equilibrium
model of constant population size and constant rates
of gene flow. For each species pair, the estimate of Nm
is roughly an order of magnitude higher for Adh than
for Period and Hsp82. A small part of this difference is
expected because of the autosome vs. X chromosome
difference. However adjusting the Period and Hsp82 val-
ues upwards by %/5 does not appreciably change the
pattern. Even more striking is that the estimated migra-
tion between D. pseudoobscura and D. persimilis at Adh is
two to three times the corresponding value for Adh in
the other species contrasts.

That the different loci have different histories is also
apparent from the numbers of shared polymorphisms
and fixed differences (Table 3). In general, popula-
tions that have just recently diverged from a common
ancestor or are sharing genes via migration are ex-
pected to share polymorphic sites. In contrast, popula-
tions that have not shared ancestry recently and are not
engaged in gene flow will have gene trees that coalesce
more recently than the time of species divergence and
will have fixed differences between species ( HEy 1991;
WAKELEY and HEy 1997) . Adh reveals only a single fixed
difference between D. persimilis and D. p. bogotana and
none in the other species contrasts. Adk does reveal a
very large number of shared polymorphisms. In fact, 32
polymorphisms are found in all three taxa. In contrast,
Hsp82 and Period primarily reveal fixed differences and
relatively few shared polymorphisms. One exception is
at Period between D. pseudoobscura and D. persimilis,
where six shared polymorphisms and two fixed differ-
ences were found. Most of these shared polymorphisms
were due to a D. persimilis sequence that closely resem-
bled D. pseudoobscura sequences over a portion of its
length. This sequence probably represents an instance
of gene flow, sometime in the distant past (although
more recent than the speciation event between these
taxa) (WANG and HEY 1996).

Table 4 shows estimates of the population recombina-
tion rate and the number of recombination events per
mutation event. For Hsp82 there was evidence of recom-
bination only in D. pseudoobscura and that was apparently
at a lower rate than found for the other loci. Adh and
Period reveal evidence of high levels of recombination.
These high levels of recombination are especially note-
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FIGURE. 1.—Polymorphic sites of 35 samples from D. pseudoobscura (PSEUDO), D. p. bogotana (BOGOTA), D. persimilis (PERSIMI) , and D. miranda. Base position
refers to the base number in the aligned set of sequences of variable positions. Base 1 corresponds to base 873 of BLACKMAN and MESELSON (1986).1/R/S, intron
base substitution, coding region amino acid replacement substitution, and coding region synonymous substitution, respectively. For the line labeled Indel, a D
refers to a base position where a sequence had a gap relative to the consensus sequence. Gaps are indicated with a hyphen.
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FIGURE 2.—Polymorphic sites of six samples of D. persimilis Adh region sequences.
Line numbers refer to D. persimilis strains listed in Table 1 of (WANG and HEY 1996) .
The DPERS line was done previously by SCHAEFFER and MILLER (1991) . The complete
alignment of D. persimilis sequences with the larger data set of D. pseudoobscura and
D. p. bogotana (SCHAEFFER and MILLER 1991, 1992a,b) is available upon request to
J-H. See Figure 1 legend for additional explanation.
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TABLE 1
Polymorphism summaries
Period Hsp82 Adh®

Species n N 8 m n S 9 T n S ] m
pseudoobscura 11 48 0.0112 0.0084 11 34 0.0059 0.0042 99 400 0.0225 0.0105
p. bogotana 9 3 0.0008 0.0009 9 6 0.0016 0.0012 8 61 0.0068 0.0066
persimilis 11 36 0.0083 0.0070 11 10 0.0018 0.0012 6 94 0.0119 0.0118
miranda 4 9 0.0033 0.0032 4 4 0.0011 0.0012 1 — —_ —

n, number of DNA sequences in the sample; S, number of polymorphic sites; §, WATTERSON’s estimate of § (WATTERSON 1975;
TAJIMA 1993); 7, average number of pairwise differences, also an estimate of § (TajiMA 1993); for both # and 7, the value for
each complete locus has been divided by the number of base pairs for that locus.

“The D. pseudoobscura sequences for Adh were reported in a series of papers by SCHAEFFER and MILLER (1991, 1992a,b).
SCHAEFFER and MILLER (1991 also reported the sequences for D. p. bogotana, D. miranda, and one strain of D. persimilis.

worthy for their effect on the variance of other estimates.
Recombination within a locus reduces the stochastic vari-
ance of the genealogical history of a locus (HUDSON
1983), so that the pattern of variation is expected to be
closer to the average of that for all loci. Thus estimators
of § and Nm are expected to be more accurate, on aver-
age, when the recombination rate is high.

Testing speciation models: The patterns of variation
within and among loci suggest that D. pseudoobscura and
close relatives may have been sharing genes subsequent
to speciation and that the rate of gene flow may vary
among different parts of the genome. If true, then the
data suggest a speciation model that is quite interesting
and more complicated than one in which gene flow has
been absent for all loci for the same length of time. In
general, the simplest model of speciation is an isolation
mode! in which two populations become completely
separated at a single point in time, with no gene ex-
change thereafter. This model corresponds roughly to
allopatric models of speciation, and it is one for which
coalescent models of divergence are tractable (TAKA-
HATA and NE1 1985; HUDSON et al. 1987; HEY 1991, 1994;
WAKELEY and HEy 1997). To test the fit between the
data for the three loci and this kind of isolation model
{with no gene flow) we carried out the following proce-
dure: (1) a test statistic, a measure of variation in fixed
and shared differences, was calculated from the data;
(2) population size parameters and speciation times
were estimated from the data sets assuming a simple
isolation model; (3) population recombination rates
were estimated from the data using the method of HEy
and WAKELEY (1997) (see Table 4); (4) simulated val-
ues of the test statistic were found by carrying out coales-
cent simulations using the estimated parameters, in-
cluding the estimated recombination rates; and (5) the
observed test value was compared to the distribution of
values generated by the simulations.

We considered two primary criteria in selecting a test
statistic: sensitivity to variation among loci for gene flow,
and simplicity. For loci that are not engaged in gene
flow, a basic finding is that the expected number of

fixed differences will increase for greater divergence
times (HEY 1991) and that the expected numbers of
shared polymorphisms will decrease for greater diver-
gence times (WAKELEY and HEY 1997) . Thus these two
polymorphism measures are expected to negatively co-
vary; indeed, in the absence of recombination, a locus
can only reveal either fixed differences or shared poly-
morphisms (or neither, of course ) . If we now consider
a locus with a relatively large divergence time and some
gene flow, then the gene flow may introduce shared
polymorphisms that would not otherwise be expected.
This line of reasoning suggests a test statistic that would
have a high value when there is lots of variation among
loci for fixed differences and when there is lots of varia-
tion among loci for shared polymorphisms. The test
statistic we used was the difference between the highest
and lowest values of fixed differences among the three
loci plus the difference between the highest and lowest
values of shared polymorphisms. This quantity is eaasily
calculated, and it is expected to be sensitive to variation
in both fixed and shared differences.

The first speciation model tested was that used by
HUDSON et al. (1987), in which the ancestral species
has a population size that is the average of the two
descendant species. The tests of this Hudson, Kreitman,
and Aguadé (HKA) isolation model are shown in Table
5. In all species pairs, the observed values of the test
statistic are shown to be very unlikely, and the specia-
tion model does not fit the data.

The HKA isolation model imposes an assumption
that the ancestral population size was the average of
the two descendants. A rejection of this model (Table
5) may just represent a failure of this restrictive assump-
tion. We also tested a more general isolation model in
which the ancestral population size does not depend
on that of the descendant species (WAKELEY and HEY
1997) . This model is similar to the HKA model, but it
includes an additional parameter, 8, = 4N u, which is
the population mutation parameter for the ancestral
species prior to the time of speciation. WAKELEY and
HEy (1997) describe a procedure for estimating model
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TABLE 2
Divergence and migration

Net divergence per base pair

Population migration rate estimate (Nm)

pseudoobscura/ pseudoobscura/ p. bogotana/ pseudoobscura/ pseudoobscura/ p- bogotana/
Locus p. bogotana persimilis persimilis p. bogotana persimilis persimilis
Adh 0.00200 0.00122 0.00329 1.075 2.293 0.703
Period 0.00879 0.00967 0.01537 0.131 0.198 0.064
Hsp82 0.00176 0.00413 0.00571 0.386 0.165 0.054

Net divergence is calculated using expression 10.21 of NE1 (1987). For migration rate estimation, Nis the effective population
size and m is the fraction of individuals that are migrants each generation. Nm was estimated using expression 4 of HUDSON et
al. (1992), with the exception that a factor of '/, replaces a factor of '/, so that the estimate applies to the case of diploidy. For
the Xlinked loci, Period and Hsp82, the estimates in the table can be multiplied by */s for comparison with the diploid Adk.

parameters using data on exclusive, shared and fixed
polymorphisms (see also MATERIALS AND METHODS).
The same basic test procedure that was used for the
HKA isolation model as shown in Table 5 was done for
this more general isolation model. The results are
shown in Table 6. One of the effects of having some
loci with large numbers of fixed differences and others
with large numbers of shared differences is to generate
a very large value for the estimated population size for
the ancestral species. This effect is especially extreme
for the D. p. bogotana/ persimilis contrast (Table 6) . Sta-
tistical tests using these estimated parameter values also
indicate that the isolation model is not consistent with
the data, though the data fit better than under the HKA
model assumptions. Simulations could not be con-
ducted for the D. p. bogotana/ persimilis contrast because
of difficulties in implementing recombination under
extreme population sizes in the common ancestor.
However the extreme parameter estimates by them-
selves suggest that the isolation model is not appro-
priate for this species pair.

The conclusion from these tests is that neither isola-
tion model is consistent with the data. The deviation is
in the direction of increased variation among loci,
which is consistent with a history that includes gene
flow (WAKELEY 1996). It is possible that another kind
of history without gene flow, perhaps with some pattern
of changes in population size, could explain this large
degree of variation. However, the relative generality of
the isolation model (WAKELEY and HEy 1997), in that
it allows for some changes in population size, should
decrease the chance of a spurious result. Especially

TABLE 3
Numbers of shared polymorphisms and fixed differences

pseudoobscura/  pseudoobscura/ p- bogotana/
p- bogotana persimilis persimilis
Locus Shared Fixed Shared Fixed Shared Fixed
Adh 52 0 67 0 33 1
Period 1 6 6 2 0 16
Hsp82 0 0 1 8 0 11

when considered together with other evidence (see DIs-
CUSSION), these tests indicate a history of gene flow
among these species.

Gene tree estimation: Figure 3 shows an estimated
gene tree for Hsp82. With the exception of the tree
spanning the D. pseudoobscura samples, which contains
a subtree for the D. p. bogotana samples, each of the
species samples form monophyletic groups. This tree is
probably a good estimate of the true Hsp82 genealogy,
except within D. pseudoobscura where there has been
some recombination (Table 4): boot strap values for
deep branches among taxa are >80% (Figure 4); and
a maximum parsimony analysis on a reduced data set
(with just one sequence representing D. pseudoobscura)
returned a single most parsimonious tree with consis-
tency index 1.0 (results not shown).

Hsp82lies in chromosome section 23 of XR, the right
arm of the X chromosome (BLACKMAN and MESELSON
1986; SEGARRA ¢t al. 1996). This chromosome section
also contains the Esterase-5 gene cluster (BABCOCK and
ANDERSON 1996) , a region that was also the subject of a
recent comparative DNA sequence study in this species
group. BABCOCK and ANDERSON (1996) examined a
500-bp intergenic region in D. pseudoobscura, D. per-
similis, and D. miranda (though not D. p. bogotana).
Among the non-Sex-Ratio chromosomes in that study,
the gene tree relationships among the three taxa are
similar to those in Figure 3. One difference is that, at
Esterase-5, the sample of D. persimilis sequences revealed
no variation and formed a cluster that fell within a
larger tree of D. pseudoobscura sequences. Like Hsp82,
the Esterase-5 data showed no evidence of gene flow
between D. pseudoobscura and D. persimilis.

Gene trees can be a useful tool for studying migration
or the admixture of sequences among populations
(SLATKIN and MADDISON 1989). However, the Adh re-
gion has experienced high levels of recombination
(SCHAEFFER and MILLER 1993), so that the true geneal-
ogy is a complex network and not a bifurcating tree. It
is possible to estimate trees for short portions of the
sequence that do not appear to have experienced much
recombination. Figure 5A shows a neighbor-joining tree
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TABLE 4

Recombination estimates

Period Hsp82 Adh
Species Y y/8 04 v/8 Y v/8
D. pseudoobscura 0.0271 2.411 0.0026 0.436 0.0605 2.694
D. p. bogotana 0.0 0.0 0.0 0.0 0.0149 2.182
D. persimilis 0.0226 2.728 0.0 0.0 0.0798 6.681

7 is an estimate of the population recombination rate 4N¢, where ¢ is the recombination rate per generation
per base pair (HEY and WAKELEY 1997). For the Xlinked loci Period and Hsp82, v is an estimate of 3Nc. The
ratio of recombination rate per base pair to neutral mutation rate per base pair is estimated by dividing vy by
8. v could not be determined for D. miranda for Period and Hsp82 because of low levels of variation and for
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Adh because only a single line was sequenced.

(Sarrou and NEI 1987) for a region that showed very
little evidence of recombination by the criteria of HUD-
SON and KaPLAN (1985). Figure 5B shows a maximum
parsimony tree for a shorter region that showed no
evidence of recombination. Although both trees reveal
a tendency for sequences to cluster by the taxon desig-
nations, both trees also reveal multiple instances where
sequences do not cluster by taxon. Note also the nearly
complete lack of concordance between the two trees.
Migration rate estimates can be generated using either
the migration counting method of SLATKIN and MADDI-
SON (1989) or the Fstbased method of HUDSON et al.
(1992) . Counts of the minimum numbers of migration
events required in each of the trees of Figure 5 are
given in the legend of that figure. From comparison
with Table 1 of SLATKIN and MADDISON (1989) these
counts correspond roughly to the following values of
Nm: pseudo./ p. bogotana, 0.5 < Nm < 1.5; pseudo. / per-
similis: 2 < Nm < 4; and persimilis/ p. bogotana, Nm <
0.5. The Fstbased assessments for the two regions in
Figure 5 are 0.648 for pseudo./p. bogotana, 3.87 for
pseudo. / persimilis, and 0.747 for persimilis/ p. bogotana.
The trees in Figure 5 are intended as examples of
the kinds of gene trees that exist for short intervals.
However, because they are based on short sequences
and because these regions were selected for their low
homoplasy, it is difficult to assess the confidence of the

these estimates. It is important to note that the Fs¢based
estimates for the regions in Figure 5 are similar to those
in Table 4 for the entire Adh region, so these two short
regions are not atypical of the Adh region with respect
to apparent gene flow.

Speciation times: Of the three loci studied, Hsp82
shows the least evidence of gene flow. The numbers of
shared polymorphisms and the Nm estimates are low
(Tables 2 and 3) and the gene trees show no evidence
of gene flow (Figures 3 and 4) . If we assume that diver-
gence at Hsp82is typical of loci that did not experience
gene flow since the time of speciation, then we may use
the data from this locus to estimate speciation times.

SHARP and L1 (1989) estimated the synonymous sub-
stitution rate for Hsp82 and other Drosophila genes
with high codon bias to be 8 X 107° per year [the
estimated rate was double this for low-bias genes ( SHARP
and L1 1989)]. Then, following the method used by
KLiMAN and Hey (1993), the net divergence between
D. pseudoobscura and D. miranda at Hsp82 per silent site
is 0.042, If the data of the Sophophoran radiation is 40
mya (THROCKMORTON 1975), then these values corre-
spond to an estimated speciation time of 2.63 mya (the
estimate is 1.97 mya if the Sophophoran radiation was
30 mya ). There is too little synonymous site divergence
among D. pseudoobscura, D. persimilis, and D. p. bogotana
to estimate speciation dates in the same way. However,

TABLE 5
HEKA isolation model tests
Species pair 8, 8, T Test value P
pseudoobscura/ p. bogotana 35.8 17.2 0.376 43 0.008
pseudoobscura/ persimilis 34.6 33.6 0.427 53 0.016
p. bogotana/ persimilis 17.6 35.6 1.528 48 0.002

8, is the estimate of the population mutation parameter for the first species listed in the species pair in
column 1, estimated for the Adk locus. 0; is the same quantity estimated for the second species. For the other
loci, the ratio of M, and N; is the same as for Adh, though the estimate of the relative neutral mutation rate
is different (HUDSON et al. 1987). T'is the estimated speciation time in units of 2N, generations. The observed
test value was calculated from the observations in Table 3. It is the difference between the highest and lowest
values of fixed differences among the three loci plus the difference between the highest and lowest values of
shared polymorphisms (see text). Pis the probability of observing a more extreme simulated test value than
observed, based on 1000 coalescent simulations.
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TABLE 6
Wakeley and Hey isolation model tests

Species pair 3 By 8, T Test value P
pseudoobscura/ p. bogotana 46.0 7.7 88.1 0.16 43 0.055
pseudoobscura/ persimilis 28.7 24.9 102.9 0.482 53 0.023
p. bogotana/ persimilis 0.004 0.009 130.7 1.1 48 —

8, is the estimate of the population mutation parameter estimate for the ancestral population (WAKELEY and HEy 1997).
Other parameters are as in Table 5.
*Simulations could not be conducted for p. bogotana/persimilis, because of difficulties in implementing recombination under

extreme population sizes in the common ancestor.

there is divergence within the large Hsp82 intron and
this can be used in conjunction with the estimated time
for the D. pseudoobscura/ D. miranda divergence. Net di-
vergence values per base pair for the intron between
D. pseudoobscura and the other species are 0.0330,
0.0069, and 0.0029 (for D. miranda, D. persimilis, and
D. p. bogotana, respectively) . By scaling to the estimated
divergence time between D. pseudoobscura and D. mi-
randa of 2.63 mya, the estimated time for the split be-
tween D. pseudoobscura and D. persimilis is 0.55 mya and
the estimated time for the origin of D. p. bogotana is
0.23 mya. These estimates are rough, but the values for
D. miranda and D. persimilis are very similar to those
based on other loci (AQUADRO e¢f al. 1991; BABCOCK
and ANDERSON 1996) . The estimate for the divergence
between D. pseudoobscura and D. p. bogotana is greater
than the estimate of 0.155 mya based on a different
method applied to Adk (SCHAEFFER and MILLER 1991 ).

DISCUSSION

At the core of several species concepts are the ideas
that the organisms within a species share in some set
of defining properties and that these qualities cannot
be easily disturbed by gene exchange with organisms
from other species. Indeed, under the biological species
concept these ideas are joined: a species is defined by
interbreeding and isolating mechanisms that prevent
gene flow with other species (MAYR 1942; DOBZHANSKY
1951). Similarly, under the recognition species con-
cept, the organisms of a species share in common fertil-
ization systems and thus tend not to hybridize with or-
ganisms of other species (PATERSON 1993 ) . TEMPLETON
(1989, 1994) builds on these concepts, arguing that
species are entities with phenotypic and genetic cohe-
sion, and that cohesion can arise from a variety of demo-
graphic and population genetic causes. A common
thread of these and other species concepts is that spe-
cies are not easily undone by gene flow, even though
some gene flow may occur.

The apparent conflict between the ideas of phenotyp-
ically homogeneous species and of gene flow between
species is resolved by invoking natural selection. De-
pending on the number of genes and linkage relation-
ships among genes that are divergent between species

because of natural selection ( perhaps due to adaptation
to local circumstances or to evolution to limit gene
flow), gene flow may be absent for some regions of the
genome and present for others. A pattern that includes
divergence and gene flow can be most easily envisioned
in a model of sympatric speciation. In general, if specia-
tion occurs and some hybrids are formed and repro-
duce and if the same goes for subsequent generations
of backcross progeny, then some portions of the ge-
nome will cross the species boundary. A famous finding
of population genetics theory is that very little gene flow
between populations is required to maintain genetic
equanimity (WRIGHT 1931). Thus a simple prediction
of sympatric (and parapatric speciation models}) in
which phenotypic cohesion and mate recognition are
due to a small subset of loci, is that sister taxa may share
much of their genetic variation.

In general, speciation models based on a small number
of loci, and that include the presence of hybridization,
need not preclude gene flow between species at those loci
that are not associated with species specific adaptations or
assortative mating. One of the most interesting, and least
explored, manifestations of oligolocus speciation models
is that species can become divergent over just a subset of
the genome and may continue to share variation at other
parts of the genome.

The data presented here, including new data from
Hsp82 and Adh, in conjunction with Period locus data
(WANG and HEY 1996 ) and a larger Adhdata set (SCHAEF-
FER and MILLER 1991, 1992a,b), are consistent with a
speciation model in which species continue to exchange
genes at some loci and not at others. The three genes
present conflicting portraits of divergence: Adh reveals
evidence of relatively large amounts of gene flow involv-
ing all three taxa; the Period data suggest limited, perhaps
relatively ancient, gene exchange between D. pseudoobsc-
ura and D. persimilis (WANG and HEy 1996) ; while only
Hsp82 reveals a pattern consistent with a simple diver-
gence model of speciation, in which gene exchange
ceases at the time of species formation.

The contrasts among loci, and the apparently high
level of migration at Adh, are especially striking given
the high levels of recombination that have occurred in
the histories of the two genes in the Adh region (Table
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Bogota60
Bogota74

Bogota77
Bogota6l
Bogota62

4). High recombination causes the estimates of varia-
tion and migration for one locus to be closer to the
average of that for all loci. Put another way, the proba-
bility that one locus appears to have a different history
from other loci, whether due to natural selection or by
chance, is much reduced if that locus has had consider-
able recombination. The high level of historical recom-
bination in the Adh samples also bears on the high
migration rates and the kinds of forces that could con-
tribute to migration. If the apparently high migration
rate were due to an unusual pattern of natural selection
on the Adh region, then only a relatively small portion
of the sequence would be affected, because of the high
recombination rate (HUDSON and KapPLAN 1988). For
example, if some kind of selection created the pattern
in Figure 5A, then a different force (e.g., selection on
a different base position) would have to be invoked for
the pattern in Figure 5B (which has an almost com-
pletely different topology from Figure 5A) because of
recombination between the two regions represented by
these figures.

The Adh data are consistent with gene flow among
all three taxa, D. pseudoobscura, D. persimilis, and D. p.
bogotana. However present day gene flow between D.
persimilis and D. p. bogotana is probably not possible
because of their disjoint geographic distributions. It is

Miranda24

Pseudol Pseudo? FIGURE 3.—A neighbor
Pseudo8 joining tree (Sarrou and
Pseudo5 NEI 1987) of the Hsp8? se-
Pseudob quences constructed using
Pseudo4 the PHYLIP computer
Pseudo2 programs DNADIST and
Pseudo3 NEIGHBOR (FELSENSTEIN
Pseudoll 1998). Sequence names
Pseudol10 are given in Table 1 of
Pseudo9 WANG and HEy (1996).
: For reference, the lower
Pers%m44 deepest branch between
___Persup46 the base of the tree and
(oo oroimad MIRANDA24 has 2 length
. g:i:iﬁig of 0.01 changes per base
Persim42 pair.
Persim40
Persim47
— Persim41
— Persim49
Persim50
Miranda?22
Miranda23
Miranda?25

possible that the large amount of shared polymorphism
at Adh between these taxa is due to past gene flow, if
geographic distributions have changed considerably
and recently. Perhaps more likely is that the gene flow
between these two has occurred through D. pseudoobs-
cura. Certainly, if D. pseudoobscura is exchanging Adh
sequences with both taxa, then D. pseudoobscura could
be a conduit for variation. In the remainder of the
DISCUSSION we consider just two divergences or specia-
tion events: between D. pseudoobscura and D. persimilis
and between D. pseudoobscura and D. p. bogotana.

The divergence of D. pseudoobscura and D. persimi-
lis: Differences between these two taxa have been docu-
mented for a variety of different traits: they exhibit non-
identical geographic ranges, chromosome inversion dif-
ferences (DOBZHANSKY and EPLING 1944), and subtle
morphological differences (Rizkr 1951). There is also
clear and strong evidence for reproductive isolation
and thus that natural selection is acting to keep these
taxa separate from each other. The two species exhibit
considerable postmating reproductive isolation (ORR
1987, 1989b), and there exists geographic variation in
D. pseudoobscura for the degree of premating isolation
(Noor 1995b). Somehow our model of speciation
must reconcile the species differences and the repro-
ductive isolation with the conclusion that gene flow has
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Pseudo8 rule consensus tree for
Pseudol Hsp82 generated with 200
Pseudod bootstrap replications { FEL-
SENSTEIN 1985). The tree
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been occurring (see RESULTS: Testing speciation models) .
One possible explanation is that gene flow ceased not
very long ago and that the reproductive isolation and
those traits that distinguish the species have arisen very
recently. However two kinds of evidence suggest that
gene flow is either ongoing or has continued until re-
cently: the occurrence of backcross hybrids in nature
(DoBzHANSKY 1973; POWELL 1983) and the spacing of
nodes that indicate migration in gene trees from the
Adh region (Figure 5). Some of the most recent nodes
in these trees indicate migration events because they
represent ancestors of sequences collected from multi-
ple species (SLATKIN and MADDISON 1989).

If all the evidence is considered together, including
evidence of genetic differentiation and reproductive
isolation between these species and the evidence of
gene flow and the rejection of isolation models of speci-
ation, there is strong reason to conclude that gene flow
is occurring at some loci and that natural selection is
preventing gene flow for other loci.

However, a finding of natural selection does not nec-
essarily mean that those loci that showed less gene flow

171 Miranda23
—{___ Miranda22

(e.g., Hsp82) are closely linked to sites where natural
selection is preventing gene flow. Among loci that expe-
rience limited gene flow, there is expected to be a wide
variance in the depths of gene trees and the apparent
level of divergence between species (WAKELEY 1996).
In general, a model of divergence via isolation will gen-
erate less variance among loci for gene tree depths than
will a model of divergence via limited gene flow (Wa-
KELEY 1996) . Thus, while the data presented here can-
not be reconciled with an isolation model, it may be
difficult to reject a model in which the different loci in
the study are subject to similar (and low) levels of gene
flow. In short, the conclusion of gene flow is based on
the data from Adh, Hsp82, and Period, but the conclu-
sion of natural selection maintaining the distinctness
of the species is based on the list of other notable inter-
species differences that would not be expected if there
was gene flow but no natural selection.

Some circumstances do suggest that natural selection
is acting to limit gene flow near the Hsp82 and Period
loci. Both loci show low levels of estimated gene flow
at Period and Hsp82 between all species pairs (and Adh
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PseudoAH100
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FIGURE 5.—Tree esti-
mates for portions of the
Adh region. Sequence la-
bels beginning with ‘“‘Per-
sim’’ are those reported in
this article, and the strains
are identified in Table 1 of
WaNG and HEy (1996) . All
other sequences are from
SCHAEFFER and MILLER
(1991). (A) A neighbor
joining tree for the Adh re-
gion between positions
244 and 435 of the aligned
sequences. Following the
method of SLATKIN and
MADDISON (1989), the
minimum numbers of mi-
gration events suggested
by this tree are as follows:
three for pseudo./p. bogo-
tana, four for pseudo./per-
similis, and one for persim-
ilis/p. bogotana. For refer-
ence, the length of the
bottom branch that con-
nects Miranda is 0.023
changes per base pair. (B)
The maximum parsimony
tree (length = 11, consis-
tency index = 1.0) for the
Adh region between posi-
tions 1158 and 1268 of the
aligned sequences. Except
for one deep branch of
length 2 near the top of
the figure, all branches
shown have length 1 corre-
sponding to one change at
one polymorphic site. The
minimum numbers of mi-
gration events suggested
by this tree are as follows:
two for pseudo./p. bogotana,
three for pseudo./ persimilis,
and two for persimilis/p. bo-
gotana.

shows high levels between all species pairs) . This corre-
spondence across different speciation events is not nec-
essarily expected if the high variance among loci is sim-

A PseudoAH162
PseudoAH122
PseudoAH144
PseudoAH165
PseudoAH43
__{ PseudoAH69
PseudoAH54
Persim42
Bogota.ER
____I Bogota.3
Bogota.4
B | [ Bogota.1
Bogota.5
PseudoAH135
41 Bogota.9
Persim49
j Bogota.2
'Bogota.6
‘ PseudoAH133
PseudoAH100
_ll Persim44
Persim40
__r~DPERS
b Persim50
Miranda
B PseudoAH122
PseudoAH69
PseudoAH144
PseudoAH54
Bogota.9
Persim44
Persim49
1 PseudoAH43
Persim50
i PseudoAH135
'PseudoAH165
Persim40
Bogota.ER
Bogota.l
Bogota.2
Bogota.3
Bogota.4
,Bogota.6
Bogota.5
Persim42
PseudoAH133
PseudoAH162
DPERS
Miranda

ply due to similar but limited gene flow at all loci. On
the other hand, ad hoc selection models may invoke
similar selection at or near the same loci in separate
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cases of speciation. Another reason to think that selec-
tion has limited gene flow at the Xlinked genes Hsp82
and Period is the very high level of recombination appar-
ent at Adh. This high recombination means that the
estimates of gene flow (as well as other parameters) in
this region have relatively low variance. Thus it is possi-
ble that the estimates of Nm based on Adh (Table 2)
may accurately reflect the amount of gene flow that
would be observed at Period and Hsp82 were there no
selection occurring near these genes. If so, this level of
gene flow is fairly high and we would not expect to see
such low estimates of Nm and so many fixed differences
at Period and Hsp82.

One possible factor that could reduce gene flow for
Period or Hsp82 between D. pseudoobscura and D. persim-
ilis is if they are linked to chromosome inversions. Both
the XL and XR elements of the X chromosome have
been reported to be sites of paracentric inversions that
distinguish the species; while no species differences
have been reported for chromosome 4 (the site of Adh)
(DoBzHANSKY and EPLING 1944; ANDERSON et al. 1977,
MOORE and TAYLOR 1986; SEGARRA and AGUADE 1992;
SEGARRA et al. 1996) . In the case of Hsp82, tight linkage
to an inversion can be ruled out. This gene has been
localized to chromosome section 23 of XR ( BLACKMAN
and MESELSON 1986; SEGARRA ¢t al. 1996), which is not
near a species-specific inversion. However, this location
is near a breakpoint for a segregating Sex-Ratio (SR)
inversion in D. pseudoobscura, and it is possible that this
reduces the effective population size for this locus and
others near it (BABCOCK and ANDERSON 1996). The
physical location of the Period locus is not yet known,
though based on the strong conservation of chromo-
some homologies among Drosophila species, it is al-
most certainly on one of the arms of the X chromosome
(MULLER 1940; STEINEMANN ef al. 1984; SEGARRA and
AGUADE 1992; SEGARRA et al. 1995, 1996) . It is possible
that it is linked to one of the inversions that distinguish
the species and that selection on an inversion has lim-
ited gene flow for Period.

Another consideration regarding the Xlinked genes
is the observation of a large X-chromosome effect on
sterility in Drosophila species hybrids (COYNE and ORR
1989) . For pseudoobscura / persimilis hybrids (ORR 1987),
as well as for many Drosophila species pairs, a large
portion of the postzygotic barrier to mating maps to
the X chromosome (COYNE and ORR 1989).

The findings of gene flow, variable selection against
gene flow, and the findings that natural selection may
be acting to reinforce mate choice in regions of sym-
patry between D. pseudoobscura and D. persimilis (NOOR
1995b) are consistent with a sympatric speciation
model. Perhaps the current sympatry persists since the
onset of divergence, and the current degree of isolation
is just a stage of a speciation process that originated as
functional and behavioral differences due to a small
number of loci. Other models with initial but limited

divergence under allopatry and subsequent sympatry
are also consistent with the observations.

The divergence of D. pseudoobscura and D. p. bogo-
tana: In contrast to the case of D. pseudoobscura and D.
persimilis, conclusions regarding natural selection and
gene flow between D. pseudoobscura and D. p. bogotana
must be fairly tenuous. These two taxa exhibit no fixed
chromosomal inversion differences (DOBZHANSKY et al.
1963), and the only hybrids that exhibit fertility loss
are males with D. p. bogotana mothers (ORR 1989a).
Also, premating barriers to mating are absent ( PRAKASH
1972) or very slight (NOOR 1995a). Suppose that D.
pseudoobscura and D. p. bogotana exchange genes regu-
larly at a low rate and that natural selection against
gene flow is not occurring. Then it is expected that
there will be some divergence and few fixed differences,
as is seen in the three loci studied here, as well as in
allozyme data (SINGH 1983) and chromosomal inver-
sion data (DOBZHANSKY and EPLING 1944). The fixed
differences that are observed are mostly limited to the
Period locus and may have been caused by a recent selec-
tive sweep near this gene in D. p. bogotana (WANG and
Hey 1996). In general, an observation of divergence
between populations, or candidate taxa, can be ex-
plained with an isolation model or with a model in
which gene flow has been present at low levels indefi-
nitely into the past. Also the high variance that we ob-
served among loci is consistent with a model of long-
term limited gene flow, with no set time for the onset
of divergence (WAKELEY 1996) . In short, it seems possi-
ble that D. pseudoobscura and D. p. bogotana are not sepa-
rate species but rather are linked by low levels of gene
flow. At present the best evidence against this are the
observations of relatively weak pre- and postmating bar-
riers (ORR 1989a; NOOR 1995a).

The results of this multilocus study on D. pseudoobsc-
ura and close relatives differ considerably from those
on the D. melanogaster species complex. In a five locus
study of variation within and between the four taxa of
the D. melanogaster complex, one major finding was that
different loci showed consistent levels of polymorphism
and divergence among taxa (HEY and KLiMAN 1993;
KrLIMAN and HEy 1993; HILTON et al. 1994). An excep-
tion to this was that two loci in regions of low recombi-
nation exhibited less divergence than expected, possi-
bly due to limited gene flow (HILTON ef al. 1994). The
most closely related species of the D. melanogaster com-
plex are D. simulans, D. mauritiana, and D. sechellia,
which probably diverged from one another ~0.75 mya.
D. simulans (like D. melanogaster) is a cosmopolitan spe-
cies that lived historically in continental Africa. D. mau-
ritiana and D. sechellia are both island endemic species.
Thus the basic finding of little or no gene flow and
the divergence portraits that are similar across loci are
consistent with the current geographical distribution
and a simple allopatric speciation model. In contrast,
the ranges of D. pseudoobscura, D. persimilis, and D. p.
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bogotana are not nearly so disjunct or isolated. With a
geography that is more permissive of gene flow, it is
perhaps not surprising to find evidence of gene flow
and to find that speciation has probably involved an
interaction between natural selection and gene flow.

Speciation, gene flow, and geography: Over the
range of D. persimilis, D. pseudoobscura and D. persimilis
are sympatric. Also, according to original reports on
range limits, neither species co-occurs with D. p. bogo-
tana, though D. pseudoobscura has been collected as far
south as Guatemala (DOBZHANSKY and EPLING 1944).
This geographic pattern fits well with the observations
in this paper and some recent reports on premating
isolation among the species (NOOR 1995a,b). Esti-
mated migration rates for Period and Adh are higher
between the sympatric species D. pseudoobscura and D.
persimilis than for the other species pairs, despite the
wealth of evidence that D. pseudoobscura and D. p. bogo-
tana are the most recently diverged taxa.

NoOOR (1995b) found that in matechoice experi-
ments, female D. pseudoobscura from regions of sympatry
with D. persimilis were more discriminatory against D.
persimilis males than were female D. pseudoobscura from
regions of allopatry. This is exactly the pattern expected
if natural selection, in the form of partial postmating
reproductive failure, is acting as a selective force for the
evolution of mate discrimination. This reinforcement
could only occur in regions where the two species are
sympatric. The finding that D. pseudoobscura and D. per-
similis have experienced considerable gene flow at the
Adh region (estimated Nm levels for Adh are higher
than between D. pseudoobscura and D. p. bogotana, Table
2) is consistent with this reinforcement scenario. If D.
pseudoobscura and D. persimilis did not exchange genes
in nature, then selection for stronger mate discrimina-
tion in regions of sympatry for mate choice could not
be said to contribute to the speciation process (simply
because speciation is complete if the taxa are not ex-
changing genes). However, if the taxa are engaged in
moderate levels of gene flow, the species are not en-
tirely reproductively isolated and speciation, in the
sense of the biological species concept (MAYR 1942;
DoBzuaNsKy 1951), is not complete. Thus it seems
quite plausible that natural selection for mate choice
in regions of sympatry is contributing to the evolution
of isolation of these taxa.
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