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ABSTRACT

To study the genetic differences responsible for the sterility of their male hybrids, we introgressed small
segments of an X chromosome from Drosophila simulans into a pure Drosophila mauritiana genetic
background, then assessed the fertility of males carrying heterospecific introgressions of varying size.
Although this analysis examined less than 20% of the X chromosome (roughly 5% of the euchromatic
portion of the D. simulans genome), and the segments were introgressed in only one direction, a mini-
mum of four factors that contribute to hybrid male sterility were revealed. At least two of the factors
exhibited strong epistasis: males carrying either factor alone were consistently fertile, whereas males
carrying both factors together were always sterile. Distinct spermatogenic phenotypes were observed for
sterile introgressions of different lengths, and it appeared that an interaction between introgressed seg-
ments also influenced the stage of spermatogenic defect. Males with one category of introgression often
produced large quantities of motile sperm and were observed copulating, but never inseminated females.
Evidently these two species have diverged at a large number of loci which have varied effects on hybrid
male fertility. By extrapolation, we estimate that there are at least 40 such loci on the X chromosome alone.
Because these species exhibit little DNA-sequence divergence at arbitrarily chosen loci, it seems unlikely
that the extensive functional divergence observed could be due mainly to random genetic drift. Significant
epistasis between conspecific genes appears to be a common component of hybrid sterility between
recently diverged species of Drosophila. The linkage relationships of interacting factors could shed light
on the role played by epistatic selection in the dynamics of the allele substitutions responsible for re-

productive barriers between species.

In dim outline evolution is evident enough. But that particular and
essential bit of the theory of evolution which is concerned with the
origin and nature of species remains utterly mysterious.~-BATESON
(1922)

HE architects of the modern evolutionary synthesis
provided a framework for investigating “the origin
and nature of species” when they introduced the bio-
logical species concept. In sexually reproducing organ-
isms, a species can be defined as a group of populations
possessing inherent differences that prevent genetic ex-
change with other such groups (DoBzHANSKY 1935, 1937;
MuLLER 1938; MaYR 1940). The process of speciation,
accordingly, is the separation of lineages into perma-
nently isolated fields of genetic recombination; one ap-
proach to understanding this evolutionary process is to
study the genetics of reproductive barriers between
closely related species (DoBZHANSKY 1936).

The neo-Darwinian view is that these reproductive
barriers arise as incidental by-products of the numerous
genetic differences that accumulate inevitably between
geographically isolated populations (e.g., Mayr 1942;
Coyne 1992). This verbal scenario has enjoyed wide-
spread acceptance among biologists, probably because
of'its plausibility-diverging genomes simply become less
and less likely to produce fit hybrids. There remains,
however, a heated debate concerning almost every as-
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pect of the dynamics of this process (TEMPLETON 1980;
NEI et al. 1983; CARSON and TEMPLETON 1984; BARTON and
CHARLESWORTH 1984; CHARLESWORTH e? al. 1987; BARTON
1989; WHiTLoCcK and WaDE 1994). Debated questions in-
clude: What are the relative roles played by natural se-
lection wvs. genetic drift in the fixation of those alleles
that contribute to reproductive isolation? How quickly
do reproductive barriers arise once populations are iso-
lated? How important are factors such as population
structure, genetic linkage, and epistasis in the dynamics
of the inevitable divergence of separated gene pools?
Such abundant disagreement about fundamental as-
sumptions suggests that we lack a sufficient empirical
foundation for constructing genetical theories of spe-
ciation. Ideally, we would like to know the number, lo-
cations, effects on hybrids, and likely adaptive functions
of the hereditary factors that reduce gene flow between
incipient species (COYNE 1992). As a first step, numerous
researchers have examined F, backcross hybrids be-
tween closely related species in the genus Drosophila
(e.g., DoBzHANSKY 1936; HEnNIG 1977; Zouros 1981;
CownE 1984, 1985; CoyNE and KREITMAN 1986; VIGNEAULT
and Zouros 1986; Orr 1987, 1989; Zouros et al. 1988;
HEeIkINEN and LuMME 1991; KHADEM and KriMBAs 1991).
Most of these studies have discovered at least one gene
that contributes to hybrid sterility associated with every
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genetic marker used, resulting in lower bounds that
range from 5 to 9 loci (Coyne 1992). The implication,
however, is that many more genes are involved, and this
agrees with indirect estimates (e.g., 50-200) based on
the reduction in hybrid viability and measurements of
gene flow across hybrid zones (BARToN and HewitT 1981,
1985; SzyMURA and BARTON 1986, 1991). The F, backcross
analyses have also demonstrated that, whereas morpho-
logical and behavioral differences between Drosophila
species are due to genes distributed more or less equally
among all chromosomes, the X chromosome has a dis-
proportionate effect on hybrid fertility and viability
(CHARLESWORTH et al. 1987, Cowwe and Orr 1989).
Whether this discrepancy between traits is actually due
to a higher concentration of genes affecting hybrid fer-
tility and viability on the X chromosome than on the
autosomes, or is instead due to inherent differences be-
tween fertility/viability vs. morphology/behavior in the
type of gene action that underlies phenotypic variation
for these traits in natural populations, is not yet clear
(Wu and Davis 1993; H. HoLLocHER and C.-I1 Wu, un-
published results).

A related approach to studying the genetics of repro-
ductive barriers is to introgress a defined chromosomal
segment from one species into the genetic background
of a closely related species (WU and BECKENBACH 1983;
CovNE and CHARLESWORTH 1986, 1989; NavERA and
FONTDEVILA 1986; JOHNSON ef al. 1992, 1993; Orr 1992;
WU et al. 1993; PEREZ et al. 1993; CABOT et al. 1994). The
purified introgression can then be subjected to detailed
analyses of its effects upon hybrid fertility and/or viabil-
ity. By manipulating the length of the introgressed seg-
ment, and determining the lengths of introgressions
more precisely with molecular markers, these pheno-
typic effects can be attributed to small chromosomal re-
gions. Although this sort of approach promises to pro-
vide many of the genetical details required by
theoreticians, analyses of sufficient resolution have only
been attempted in a small number of cases. As a result,
most points of contention regarding the speciation
process remain unresolved (e.g., WU and Davis 1993;
Wu and Parorons 1994). High resolution analyses of the
hereditary factors that constitute reproductive barriers
between closely related species are still sorely needed.

The three sibling species of the D. simulans complex
provide excellent material for such work (CowNE 1984,
1985). Because hybrid females are fertile, genes can be
moved between species by repeatedly backcrossing hy-
brid females to males of either pure species. Because
they are homosequential to each other and closely re-
lated to D. melanogaster (LEMEUNIER and ASHBURNER
1976, 1984), it is relatively easy to acquire molecular
markers for a chromosomal region of choice (WU et al.
1993). Although the species complex is believed to have
originated in Africa, D. simulans is a cosmopolitan, hu-
man commensal; in contrast, both D. mauritiana and D.

sechellia are endemic to small islands in the Indian
Ocean (LACHAISE et al. 1986). Studies of DNA sequence
variation at arbitrarily chosen loci have shown that there
is little divergence between these species {many poly-
morphisms are shared), and the phylogeny remains un-
resolved (CoyNE and KreITMAN 1986; HEy and KLIMAN
1993; KLiMAN and HEey 1993).

With respect to hybrid male sterility between D. simu-
lans and D. mauritiana, previous studies have deter-
mined the following: (1) there is at least one factor that
contributes to hybrid male sterility on every major chro-
mosome arm, including the Y chromosome (CowNE
1984; JounsoN et al. 1993); (2) there are at least seven
such factors on the X chromosome of D. mauritiana
that cause male sterility when introgressed into a pure
D. simulans background (CoyNE and CHARLESWORTH
1989; WU et al. 1993; PEREZ et al. 1993; CaBOT et al.
1994); (3) the sterility factors that have been mapped
may actually represent linked polygenic effects (NAVEIRA
1992); and (4) at least two of these factors appear to
exhibit strong epistasis (CABOT et al. 1994).

In this study, we conducted a high resolution analysis
of some of the genetic differences between D. simulans
and D. mauritiana responsible for the sterility of their
male hybrids. Specifically, we introgressed small seg-
ments from the proximal region of a D. simulans X
chromosome into a pure D. mauritiana background.
We then used recombination to create heterospecific
introgressions of different sizes, determined their
lengths more precisely using molecular markers, and
conducted detailed analyses of their effects on male fer-
tility. These were the first purified introgressions from
the genome of the mainland species into the genetic
background of one of the island endemics. The same
segment was introgressed in the reciprocal direction
(i.e., from the island species into a genetic background
from the mainland species) in a previous high resolu-
tion analysis of hybrid male sterility in the D. simulans
clade (PEREZ et al. 1993). This allowed us to compare our
results with that found for the reciprocal introgression,
and in conjunction with this previous study it provides
the first relatively complete picture of the genetics of
hybrid male sterility between these species for a defined
chromosomal segment. The results are discussed in re-
lation to SEWALL WRIGHT’s conviction that gene interac-
tions play an important role in adaptive evolution (e.g.,
WRIGHT 1931, 1965), as well as the general lack of con-
vincing evidence for multilocus interactions as an im-
portant factor contributing to phenotypic variation
within species (BARKER 1979; CLARK 1987; BARTON and
TureLLl 1989).

MATERIALS AND METHODS

Stocks: The parental D. simulans stock was homozygous
for three visible X-linked mutants [see LINDSLEY and ZiMM
(1992) for detailed descriptions]: a recessive eye-color mutant,
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FIGURE 1.—Mating scheme used to create X-linked intro-
gressions. The visible genetic markers forked ( f) and Beadex
(Bx)were used to keep track of the introgressed segment ini-
tially. Later, the marker garnet ( g) was introduced for recom-
bination analysis. See MATERIALS AND METHODS for more detailed
descriptions of the stocks and crosses. The resulting 54 intro-
gressions were maintained in females, and these are the in-
trogressed lines compiled and categorized according to effects
on male fertility in Table 1.

vermilion (v, 10A, 1-33.0); a recessive bristle-morphology mu-
tant, forked (f, 15F, 1-56.7); and a dominant wing-
morphology mutant, Beadex (Bx, 17A, 1-59.4). The cytologi-
cal locations given (e.g., 10A) are the band positions along the
salivary gland polytene chromosomes, and recombination lo-
cations given (e.g., 1-33.0) are the map positions, for the same
genes in D. melanogaster. The map positions are known to
differ slightly from those in D. simulans but retain the same
linear order (STURTEVANT 1929; LEMEUNIER and ASHBURNER
1976; LinpsLEy and Zimm 1992). The parental D. mauritiana
stock (designated MAU ST) did not harbor any visible mutant
markers. For recombination analysis, a D. mauritiana stock
that carried the eye-color mutant garnet ( g, 12B, 1-44.4) was
used. The stocks are described in greater detail elsewhere
(PEREZ et al. 1993). All fly cultures were maintained at 22-23°
and reared on standard cornmeal medium.

Crosses: The crossing scheme used to introgress segments
of an X chromosome from D. simulans into a pure D. mau-
ritiana background is outlined in Figure 1. We started 60 in-
dependent introgressions of the multiply marked D. simulans
chromosome into the MAU ST background. To purify the
background of each introgression, we selected virgin females
carrying the dominant Bx marker every generation and mated
them to males from the MAU ST stock. We examined the
resulting male progeny each generation in order to retain only
those lines harboring introgressions that extended from distal

of f to proximal of Bx. After 20 generations of backcrossing,
8 such lines remained. A preliminary analysis of the fertility of
males carrying a particular introgression, as well as males har-
boring only smaller (recombinant) portions of each introgres-
sion, was then conducted (fertility assays are described below).
In order to analyze the sterility factor(s) between g and f in
greater detail, as well as to maintain the introgressions more
conveniently with flanking markers, we used the recessive
marker g and the dominant marker Bx to select 54 recombi-
nant lines from the original 8 parental lines (Figure 1). Finally,
we analyzed the resulting 54 lines for the degree of male fer-
tility exhibited by the entire introgression and recombinant
portions therefrom.

To verify the epistasis that appeared to be responsible for
the male sterility associated with introgression category III, we
performed the following experiment. (1) We selected one in-
trogression of this category that rendered males sterile. (2) We
selected fertile recombinant males from this parental line to
create fertile recombinant lines. Fertile recombinant lines
were selected from both the proximal and the distal ends of
the original, sterile introgression (5 “distal” and 10 “proximal”
fertile recombinant lines resulted). (3) We probed the fertile
recombinant lines (the use of DNA markers is described be-
low) and determined that the heterospecific segment in three
lines extended from beyond 13F to beyond 16DE, while in two
lines it extended from beyond 16DE to beyond 17C. Because
both classes of fertile recombinant passed the same internal
marker, we inferred that the introgressions overlapped. We
chose two fertile recombinants of each type for detailed analy-
ses of male fertility. (4) We made females heterozygous for the
two overlapping fertile introgressions, chose from their prog-
eny two recombinant females that had regained the original
introgression, and assayed the fertility of the male progeny
harboring this reconstituted introgression.

DNA markers: To determine the lengths of introgressions
more precisely, as well as to verify the species origin of the
internal portion of all introgressions, three DNA clones were
used for Southern blot analyses of species-specific restriction
fragment patterns. These clones and their cytological locations
were as follows: sd at 13F, unnamed cosmid at 16DE, and A57
at 18CD. These molecular markers are described in greater
detail elsewhere (PEReZ et al. 1993; D. E. PErez and C.-1 Wu,
unpublished results; European Drosophila Physical Mapping
Consortium). Genomic DNA was prepared and Southern blots
were carried out using standard protocols adapted from
SAMBROOK et al. (1989).

Determination of fertility: We measured the fertility of
males with heterospecific segments of different sizes. Three
criteria were employed, as follows. (1) Sperm motility: males
were separated by genotype and aged 3-5 days without access
to females. Testes of individual males were dissected in a drop
of Drosophila Ringer’s solution, gently squashed under a cov-
erslip and examined under phase-contrast microscopy. Males
were classified (following COYNE 1984) as either fertile (at least
one motile sperm visible) or sterile (no motile sperm). If the
male was sterile, we determined the approximate stage at
which spermatogenesis appeared to be arrested (following
KEMPHUES et al. 1982). (2) Progeny production: one or two
virgin males were placed in a vial with three to five virgin fe-
males. Both males and females were 3-5 days of age when
combined. Vials were checked for presence of progenyat 7 and
10 days after the cross was started. Males were classified as
either fertile (progeny of correct genotype present) or sterile
(eggs but no larvae/pupae/adults present). Because a par-
ticular introgression generally exhibited very little variation in
male fertility according to this criterion, no correction for the
possibility of multiple fertile males per vial was necessary.
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TABLE 1

Introgressions categorized according to effects on male fertility

3 3 progeny: genotypes and fertilities

+ +
No. of [f Bx] [fl Bx fT[Bx]
Category of [f Bx] introgression lines Sperm Progeny Sperm Progeny Sperm Progeny
1. [f Bx] fertile 9 0.99 0.96 1.00 1.00
(176) (121) (16) (10)
11. [f Bx] sterile 4 0 0 0.45 0
f*[Bx] recombinants sterile (120) (187) (31) (46)
Both with onion stage defects
III.  [f Bx] sterile 18 0.42 0 0.68 0.32 1.00 1.00
f*[Bx] recombinants fertile (554) (644) (71) (94) 27) (34)
[f Bx] with motile sperm
IV.  [f Bx] sterile 23 0 0 0.26 0.06 0.99 1.00
" [Bx] recombinants fertile (662) (696) (113) (75) (74) (27)

[f Bx] without motile sperm

Introgressions were categorized according to the effects of the intact heterospecific segment ([f Bx] genotypes) as well as the recombinants
therefrom ([f] Bx" and f* [Bx] genotypes) on male fertility. The “sperm” column for each genotype provides the proportion of males that had
motile sperm when dissected. The “progeny” column provides the proportion of males that produced progeny when mated to virgin females.
Combined sample sizes for all lines of a given category are in parentheses beneath each proportion. See Determination of fertility and Categorizing

[f Bx] introgressions for additional details.

(3) Copulation and sperm transfer: for one category of intro-
gression, males often managed to produce large quantities of
motile sperm but always failed to produce progeny. A sample
of 38 of these males were placed individually in vials with three
to five virgin females (168 females total) as described in (2),
above, and these vials were observed periodically over the next
3 days for the presence of copulating pairs. Then all males and
females were sacrificed and dissected. Males were checked for
sperm motility and spermatogenic defect as described in (1),
above. Female reproductive tracts were examined for presence
of stored sperm per LEFEVRE and JONsSSON (1962). As a positive
control, intraspecific matings (10 males and 32 females in 10
vials) were conducted in parallel with the experiment.

RESULTS

Categorizing [f Bx] introgressions: The effects on
male fertility of all 54 [f Bx] introgressions, as well as that
of both the proximal and distal recombinants from
each, are presented in Table 1. Four categories of
introgression were suggested by the data, as follows.
(I) There were nine introgressions that did not sterilize
males. (II) There were four introgressions that sterilized
males and for which all proximal recombinants also ster-
ilized males. In addition, males harboring either the en-
tire introgressed segment or just the proximal portion
exhibited characteristic early defects in spermatogenesis
(see Spermatogenic phenotypes below). (1II) There were
18 introgressions that sterilized males, for which proxi-
mal recombinants did not sterilize males, and for which
males often managed to produce large quantities of mo-
tile sperm. Note that these males, if they harbored the
intact introgression, never produced progeny when
mated (0 out of 644 males tested) despite producing
motile sperm in many cases (233 out of 554 males dis-
sected). Although there was heterogeneity among these
18 lines for the proportion of males producing motile
sperm (G, = 174.7, P < 0.005; range = 0.17-0.93),

suggesting that more than one introgression category
might actually be represented, they were combined into
one category in order to infer a ménimum number of
factors that contribute to male sterility (see Inferring
sterility factors, below). (IV) There were 23 intro-
gressions that sterilized males, for which proximal
recombinants did not sterilize males, and for which
males never produced motile sperm (0 out of 662 males
dissected).

Inferring sterility factors: At least four factors had to
be invoked to explain the observed relationships be-
tween introgression genotype and sterility phenotype.
The inferences upon which this minimum estimate
rests, as well as the approximate locations for each fac-
tor, are depicted in a simplified format in Figure 2. The
actual set of comparisons necessary to infer each factor
and its approximate location were more complicated
(refer to Table 1 throughout).

Sterility factor 1: Because some males carrying [f Bx ]
introgressions were fertile (category I), the introgressed
segment between f and Bx must have been insufficient
to cause sterility on its own. For introgressions of cat-
egory II, in contrast, males harboring either the entire
introgression (307 out of 307 males by both fertility cri-
teria) or just the proximal half (46 out of 46 males by
dissection) were always sterile, and males of both geno-
types exhibited identical, early defects in spermatogen-
esis (see Spermatogenic phenotypes). The implication is
that there must be a factor proximal of Bx that contrib-
utes to male sterility (sterility factor 1, Figure 2). Because
introgressions of all other categories exhibited no ste-
rility associated with just the proximal half (categories I,
111 and IV), and because 1 out of the 4 introgressions of
category II did not extend beyond 18D in the proximal
direction (neither did any of the 50 introgressions of



Genetics of Hybrid Male Sterility 333

gt * f e Bx *
12B 13F 15F [I6DE 17C 18D
Fertile
1
Sterile (early defect) 2
Sterile (motile sperm)
3
Sterile (no sperm) 4
Fertile
Sterility Factors: (3) 6) @ o

FiGURE 2—Model depicting the minimum number of hy-
brid sterility factors that must be invoked to account for the
categories of introgression and the fertilities of their recom-
binants. The comparison between introgression categories
most relevant to inferring the existence of a particular factor
is diagrammed on the right, and the inferred factors were ar-
bitrarily numbered 1-4. The data which suggested this par-
ticular categorization of introgressions are detailed in Tables
1 and 2.

other categories), sterility factor 1 must lie between 17C
and 18D. This inference was further supported by the
fact that, in two of the four introgressions of category I,
prolonged maintenance in females resulted in these
lines changing to fertile introgressions (the portion of
each introgression proximal of Bx was always unpro-
tected from further recombination, whereas the portion
between gand Bx was held by flanking markers). In one
of these cases, the DNA-marker genotype for this intro-
gression at cytological location 18D changed from D.
simulans to D. mauritiana, suggesting that the proxi-
mal factor had been lost due to recombination. Note
that 17 out of 31 males carrying only the distal half of
the introgressions of category Il were also sterile; this was
attributed to variation among category II introgressions
in their distal breakpoints (two out of the four intro-
gressions appeared to carry a sterility factor(s) distal of
f in addition to sterility factor 1).

Sterility factor 2: The introgressed segment between
f and Bxwas insufficient to cause sterility on its own (see
Sterility factor 1). Males harboring introgressions of cat-
egory III, however, were always sterile by the criterion of
ability to produce progeny (0 out of 644 males tested).
Because males carrying only the proximal portions of
this category of introgression were always fertile (34 out
of 34 by the same criterion), whereas males carrying only
the distal portions of the same introgressions were usu-
ally sterile (only 30 out of 94 males produced progeny),
the implication is that there is something distal of f that
is contributing to male sterility (sterility factor 2, Figure
2). The fertility of a significant fraction of those males
carrying just the distal half suggested that sterility factor
2 alone was insufficient to render males sterile, perhaps

requiring a second factor located between f and Bx.
This possibility was tested explicitly and confirmed (see
Sterility factor 4). Note that a significant fraction of
males in all 18 lines of category Il were able to produce
motile sperm, but never produced progeny (see Cat-
egorizing [f Bx] introgressions). Because DNA markers
showed that 16 out of the 18 introgressions of category
IIT did not extend distally beyond 13F, sterility factor 2
must lie between 13F and 15F.

Sterility factor 3: There were 23 introgressions that,
like category III, appeared to carry at least one factor
distal of f that contributed to male sterility (same rea-
soning as above, for sterility factor 2); in contrast to cat-
egory III, however, males carrying category IV introgres-
sions never produced motile sperm (0 out of 662 males
dissected). This suggested the presence of an additional
genetic factor distinguishing introgressions of catego-
ries Il and IV (i.e., sterility factor 3). This factor ap-
peared to also lie distal of f, because males carrying the
distal half of these introgressions were of lower fertility
than were males carrying the distal half of category III
introgressions (i.e., 30 out of 94 for categoryIIl, vs. 5 out
of 75 for category IV, produced progeny). This location
for sterility factor 3 was supported by DNA marker re-
sults: all introgressions of category IV extended beyond
the marker at 13F in the distal direction, whereas only
2 out of 16 introgressions of category III extended this
far. Because the mutant marker g that was used to select
recombinants lines at 12B, it seems likely that sterility
factor 3is situated between 12B and 13F (probably closer
to 13F, although the precise recombination distance is
not known).

Sterility factor 4: Because males carrying complete
introgressions of category Il were always sterile, whereas
males carrying the proximal half alone were always fer-
tile and males carrying the distal half alone were some-
times fertile, it seemed likely that something between f
and Bx was interacting with sterility factor 2 (see above)
to render males sterile. This was tested explicitly by se-
lecting fertile recombinants that overlapped at 16DE,
and then reconstituting the original, sterile introgres-
sion from these recombinants (see Testing for epista-
sis). Because fertile recombinants of category III that
carried the distal half (i.e., genotype [f] Bx') often
stretched proximally from f to beyond 16DE, but never
extended as far as B, sterility factor 4 was inferred to lie
between 16DE and 17C.

Testing for epistasis: Introgressions of category III
did not appear to harbor any single factor that was suf-
ficient to cause complete male sterility (:.e., males car-
rying either the proximal or the distal half of the intro-
gression were often observed to be fertile; see Table 1).
Fertile recombinants from both the proximal and distal
halves of a category HI introgression were probed with
a DNA marker at 16DE and shown to overlap (i.e., pass
the same internal marker) in some cases. This suggested
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TABLE 2

Demonstration that hybrid male sterility is due to strong epistasis between the proximal and distal halves of an introgression

Genotype Description Sperm Progeny Phenotype

[f 16DE Bx] Sterile introgression (category 111, Table 1) 0.45 0 Sterile
(31 (73)

{f 16DE] Bx* Distal recombinants (2) 0.98 0.99 Fertile
(43) (88)

f*[16DE Bx] Proximal recombinants (2) 1.00 1.00 Fertile
(38) (75)

{f 16DE Bx] Re-recombinants (2) 0.40 0 Sterile
(55) (130)

The effects of the original [f 16DE Bx] introgression on male fertility are shown in the first row. Overlapping proximal and distal recombinants
from this introgression were selected from a larger number of fertile recombinants based on DNA-marker genotypes at 16DE (see DNA markers
for details). Re-recombinants that contained the reconstituted (original) introgression were then generated (twice independently). “Sperm” and
“progeny” columns are as for Table 1. See Crosses and Testing for epistasis for additional details.

that epistasis between genes in each half of the original
introgression was responsible for the observed sterility
(similar to CABOT et al. 1994). To verify this result, we
measured the fertility of males carrying the overlapping
recombinant segments (two proximal and two distal) as
well as males carrying a reconstituted version of the
original introgression (Table 2). The fertility of both
(overlapping) recombinant classes, as well as the recov-
ery of sterility in the reconstituted introgressions, dem-
onstrated clearly that significant epistasis between in-
trogressed segments underlies hybrid male sterility in
this case. Males carrying either factor alone were com-
pletely fertile, whereas males carrying both factors to-
gether were completely sterile (depicted graphically in
Figure 3). We concluded that at least two factors interact
within this region to cause sterility. The simplest expla-
nation (¢.e., that requiring the fewest sterility factors to
be invoked) was that sterility factors 2 and 4 in Figure 2
interact to render males sterile.

Spermatogenic phenotypes: Distinct spermatogenic
phenotypes were observed for sterile introgressions of
different lengths (refer to Table 1 and Figure 2). Males
with introgressions of category 1l never produced motile
sperm and always exhibited early defects in spermato-
genesis (Figure 4A). In particular, severe asymmetries in
both the sizes and numbers of nuclei and mitochondrial
derivatives were observed in onion-cell stage cysts (con-
trast Figure 4, A and B). The tails of the resulting sper-
matids degenerated into small fragments during elon-
gation. Approximately 42% of the males harboring
introgressions of category IIl managed to produce large
quantities of motile sperm (Figure 4C), but these males
always failed to produce progeny. The 58% that did not
produce motile sperm exhibited the same spermato-
genic phenotype as males carrying introgressions of cat-
egory IV, in which males produced elongated spermatid
bundles that appeared normal but the spermatids failed
to individualize into mature sperm (Figure 4D). The
sterility phenotype produced by introgressions of cat-
egory III, which requires at least two interacting factors
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—
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FiGURE 3.—Graphical representation of the experiment
demonstrating that strong epistatic interactions between loci
are responsible for sterility in male hybrids (data in Table 2).
Starting with a sterile introgression (from introgression cat-
egory III in Table 1), we produced fertile recombinants that
overlapped at cytological location 16DE, and then selected for
re-recombinants between them. Black inverted triangles rep-
resent factors 2 and 4 from Figure 2 interacting to render a
male sterile, whereas white inverted triangles represent these
same factors as insufficient to induce sterility on their own.

(see Testing for epistasis), was analyzed in greater detail
(see below). It also appeared that an interaction be-
tween conspecific genes influenced the stage of sper-
matogenic defect: males harboring the entire introgres-
sions of category IV never produced motile sperm,
whereas 26% of the males carrying only the proximal
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half produced motile sperm (Table 1, category III [f]
Bx" recombinants). The most parsimonious explana-
tion is that some combination of factors 2 and/or 3 in-
teract with factor 4 to render males unable to produce
motile sperm (analogous to the inferred interaction be-
tween factors 2 and 4, discussed above).

Effects of an introgression on a male’s ability to copu-
late and transfer sperm: Males with introgressions of
category III (Table 1 and Figure 2) often managed to
produce large quantities of motile sperm (Figure 4C)
but never produced progeny. In a separate experiment,
these males were often observed copulating but never
inseminated females (Table 3).

DISCUSSION

This study is one of a relatively small number of high
resolution analyses of the genetics of hybrid male ste-
rility, all of which have been conducted between species
of Drosophila (Orr 1992; Wu et al. 1993; PEREZ et al.

FIGURE 4.—Examples of the spermato-
genic phenotypes observed in males har-
boring heterospecific introgressions
(scale bars = 10 pm). (A) Males harbor-
ing sterility factor 1 (see Figure 3) ex-
hibited severe asymmetries in both vol-
umes and numbers of nuclei and
mitochondrial derivatives of onion-
nebenkern stage cysts. The black tri-
angle indicates what is apparently a
“giant” mitochondrial derivative that is
in the same cyst as several nuclei of vary-
ing (abnormal) sizes (two nuclei are in-
dicated by white triangles). The extent
of such asymmetries varied among males
and even among cysts within a male, but
never approached the phenotype of
wild-type males. (B) In contrast, males
harboring sterility factors 2 + 4 exhib-
ited onion-nebenkern stage cysts that ap-
peared normal. In general, each cell
within a cyst contained one nucleus
(e.g., white triangle) and one mitochon-
drial derivative (e.g., black triangle) of
approximately the same size. (C) Males
harboring sterility factors 2 + 4 often
managed to produce large quantities of
motile sperm. Shown here are a small
fraction of the several hundred motile
sperm that were undulating vigorously
under the coverslip after dissecting one
such male. These males never insemi-
nated females (Table 3). (D) The sperm
bundles of males carrying sterility factors
2+ 3 + 4appeared normal. Thisisaview
of small portions of several sperm
bundles (category IV male) that were
each fully elongated and exhibited nor-
mal morphologies.

1993; CaBOT et al. 1994). By introgressing small seg-
ments of an X chromosome from D. simulans into a
pure D. mauritiana genetic background and assessing
the fertility of males carrying heterospecific introgres-
sions of varying size, we determined that (1) there was
an extremely high density of genes that contribute to
hybrid male sterility in this region; (2) epistasis between
linked conspecific genes in a heterospecific background
was responsible for hybrid male sterility in at least one
case, and appeared to influence the stage of spermato-
genic defect in another; and (3) different introgressions
produced distinct sterility phenotypes, including two dif-
ferent spermatogenic defects and one category of males
that often produced motile sperm but never insemi-
nated females. Each of these conclusions, as well as their
implications for our understanding of the origin and
nature of species, is discussed below.

High density of sterility factors: Although this analy-
sis examined only 20% of the X chromosome (roughly
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TABLE 3

Effects of an introgression on the ability of males to copulate and transfer sperm

Pairs obs. Sperm
Source of males Sperm Progeny copulating transfers
Sterile [f Bx] introgression (category III, Table 1) 0.53 0 17 0
(38) (38) (155)
D. mauritiana garnet stock 1.00 1.00 6 0.91
(10) (10) (32)

Males of introgression category III often produced large quantities of motile sperm but never produced progeny. “Sperm” and “progeny”
columns are as for Table 1. “Pairs obs. copulating” is the number of mating pairs observed by simply checking the vials periodically during the
three days that the crosses were going on. If each female mated only once, these represent 0.11 (17/155) and 0.19 (6/32) of the total number
of copulations that actually occurred in the experimental and control vials, respectively. “Sperm transfers” is the proportion of females that had
sperm in their reproductive tracts after three days with males of that type. See Determination of fertility for additional details.

5% of the euchromatic portion of the D. simulans
genome), and the heterospecific segments were intro-
gressed in only one direction, a minimum of four factors
that contribute to hybrid male sterility were revealed
(Figure 2). By extrapolation, and considering introgres-
sions in both directions, we estimate a minimum of 40
such loci on the X chromosome alone. This minimum
estimate is supported by observations of similar densities
of hybrid male sterility factors for introgressions in the
reciprocal direction between these species for three
separate regions of the X chromosome, including the
same segment analyzed in this study (PEREZ ¢f al. 1993;
WU et al. 1993; CaBorT et al. 1994; A. W. Davis and C.-1
Wu, unpublished results). Because the relative densities
of hybrid sterility factors on the X chromosome vs. the
autosomes is still debated (CoyNE and Orr 1989; Wu and
Davis 1993; H. HoLLocHER and C.-I Wu, unpublished
results), at this point it is not clear whether a simple
extrapolation to the entire euchromatic genome is valid.
Nevertheless, considering that the number of factors in-
voked is a minimum estimate and that each factor must
be interacting with a gene(s) in the heterospecific back-
ground in order to sterilize hybrid males, our results
suggest that the total number of factors contributing to
hybrid male sterility between these sibling species is on
the order of at least 100 loci. Indirect estimates of the
number of loci that reduce hybrid fitness, based on
analyses of inviability and obstructed gene flow in the
hybrid zones between species of grasshoppers or toads
{(BarToN and Hewrrt 1981, 1985; SYRIMURA and BARTON
1986, 1991), also suggested the presence of many (e.g.,
50~200) factors that reduce hybrid fitness. As these au-
thors have argued, the presence of so many factors that
reduce hybrid fitness, scattered widely throughout the
genome, is expected to serve as an extremely effective
barrier to gene flow. The reason is that essentially every
chromosomal segment harbors tightly linked factors
that reduce fitness in a heterospecific background. As a
result, it is unlikely that a segment of DNA would man-
age to recombine away from all such factors, and it
would seem therefore that there is at present little pos-
sibility for the transfer of genetic material across the

boundary between these two sibling species (despite the
fact that hybrid females are essentially completely fertile).

Because these species exhibit little DNA-sequence di-
vergence at arbitrarily-chosen loci (COYNE and KREITMAN
1986; HEY and Kuiman 1993; KuiMaN and Hey 1993), it
seems unlikely that the extensive functional divergence
observed could be due mainly to random genetic drift.
Even for the relatively small numbers of individuals
sampled in DNA-sequencing studies (e.g., b from each
species in HEy and KLiMAN 1993), many molecular poly-
morphisms are demonstrated to be shared between
these species. This suggests that, if a near-neutral poly-
morphism was segregating in the ancestor to these spe-
cies, it is relatively likely to still be segregating in extant
populations of both species. Although a fraction of these
ancestral polymorphisms will have drifted to fixation for
alternative alleles, one must ask what fraction of these
neutral fixations would be expected to have significant
effects on hybrid male fertility? Put another way, what
fraction of alleles having such a drastic effect on fitness
in some genetic backgrounds (i.e., in hybrids), are likely
to have been associated with a negligible selective value
in the genomes of the pure species? Although the answer
is not known, it seems unlikely to us that random drift of
neutral alleles would result in so many hybrid male sterility
factors in such a short time span (relative to the apparent
sojourn times of most neutral variants in these species).
This observation is particularly striking given that we do
not observe many polymorphisms segregating within Dro-
sophila species that can interact to render males sterile
[i.e, “synthetic sterility,” see THoMPsON (1986) for a re-
view]. Overall, there appears to be a discrepancy between
the picture emerging from arbitrarily chosen genes, which
are supposedly segregating near-neutral polymorphisms,
and the picture from functionally divergent genes assayed
by examining effects upon male fertility. Although there
are many possible explanations for the apparent discrep-
ancy between DNA-sequence and functional analyses, one
plausible scenario is that selectively driven alleles have
gone to fixation in both lineages independently, and that
some fraction of these happen to have pleiotropic effects
on hybrid male fertility.
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One problem that must be kept in mind when ex-
trapolating from the observed densities of hybrid steril-
ity factors to the numbers of fixed differences between
species that affect hybrids is that we have not collected
polymorphism data for these factors within species. The
experiments were conducted with just two lines from D.
mauritiana (MAU ST and MAU g) and a single line
from D. simulans (just one X chromosome) so we have
really only measured the genetics of hybrid sterility be-
tween these genomes. These data do not, therefore, tell
us anything about whether the interacting factors are
polymorphic within either species. This is an important
issue because the answer has the potential to change
rather dramatically our picture of the genetic architec-
ture of hybrid male fertility. For example, if most hybrid
sterility factors are highly polymorphic within species,
then any apparent discrepancy between the functional
and DNA sequence analyses disappears.

The question of the relative frequencies within species
of alleles that reduce hybrid fitness is certainly interest-
ing and deserving of further study (e.g., see WADE and
JoHnson 1994). Nevertheless, we feel that it is reasonable
to assumne, as a first approximation, that the genes being
analyzed are representative of the allelic state for the
species as a whole if the chromosomes were chosen ar-
bitrarily with respect to the trait under study (the basic
approach utilized by developmental geneticists). In fact,
virtually all previous studies that have investigated the
genetics of hybrid fitness reduction looked at only one
line from each species. If, however, a chromosome is
selected for study because of a known functional differ-
ence (e.g., the macromelanophore phenotype in platy-
fish; WITTBRODT et al. 1989), then polymorphisms must
be considered a primary concern. What are the relevant
empirical observations? First, as mentioned above, there
is the fact that both synthetic lethals and steriles are
apparently quite rare within species (THoMPSON 1986).
Second, there are at least three recent studies that ad-
dress the levels of polymorphism of genes that reduce
hybrid fitness: (1) The Hmr mutation within D. mela-
nogaster suppresses the inviability of the hybrids be-
tween D. melanogaster and D. simulans/mauritiana/
sechellia (HUTTER and ASHBURNER 1987; HUTTER et al.
1990). If one picks a random chromosome within
D. melanogaster, the chances are greater than 0.99 that
one would be studying Hmr*. (2) JOHNSON et al. (1998)
showed that Y-autosome sterility interactions in the
D. simulans clade do not vary with either different ¥
chromosomes or different sets of autosomes. (3) D. E.
PerEz, H. HOLLOCHER and C.-I WU (unpublished results)
found no functional variation for the Ods gene in
D. mauritiana and only an extremely low level of varia-
tion in the interacting elements of D. simulans. Al-
though the available data are meager, the relevant work
that has been done supports the initial assumption that
the levels of polymorphism are generally low for those

alleles that alter fitness so dramatically in a hybrid ge-
netic background.

Epistasis is revealed in interspecific studies: At least
two of the sterility factors exhibited significant epistasis.
In a heterospecific background, either factor alone left
males able to produce sperm and progeny consistently;
males carrying both factors together, however, usually
failed to produce motile sperm and never produced
progeny. In addition, gene interactions appeared to in-
fluence the stage of spermatogenic defect exhibited by
sterile males in a different category of introgression.
These results, considered in conjunction with parallel
studies (CABOT et al. 1994; Davis et al. 1994; D. E. PEREZ
and C.-1 Wu, unpublished results; A. W. Davis and C.-l
Wu, unpublished results), suggests that epistasis be-
tween conspecific genes in a heterospecific background
is a common component of hybrid fitness reduction in
Drosophila. Our estimates of both the density of genes
and the number of epistatic interactions are likely to be
significant underestimates, as so far it seems that the
finer the scale of the genetic and phenotypic analysis
that is done, the higher the density of such loci that are
uncovered.

The complex web of epistasis underlying hybrid male
sterility raises a long-standing question in population
genetics. What role does epistasis play in the evolution-
ary process? FISHER (1930) argued that, unless the loci in
question are very tightly linked, selection operates pri-
marily on the average additive effects of single genes;
hence, gene combinations are assembled one gene at a
time. He dismissed gene interactions as having only mi-
nor importance, similar to non-heritable modifications
(FisHER 1918), and argued that evolution typically pro-
ceeds by the gradual accumulation of favorable alleles,
each of which is weighed by natural selection in terms
of its average effects across the genetic background of
the entire species. Because each allele is tested in many
genetic backgrounds, only those genes that are able to
consistently enhance the fitness of their bearers will be
favored by natural selection. As stated by Mayr (1963),
“good mixers” are favored in this additive model of a
simple cumulative system. Over evolutionary time scales,
Fisher envisioned a long succession of “good mixers”
marching through the gene pool, each laying but a
single brick in what will ultimately become an adaptive
edifice. Once gene pools have separated, they will even-
tually come to exhibit large differences due to the ac-
cumulation of many selectively driven allelic substitu-
tions, each of small phenotypic effect, and the force
propelling this continued selective response is a con-
stantly deteriorating environment (FisHEr 1930).

In contrast, WRIGHT (1931) believed that gene inter-
actions are so universal that going from one favored
combination of alleles to another often necessitates pass-
ing through genotypes that are of lower fitness. Wright



338 M. F. Palopoli and C.-I Wu

thus elevated gene interactions to a primary role in evo-
lution and reasoned that geographically isolated gene
pools could evolve to alternative, harmonious combina-
tions of alleles most effectively by a combination of ran-
dom genetic drift and subsequent selection (the
shifting-balance process). Each population has the po-
tential to develop its own set of “coadapted gene com-
plexes” rather quickly because of the highly interactive
nature of the genome and the importance of peak shifts
for the evolutionary process (CarsoN and TEMPLETON
1984).

More than a half century after these rival theories were
proposed, their relative importance in natural popula-
tions remains debatable (e.g., WAaDE 1992). One ap-
proach that has been taken to weigh the relative impor-
tance of the two paradigms for adaptive evolution is to
measure the standing levels of epistatic variance within
species for various phenotypic traits; another approach
has been to look for linkage disequilibrium between
polymorphic loci in natural populations. Although the
results have been mixed, it is fair to say that there is a
general lack of convincing evidence for the importance
of multilocus interactions in natural populations
(BARKER 1979; Crark 1987; BartoN and TuUrkLLI 1989;
but see Zapata and ALVAREZ 1992, 1993).

Before dismissing the Wrightian view of evolution,
however, it is important to consider the possibility that
the conditions appropriate for the shifting-balance
process to occur (e.g., subdivided population structure
and standing epistatic genetic variation) may indeed be
rare, and therefore difficult to detect in extant popula-
tions within a given species, but that occasional bouts of
evolution triggered by random genetic drift in local
populations could nevertheless play a critical role in the
evolutionary process. Indeed, it has been demonstrated
that the shifting-balance process is possible under labo-
ratory conditions (WADE and GoopNIGHT 1991). Evolu-
tion triggered by random genetic drift in local popula-
tions might be especially important in the creation of
novelties (WRIGHT 1977; TEMPLETON 1986). This brings
us to an important advantage gained by observing dif-
ferences that have accumulated between species: even
rare events may have left their signature in the genetic
architecture of species differences.

It must be stressed that epistasis between heterospecific
genes in a hybrid background is a well established ob-
servation that is consistent with both FisHER’s and
WRIGHT’s views of the evolutionary process. The general
neo-Darwinian explanation for the fact that deleterious
interactions are observed when divergent gene pools are
mixed in hybrids is that the entire series of allelic fixa-
tions in species A have proceeded without regard to
whether they were “good mixers” with alleles at all of the
loci in species B, and vice versa. So although the epistatic
“variance” (as measured in hybrids) rises unchecked,
this observation does not tell us anything about the

forces responsible for the allelic fixations within species.

But what about the apparent epistatisis that we have
observed between conspecific genes in a hybrid back-
ground? One plausible explanation for this observation
is that it has nothing to do with the dynamics of the
underlying allelic substitutions, and that hybrid fertility
is simply a threshold trait (e.g., RENDEL 1968). In other
words, it could be that all of the biochemical interactions
that are deleterious to hybrids are actually occurring
between heterospecific genes, but that the hybrids re-
main relatively fertile unless the cumulative number of
such interactions is greater than some threshold value;
at this point, the production of progeny is no longer
possible and complete sterility results. This sort of model
is also plausible given our simplistic phenotypic mea-
sures of male fertility: for testes dissections, the presence
of at least one motile sperm resulted in the classification
of that male as “fertile”; for mating tests, the presence of
at least one progeny resulted in the classification of that
male as “fertile.” Although males producing precisely
one sperm or one progeny were never observed (data
notshown), no attempt was made to quantify the relative
fertility of individual males. This results in a dichoto-
mous phenotypic classification that might be rather in-
sensitive to the detection of any intermediate effects
upon fertility.

Alternatively, it is also possible that some fraction of
the observed epistasis between conspecific introgres-
sions for negative pleiotropic effects in hybrids actually
represents gene interactions that were involved in the
positive phenotype(s) of these allelic substitutions and
therefore played a critical role in the dynamics of the
adaptive process. If so, this would lend credence to the
Wrightian paradigm. Although we do not know the an-
swer at this point, the fact that epistasis between con-
specific genes is so pervasive in hybrids at least suggests
that it is a common enough feature of genetic differ-
entiation to warrant further investigation; this result is
particularly interesting given the general lack of con-
vincing evidence for epistatic variance underlying much
of the total phenotypic variance in natural populations
within species (but see WADE 1992).

Implications for simplistic models of neutral molecu-
lar evolution: The complication of epistasis is often dis-
missed by those studying molecular evolution because of
a lack of large-scale linkage disequilibrium (KiMURA
1983; NE1 1987; but see BARKER 1979; ZAPATA and ALVAREZ
1992, 1993). The argument is that recent epistatic se-
lection would be expected to have left a genetic “signa-
ture” in the form of non-random associations among
loci. This may, however, be an insensitive measure of the
importance of epistasis across evolutionary time scales
because linkage disequilibrium is expected to decay rap-
idly due to recombination (LEWONTIN 1974). In other
words, because surveys of standing polymorphisms
within species are intrinsically biased to detect alleles
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with long sojourn times (KiMURA 1983), they are also
biased towards the analysis of associations among loci
that have had ample time to decay due to recombination
In contrast, whenever positive epistatic selection is
sufficiently strong to overcome recombination we ex-
pect these allele pairs to go quickly to fixation; as a result,
intraspecific surveys are unlikely to detect these events.
The only cases in which intraspecific studies are not bi-
ased against detecting epistatic selection are (1) when
recombination rates are extremely low in a region con-
taining genes, and (2) when epistatic selection is acting
to maintain a balanced polymorphism. In both of these
cases, linkage disequilibrium is often found to be wide-
spread [e.g., Drosophila inversions, see PrakasH and
LEWONTIN (1968); Segregation Distorter system of mei-
otic drive, see WU and HamMmeR (1991)].

In general, current models of molecular evolution as-
sume a complete lack of epistatic selection. The fact that
alleles having such strong, epistatic effects in hybrids are
so pervasive, even between such closely related species,
is at odds with the null hypothesis that most fixed dif-
ferences are neutral and that every nucleotide can be
treated independently. Perhaps something akin to the
notion of “covarions” should be revived and incorpo-
rated into modern models of molecular evolutionary dy-
namics (FitcH and Markowrtz 1970). KiMmura (1985,
1990), by treating the neutral evolution of compensa-
tory mutations, has at least made a start at incorporating
epistasis into models of molecular evolution.

Varied effects on male fertility: The variety of phe-
notypic effects, in conjunction with the high density of
genetic factors detected, agrees with WRIGHT’s concept
of “universal pleiotropy” and its importance for the evo-
lutionary process (e.g., WRIGHT 1977). Although it is
clear from mutagenesis screens within Drosophila mela-
nogaster that there are many genes that influence male
fertility and their mutants can exhibit a variety of phe-
notypes (LINDSLEY and ZiMM 1992; FuLLER 1994), these
screens are only able to detect mutations that are of large
effect individually. As a result, it is not clear a priori that
these results can be extrapolated to the allelic variants
that contribute to evolutionary change in natural popu-
lations. Our results suggest that there are indeed many
genes whose differences, even between closely related
sibling species, are sufficient to have significant pleio-
tropic effects on hybrid male fertility, and that these ef-
fects are relatively unpredictable in phenotype.

Linkage relationships of interacting factors: The in-
trogression approach suffers from an intrinsic bias: it is
best at detecting tightly linked sterility factors. For this
reason, as well as the relatively small number of high
resolution analyses that have been completed, we must
be cautious in making any generalizations about the
linkage relationships among hybrid sterility factors at
this point. By combining many different pairs of fertile
introgressions, one could in principle distinguish be-

tween a generalized polygenic model for this hybrid trait
(i.e., male sterility is a threshold trait and there are many
cumulative differences that affect this trait approxi-
mately additively between species; NAVEIRA 1992) vs. a
model invoking specific, epistatic interactions between
conspecific loci. Unfortunately, many introgression-
combinations might have to be tested for their effects on
hybrid fertility to distinguish these models. Neverthe-
less, if epistatic selection was indeed important in the
fixation of those alleles that now contribute to repro-
ductive barriers between species, one straightforward
prediction is that there will be a tendency for interacting
factors to be more tightly linked than are non-
interacting factors (WRIGHT 1965; LEWONTIN 1974). This
is expected because tighter linkage increases the efficacy
of epistatic selection. This prediction could be tested by
combining fertile introgressions from different regions
in a systematic manner.

We thank NORMAN JoHNSON, ANDREwW Davis, MIKE WADE and Brian
CHARLESWORTH for participating in many stimulating discussions. We
thank NORMAN JoHNSON, Mike WADE and MOHAMMED NOOR for provid-
ing criticisms of an earlier version of this manuscript. As usual, JERRY
CoYNE was extremely generous with his collection of Drosophila stocks.
This work was supported by an National Institutes of Health (NIH)
Genetics Training Grant to M.F.P. and NIH grants (GM39902, RCDA
GMO00553) to CIW.

LITERATURE CITED

BARKER, ]. S.F., 1979 Inter-locus interactions: a review of experimen-
tal evidence. Theor. Popul. Biol. 16: 323-346.

BarTon, N. H., 1989 Founder effect speciation, pp. 229-256, in Spe-
ciation and Its Consequences, edited by D. OTTE and J. A. ENDLER.
Sinauer Associates, Sunderland, Mass.

BarTON, N. H., and B. CHARLESWORTH, 1984 Genetic revolutions,
founder events and speciation. Annu. Rev. Ecol. Syst. 15: 133-164.

Barton, N. H., and G. M. Hewrtt, 1981 The genetic basis of hybrid
inviability in the grasshopper Podisma pedestris. Heredity 47:
367-383.

BartoNn, N. H,, and G. M. Hewrrt, 1985 Analysis of hybrid zones.
Annu. Rev. Ecol. Syst. 16: 113-148.

BarToN, N. H., and M. TugreLLi, 1989 Evolutionary quantitative
genetics: how little do we know? Annu. Rev. Genet. 23: 337-370.

Bateson, W., 1922  Evolutionary faith and modern doubts. Science
55: 55-61.

Casor, E. L., A. W. Dawvis, N. A. JounsoN and C.-I Wu, 1994  Genetics
of reproductive isolation in the Drosophila simulans clade: com-
plex epistasis underlying hybrid male sterility. Genetics 137:
175-189.

CarsoN, H. L., and A. R. TEMPLETON, 1984 Genetic revolutions in
relation to speciation phenomenon: the founding of new popu-
lations. Annu. Rev. Ecol. Syst. 15: 97-131.

CHARLESWORTH, B., J. A. CowE and N. H. BarToN, 1987 The relative
rates of evolution of sex chromosomes and autosomes. Am. Nat.
130: 114-136.

CLARK, A. G., 1987  Atest of multilocus interaction in Drosophila mela-
nogaster. Am. Nat. 130: 283-299.

CowE, J. A., 1984 Genetic basis of male sterility in hybrids between
two closely related species of Drosophila. Proc. Natl. Acad. Sci.
USA 81: 44444447,

CownE, J. A, 1985 Genetic studies of three sibling species of Dro-
sophila with relationship to theories of speciation. Genet. Res. 46:
169-192.

Cowng, J. A., 1992  Genetics and speciation. Nature 355: 511-515.

CovwNE, J. A, and B. CHARLESWORTH, 1986 Location of an X-linked
factor causing sterility in male hybrids of Drosophila simulans and
D. mauritiana. Heredity 57: 243-246.



340 M. F. Palopoli and C.-I Wu

CownE, J. A., and B. CHARLESWORTH, 1989  Genetic analysis of X-linked
sterility in hybrids between three sibling species of Drosophila.
Heredity 62: 97-106.

Cowg, J. A., and M. Krermman, 1986  Evolutionary genetics of two
sibling species of Drosophila, D. simulans and D. mauritiana.
Evolution 40: 673-691.

Cowg, J. A, and H. A. Org, 1989 Two rules of speciation, PP
180-207, in Speciation and Its Consequences, edited by D. OTTE
and J. A. ENpLER. Sinauer Associates, Sunderland, Mass.

Dawvis, A. W., E. G. NOONBURG and C.-1 Wu, 1994 Evidence for com-
plex genic interactions between conspecific chromosomes under-
lying hybrid female sterility in the Drosophila simulans clade.
Genetics 137: 191-199.

Doszuansky, Th., 1935 A critique of the species concept in biology.
Philos. Sci. 2: 344-355.

DorzHANSKY, TH., 1936  Studies on hybrid sterility. II. Localization of
sterility factors in Drosophila pseudoobscura hybrids. Genetics 213
113-135.

DogzHaNsky, TH., 1937  Genetics and the Origin of Species. Columbia
University Press, New York.

FisHER, R. A., 1918 The correlation between relatives on the suppo-
sition of Mendelian inheritance. Trans. R. Soc. Edin. 3: 399-433.

Fisuer, R. A., 1930 The Genetical Theory of Natural Selection.
Clarendon Press, Oxford.

Frred, W. M., and E. MArRkowrtz, 1970 An improved method for deter-
mining codon variability in a gene and its application to the rate of
fixation of mutations in evolution. Biochem. Genet. 4: 579-593.

FulLer, M. T., 1994 Spermatogenesis, in Development of Drosophila,
edited by M. BaTE and A. MARTINEZ-ARIAS. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

HEkINEN, E, and J. LuMME, 1991  Sterility of male and female hybrids
of Drosophila virilis and Drosophila lummei. Heredity 67: 1-11.

HenniG, W, 1977 Gene interactions in germ cell differentiation of
Drosophila, pp. 363-371 in Advances in Enzyme Regulation,
edited by G. WEBER. Pergamon Press, Oxford.

Hgy, J., and R. H. Kuman, 1993  Population genetics and phyloge-
netics of DNA sequence variation at multiple loci within the
D. melanogaster species complex. Mol. Biol. Evol. 10: 804-822.

HUTTER, P., and M. AsHBURNER 1987 Genetic rescue of inviable hy-
brids between Drosophila melanogaster and its sib ling species.
Nature 327: 331-333.

HuTTER, P., J. ROOTE and M. ASHBURNER, 1990 A genetic basis for the
inviability of hybrids between sibling species of Drosophila.
Genetics 124: 909-920.

Jounson, N. A, D. E. Perez, E. L. Casot, H. Horrocher and C-1 Wy,
1992 A test of reciprocal X-Y interactions as a cause of hybrid
sterility in Drosophila. Nature 358: 751-753.

Jonnson, N. A., H. HOLLOCHER, E. NooNBURG and C.-1 Wu, 1993 The
effects of interspecific Y chromosome replacements on hybrid
sterility within the Drosophila simulans clade. Genetics 135:
443-453.

KempHUES, K. ., T. C. KaurMan, R. A. Rarr and E. C. Rarr, 1982 The
testis-specific B-tubulin subunit in Drosophila melanogaster has
multiple functions in spermatogenesis. Cell 31: 655-670.

KHADEM, M., and C. B. Krimeas, 1991  Studies of the species barrier
between Drosophila subobscura and D. madeirensis. 1. The ge-
netics of male hybrid sterility. Heredity 67: 157-165.

KiMura, M., 1983 The Neutral Theory of Molecular Evolution. Cam-
bridge University Press, Cambridge.

KiMura, M., 1985 The role of compensatory neutral mutations in
molecular evolution. J. Genet. 64: 7-19.

KiMURA, M., 1990  Some models of neutral evolution, compensatory
evolution, and the shifting balance process. Theor. Popul. Biol.
37: 150-158.

Kuiman, R. M., and J. HEy, 1993 DNA sequence variation at the period
locus within and among species of the Drosophila melanogaster
complex. Genetics 133: 375-387.

LacHaisg, D, J. R. Davip, F. LeMEUNIER, L. Tsacas and M. ASHBURNER,
1986 The reproductive relationships of Drosophila sechellia
with D. mauritiana, D. simulans, and D. melanogaster from the
Afrotropical region. Evolution 40: 262-271.

Lerevee, G, Jr., and U. B. Jonsson, 1962 Sperm transfer, storage,
displacement, and utilization in Drosophila melanogaster. Genet-
ics 47: 1719-1736.

LeMEUNIER, F., and M. ASHBURNER, 1976 Relationships within the
melanogaster subgroup of the genus Drosopkila (Sophophora).

II. Phylogenetic relationships between six species based upon
polytene chromsome banding sequences. Proc. R. Soc. Lond. Ser.
B 193: 275~294.

LeMEUNIER, F., and M. ASHBURNER, 1984 Relationships within the
melanogaster species subgroup of the genus Drosophila (So-
phophora). IV. The chromosomes of two new species. Chromo-
soma 89: 343-351.

Linostey, D. L., and G. G. Zimm, 1992  The Genome of Drosophila
melanogaster. Academic Press, New York.

LewonTiN, 1974 The Genetic Basis of Evolutionary Change. Colum-
bia University Press, New York.

Maw, E., 1940 Speciation phenomena in birds. Am. Nat. 74:
249-278.

Maw, E., 1942 Systematics and the Origin of Species. Columbia Uni-
versity Press, New York.

Maw, E., 1963  Animal Species and Evolution. Belknap, Cambridge
Mass.

MuLLER, H. ]., 1938  Bearings of the Drosophila work on problems of
systematics. Proc. Zool. Soc. 108: 55-57.

Navera, H. F., 1992  Location of X-linked polygenic effects causing
hybrid sterility in male hybrids of Drosophila simulans and
D. mauritiana. Heredity 68: 211-217.

Navemra, H. F., and A. FONTDEVILA 1986 The evolutionary history of
Drosophila buzzatii. XII. The genetic basis of sterility in hybrids
between D. buzzatii and its sibling D. serido from Argentina.
Genetics 114: 841-857.

NEL, M., 1987  Molecular Evolutionary Genetics. Columbia University
Press, New York.

NEe1, M., T. MaruvamMa and C.-1 Wu, 1983 Models of evolution of re-
productive isolation. Genetics 103: 557-579.

Org, H. A, 1987 Genetics of male and female sterility in hybrids
of Drosophila pseudoobscura and D. persimilis. Genetics 116:
555-563.

Org, H. A, 1989 Genetics of sterility in hybrids between two sub-
species of Drosophila. Evolution 43: 180-189.

Orgr,H.A. 1992 Mapping and characterization of a “speciation gene”
in Drosophila. Genet. Res. 59: 73-80.

Perez, D. E., C.-1 Wy, N. A. Joanson and M.-L. Wy, 1993 Genetics of
reproductive isolation in the Drosophila simulans clade: DNA
marker-assisted mapping and characterization of a hybrid-male
sterility gene, Odysseus (Ods). Genetics 134: 261-275.

PraxasH, S., and R. C. LEWONTIN, 1968 A molecular approach to the
study of genic heterozygosity. III. Direct evidence of co-adaptation
in gene arrangements of Drosophila. Proc. Natl. Acad. Sci. USA
59: 398-405.

RENDEL, ]. M., 1968 Genetic control of a developmental process,
pp- 47- 66 in Population Biology and Evolution, edited by R. C.
LewoNTIN. Syracuse University Press, Syracuse, N.Y.

SAMBROOK, J., E. F. FriTscH and T. ManiaTis, 1980 Molecular Cloning:
A Laboratory Manual, Ed. 2. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

STURTEVANT, A. H., 1929 The genetics of Drosophila simulans. Car-
negie Inst. Wash. Publ. 399: 1-62.

SzyMmura, J. M., and N. H. Barton, 1986 Genetic analysis of a
hybrid zone in the fire-bellied toads Bombina bombina and
B. variegata, near Cracow in Southern Poland. Evolution 40:
1141-1159.

SzZyMURA, J. M., and N. H. BARTON, 1991 The genetic structure of the
hybrid zone between the fire-bellied toads Bombina bombina and
B. variegata: comparisons between transects and between loci.
Evolution 45: 237-261.

TeMPLETON, A. R., 1980 The theory of speciation via the founder
principle. Genetics 94: 1011-1038.

TEMPLETON, A. R., 1986 The relation between speciation mechanisms
and macroevolutionary patterns, in Evolutionary Processes and Theory,
edited by S. KaruN and E. NEvo. Academic Press, New York.

THoOMPSON, V., 1986  Synthetic lethals: a critical review. Evol. Theory
8: 1-13.

VieNeauLT, G., and E. Zouros, 1986 The genetics of asymmetrical
male sterility in Drosophila mohavensis and D. arizonensis
hybrids: Interactions between the Y-chromosome and autosomes.
Evolution 40: 1160-1170.

WabE, M. J., 1992 Sewall Wright: gene interaction and the shifting
balance theory. Oxf. Surv. Evol. Biol. 8: 35-62.

Wabe, M. |, and C. J. Goobnichr, 1991  Wright’s shifting balance
theory: an experimental study. Science 253: 1015-1018.



Genetics of Hybrid Male Sterility 341

WADE, M. J., and N. A. JounsoN, 1994 Reproductive isolation between
two species of flour beetles, Tribolium castaneum and T.
freemani: variation within and among geographical populations
of T. castaneum. Heredity 72: 155-162.

WHITE, M. ]. D, 1978 Modes of Speciation. Freeman, San Francisco.

WHITLOCK, M. C., and M. ]. WaDE, 1994  Speciation: Founder events and
their effects on Xlinked and autosomal genes. Am. Nat. (in press)

WITTBRODT, J., D. ADAM, B. MALITSCHEK, W. MAUELER, F. RauLr,
A. TELLING et al., 1989 Novel putative receptor tyrosine kinase
encoded by the melanoma-inducing Tu locus in Xiphophorus.
Nature 341: 415-421.

WRIGHT, S., 1931 Evolution in Mendelian populations. Genetics 16:
97-159.

WRIGHT, S., 1940 Breeding structure of populations in relation to
speciation. Am. Nat. 74: 232-248.

WRIGHT, 8., 1965 Factor interaction and linkage in evolution. Proc.
R. Soc. Lond. Ser. B 162: 80-104.

WRIGHT, S., 1977 Evolution and the Genetics of Populations, Vol. 3.
Experimental Results and Evolutionary Deductions. University of
Chicago Press, Chicago.

Wu, C.-I, and A. T. BEckeNBACH, 1983 Evidence for extensive
genetic differentiation between the sex ratio and the stan-
dard arrangement of Drosophila pseudoobscura and D. persimilis
and identification of hybrid sterility factors. Genetics 105:
71-86.

Wu, G-I, and A. W. Davis, 1993 Evolution of postmating reproductive
isolation: the composite nature of Haldane’s rule and its genetic
bases. Am. Nat. 142: 187-212.

Wu, C.I, and M. F. HAMMER, 1991 Molecular evolution of ultraselfish
genes of meiotic drive systems, pp. 177-203 in Evolution at the
Molecular Level, edited by R. K. SELANDER, A. G. Crark and
T. WHrTTAM. Sinauer Press, Sunderland, Mass.

Wu, C-I, and M. F. ParopoLl, 1994 Genetics of postmating re-
productive isolation in animals. Annu. Rev. Genet. 28 (in
press).

Wu, C-l, D. E. PErez, A. W. Davis, N. A. Jonnson, E. L. Casor et al.,
1993 Molecular genetic studies of postmating reproductive iso-
lation in Drosophila, pp. 199-212 in Mechanisms of Molecular
Evolution, edited by N. Takanata and A. G. CLARK. Sinauer
Associates, Sunderland, Mass.

Zarata, C., and G. ALvarez, 1992 The detection of gametic disequi-
librium between allozyme loci in natural populations of Drosoph-
ila. Evolution 46: 1900-1917.

ZapaTA, C., and G. ALvarez, 1993 On the detection of nonrandom
associations between DNA polymorphisms in natural populations
of Drosophila. Mol. Biol. Evol. 10: 823-841.

ZouRros, E., 1981 The chromosomal basis of sexual isolation in two
sibling species of Drosophila: D. arizonensis and D. mohavensis.
Genetics 97: 703-718.

Zouros, E., K. LorpaHL and P. A. MArTIN, 1988 Male hybrid sterility
in Drosophila: interactions between autosomes and sex chromo-
somes in crosses of D. mohavensis and D. arizonensis. Evolution
42: 1321-1331.

Communicating editor: A. G. CLARK



