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CONSPECIFIC SPERM PRECEDENCE IN SISTER SPECIES OF DROSOPHILA WITH

OVERLAPPING RANGES
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Abstract.—Barriers to gene flow that act after mating but before fertilization are often overlooked in studies of
reproductive isolation. Where species are sympatric, such ‘‘cryptic’’ isolating barriers may be important in maintaining
species as distinct entities. Drosophila yakuba and its sister species D. santomea have overlapping ranges on the island
of Sao Tomé, off the coast of West Africa. Previous studies have shown that the two species are strongly sexually
isolated. However, the degree of sexual isolation observed in the laboratory cannot explain the low frequency (~1%)
of hybrids observed in nature. This study identifies two ‘‘cryptic’’ isolating barriers that may further reduce gene
flow between D. yakuba and D. santomea where they are sympatric. First, noncompetitive gametic isolation has evolved
between D. yakuba and D. santomea: heterospecific matings between the two species produce significantly fewer
offspring than do conspecific matings. Second, conspecific sperm precedence (CSP) occurs when D. yakuba females
mate with conspecific and heterospecific males. However, CSP is asymmetrical: D. santomea females do not show
patterns of sperm usage consistent with CSP. Drosophila yakuba and D. santomea females also differ with respect to
remating propensity after first mating with conspecific males. These results suggest that noncompetitive and competitive

gametic isolating barriers may contribute to reproductive isolation between D. yakuba and D. santomea.
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For adherents to the Biological Species Concept (Mayr
1942), speciation is equivalent to the evolution of reproduc-
tive isolation between populations. Most studies of repro-
ductive isolating barriers have focused on factors acting be-
fore mating (e.g., habitat isolation or mate discrimination) or
after fertilization of the egg (e.g., hybrid sterility or invia-
bility). ‘**Cryptic’’ isolating barriers that act after copulation
but before fertilization (i.e., forms of ‘‘gametic isolation’”)
are often neglected despite the possibility that they could
form an important class of prezygotic isolating barriers in
nature. Several such barriers have been found in insects, in-
cluding both noncompetitive and competitive forms of ga-
metic isolation. Noncompetitive forms of isolation include
shortened duration of heterospecific copulation, decreased
efficiency of heterospecific sperm transfer and use, and re-
duced storage of heterospecific sperm (Price et al. 2001). In
contrast, conspecific sperm precedence (CSP) is a competi-
tive phenomenon that occurs when sperm from two different
species are present in afemale. When CSP occurs, gene flow
between two species decreases as the result of the differential
fertilization success of conspecific versus heterospecific
sperm in a single female (Howard 1999).

Studies have shown that competitive forms of gametic iso-
lation prevent gene exchange in plants (Arnold et al. 1993;
Rieseberg et al. 1995; Carney et al. 1996), marine inverte-
brates (Loeb 1915), and insects. Conspecific sperm prece-
dence has been observed in beetles (Nakano 1985; Katakura
1986; Wade et al. 1994), grasshoppers, and crickets (Hewitt
et al. 1989; Bella et al. 1992; Gregory and Howard 1994),
and Drosophila (Price 1997). In Drosophila, single heteros-
pecific matings often produce high numbers of hybrid off-
spring. As in many species of insects and birds (Gromko et
al. 1984; Smith 1984), intraspecific multiple matings typi-
cally result in second male precedence (for double matings)
or last male precedence (when more than two males are mated
to a female). When CSP occurs, conspecific sperm fertilize

the majority of the eggs when females are mated to conspe-
cific and heterospecific males (Price 1997).

Despite extensive documentation of CSP, in two respects
it is still not well understood. First, it is difficult to judge
whether and how much CSP contributes to reproductive iso-
lation between closely related speciesin nature. Although the
evolution of reproductive isolating barriers has been studied
exhaustively in Drosophila (Coyne and Orr 1989, 1997), CSP
has been seen only between allopatric species of the D. si-
mulans group (Price 1997) and allopatric subspecies of D.
pseudoobscura (Dixon et a. 2003). The relative importance
of any reproductive barrier in impeding gene flow—including
CSP—can only be evaluated by studying taxa that actually
hybridize in nature (e.g., Howard et a.’ s[1998] study of CSP
in sympatric crickets).

Second, the rate at which CSP and other forms of gametic
isolation evolve is unclear. In the ground crickets Allone-
mobius fasciatus and A. socius, CSP appears to be the only
isolating barrier to gene exchange separating the sister spe-
cies (Gregory and Howard 1994). However, in most other
studies of gametic isolation (e.g., Hewitt et al. 1989; Bella
et al. 1992; Wade et al. 1994; Price 1997; Dixon et al. 2003),
some premating and/or postmating reproductive isolating
barriers have already evolved between species by the time
one finds CSP. Thus, only quantitative comparisons of the
strength of reproductive isolating barriers between species
pairs can determine the relative contribution of gametic iso-
lation to speciation.

Here | examine the possibility of nhoncompetitive gametic
isolation and CSP in crosses between Drosophila yakuba and
its sister species, D. santomea (Lachaise et al. 2000). These
species are unique within the well-studied D. melanogaster
subgroup because they have overlapping ranges, forming a
narrow hybrid zone on the island of Sao Tomé, approximately
320 km off the coast of West Africa. Drosophila santomea
is endemic to Sao Tomé, whereas D. yakuba also occurs
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throughout continental West Africa. Phylogenetic and his-
torical evidence suggest that the two species diverged about
450,000 years ago and that the range overlap is due to recent
secondary contact (Cariou et al. 2001). The species are mor-
phologically distinct (Lachaise et al. 2000): D. santomea
completely lacks the abdominal pigmentation characteristic
of the other eight species, including D. yakuba, in the D.
melanogaster subgroup. Drosophila yakuba and D. santomea
are strongly sexually isolated in laboratory tests (Coyne et
al. 2002) and hybrid F; males are sterile (Lachaise et al.
2000), although hybrid females are partially to fully fertile
(Coyne et al., unpubl. data).

| show that two forms of cryptic isolating barriers exist
between D. yakuba and D. santomea. First, noncompetitive
gametic isolation occurs in single heterospecific matings be-
tween D. yakuba and D. santomea. Second, CSP occurs be-
tween these species: conspecific sperm enjoy a fertilization
advantage over heterospecific sperm in the females of only
one species. This CSP is asymmetrical: it appears in only
one of the two reciprocal hybridizations. | also estimate the
relative strength of gametic isolation between D. yakuba and
D. santomea for comparison against estimates of sexual iso-
lation and postzygotic isolation between these species.

MATERIALS AND METHODS

Drosophila Stocks

All flies were reared in uncrowded cultures at 24°C with
a 12-h light-dark cycle on standard cornmeal -yeast-agar me-
dium. Drosophila yakuba wild-type (yak*) males were taken
from the Tai 18 isofemale stock collected in 1983 in the Tal
rainforest on the border between Liberia and the Ivory Coast.
Drosophila yakuba sepia (yaks) males and females were de-
rived from a stock originally collected in Central Gabon;
sepia is a recessive eye color mutation identical to that on
the D. melanogaster 3rd chromosome (LIopart et al. 2002).
Drosophila santomea wild-type (san*) males were derived
from the STO.4 isofemale line, originally collected on Sao
Toméin 1998. Drosophila santomea red, copper (san'©) males
and females were derived from the STO.18 isofemale line;
red is a recessive eye color mutation on chromosome 2 and
copper is a recessive X-linked eye color mutation that is
easily distinguished from the wild-type eye color. All stocks
were checked by M. Noor, Louisiana State University, for
Wolbachia using PCR and confirmed free of infection.

Mating Trials

Males and females were collected as virgins under CO,
anesthesia and kept individually in eight-dram, food-con-
taining vialsfor three days. On day four, fliesweretransferred
without anesthesia into fresh vials for matings. Mating ob-
servations began within the first hour of the 12-hour light
cycle. For each mating, | recorded copulation latency (the
time between the introduction of the male into the vial and
the start of copulation) and copulation duration. Femaleswho
did not mate after 90 min of observation were discarded.
Males were removed promptly after termination of copulation
to prevent remating. On day eight, singly mated femaleswere
randomly assigned to one of the following treatments: no
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TaBLe 1. List of matings performed. All second matings occurred
four days after the first mating.

Mating
type Female First male Second male
1 yaks® yakse —
2 yakse yakse yak*
3 yaks® yakse san*
4 yakse yak+ J—
5 yaks® yak* yakse
6 yakse yak* san*
7 yaks® san* —
8 yakse san* yak*
9 yaks® san* yakse
10 Sanl’c SanI'C J—
11 Sanrc Sanrc san+
12 san'c san'c yak*
13 san'® san* —
14 san'c yak+ san’c
15 san'© yak* san*

second mating, conspecific second mating, or heterospecific
second mating. Progeny from singly mated females (i.e.,
those not allowed to remate) were reared to adulthood and
counted. Second mating trials were conducted in fresh vials
and lasted for eight hours, with observations made every five
minutes. Copulations typically lasted for 20 min; thus, ob-
servations made every five minutes ensured that all matings
that occurred would be recorded. Females who did not remate
were discarded. Females from successful second matings
were transferred to fresh food vials every three days until
they stopped laying fertile eggs. Progeny from these doubly
mated females were reared to adulthood and scored for pa-
ternity. Table 1 lists the matings conducted in this study.

Scoring Progeny

P,, the proportion of progeny sired by the second male in
double matings, is based on the number of offspring produced
after the second mating (Boorman and Parker 1976). Thus,
for females who were not allowed to remate, progeny pro-
duction was cal culated by subtracting the number of offspring
produced during the four days after mating from the total
lifetime number of offspring. This correction allows for a
comparison of progeny production between females who re-
mated to those who were not allowed to remate.

In double matings involving D. yakuba sepia females, pa-
ternity of both male and female progeny was determined by
either the presence or absence of the sepia marker or by
differences in pigmentation among the progeny (Lachaise et
al. 2000). F; hybrid males with D. yakuba mothers have pig-
mented abdomens. F, hybrid females with D. yakuba mothers
are intermediate in pigmentation between D. yakuba and D.
santomea females and can be distinguished from the parental
species.

In double matings involving D. santomea red, copper fe-
males, only the paternity of female progeny could be deter-
mined. F; hybrid females with D. santomea mothers are in-
termediate in pigmentation between D. yakuba and D. san-
tomea females. In contrast, F; hybrid males with D. santomea
mothers cannot be distinguished from pure-species D. san-
tomea males, as pigmentation in D. santomea is largely X-
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linked (Llopart et al. 2002). Moreover, the eye color muta-
tions are uninformative in these matings: copper isaX-linked
mutation and all male progeny show the copper phenotype;
and though red is an autosomal mutation, it closely resembles
the wild-type eye color in adult flies.

In two situations, | excluded females who did not produce
any hybrid progeny. First, to minimize the possibility that
low number of stored sperm increases the propensity of fe-
malesto remate, | excluded femalesif the number of offspring
produced four days after the first mating was more than 1.5
standard deviations below the mean of all females who re-
mated. Second, to rule out trialsin which sperm transfer most
likely did not occur during second matings, | excluded fe-
males if the copulation duration of the second mating was
less than the minimum amount of time for which there is
evidence of sperm transfer. For example, the minimum
amount of time for sperm transfer to occur in second matings
of D. yakuba sepia females to D. santomea males was 7.8
min. The minimum amount of time for sperm transfer was
determined by observation of hybrid progeny production in
these matings.

Egg Hatchability

Experiments were performed to test for differences in
hatchability between eggs from conspecific single matings
and those from heterospecific single matings. Drosophila yak-
uba sepia females, D. yakuba Tai18 males, D. santomea red,
copper females, and D. santomea STO.4 males were collected
as virgins and kept in eight-dram corn food vials for three
days. On day four, conspecific matings occurred en masse
on corn media; all females mated successfully to conspecific
males. Heterospecific matings were observed in fresh food
vials and only eggs from successful heterospecific matings
(i.e., the females were inseminated by heterospecific males)
were collected. After mating, all females were transferred
without anesthesia to medium containing blue food dye for
egg laying. On days five and six, eggs were collected and
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TaBLE 2. Results of egg hatchability experiments. Egg hatch-
ability was determined by counting the number of hatched versus
unhatched eggs 24 h after the eggs were collected.

Female Male Hatched eggs  Unhatched eggs % Hatched
yakse yak* 438 2 99.5
yaks® san* 349 251 58.2
san'c san* 562 38 93.7
san'c yak* 121 139 46.5

transferred to black filter paper placed in corn food vials.
Hatched and unhatched eggs were counted using a dissecting
microscope after 24 h.

Larval Competition

Larval competition experiments were performed to distin-
guish sperm precedence from competitive inferiority or in-
viability of hybrid larvae (Gilchrist and Partridge 1997; Price
et al. 2000). Drosophila yakuba sepia females, D. yakuba Tal
18 males, and D. santomea STO.4 males were collected as
virgins and kept in eight-dram corn food vials for three days.
On the fourth day, single matings between D. yakuba sepia
females and either D. yakuba sepia males or D. santomea
wild-type males occurred en masse on corn media. After three
hours, flies were transferred to vials containing molasses-
agar medium, allowing flies to acclimate to the novel me-
dium. The dark-colored molasses-agar medium allows larvae
to be easily recognized. After 20 to 24 h of acclimation, flies
were transferred to bottles containing the same medium for
egg laying. First-instar larvae were collected after 24 h from
bottles containing the molasses-agar medium and transferred
into corn food vials at a controlled density of 50 larvae per
vial. | tested the viability of hybrid larvae at three relative
frequencies: 10%, 50%, and 90% hybrid larvae. Larvae from
these vials were allowed to develop into adults and their
hybrid or pure-species origin determined by whether they
carried the sepia marker.

REsuLTS
Noncompetitive Gametic Isolation

Figure 1 shows the mean offspring number for the four
classes of single matings. Heterospecific matings produced
fewer offspring than conspecific matings: D. yakuba sepia
females mated to D. santomea wild-type males produced sig-
nificantly fewer offspring than the same females mated to D.
yakuba wild-type males (unpaired t;; = 7.432, P < 0.0001).
Similarly, D. santomea red, copper females mated to D. yak-
uba wild-type males produced significantly fewer offspring
than those mated to D. santomea wild-type males (unpaired
ty1 = 9.111, P < 0.0001). Because in these crosses, afemale
carries sperm from only one male, the reduced number of
offspring from heterospecific single matings constitutes a
noncompetitive form of gametic reproductive isolation.

Table 2 shows the hatchability of eggs from conspecific
and heterospecific single matings. Eggs from matings be-
tween D. yakuba sepia females and D. santomea STO.4 males
were significantly lesslikely to hatch than those from matings
between D. yakuba sepia females and D. yakuba Tal 18 males
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TaBLE 3. Results of larval competition experiments. Hybrid larvae from matings between Drosophila yakuba sepia females and D.
santomea wild-type males were competed against pure-species larvae from matings between (A) D. yakuba sepia females and D. yakuba
sepia males and (B) D. yakuba sepia females and D. yakuba wild-type males at three fixed ratios (% hybrid). Number of larvae placed
in vials and mean number (SE) of adults eclosed from vials; x2 tests were performed using number of adults eclosed pooled across trials.

Number of larvae placed in vials

Adults eclosed from vials

Trials yakuba hybrid % hybrid yakuba hybrid X7

(A) yaks® X yak* vs. hybrids

16 45 5 10 25.75 (1.02) 3.12 (0.38) 0.347

19 25 25 50 14.00 (0.76) 16.42 (0.72) 3.661

18 5 45 90 2.83 (0.29) 26.89 (1.02) 0.130
(B) yak= X yak+* vs. hybrids

15 45 5 10 28.87 (1.21) 2.87 (0.29) 0.493

16 25 25 50 17.78 (0.79) 16.56 (0.89) 0.182

15 5 45 90 3.07 (0.43) 28.27 (1.50) 0.024

(P < 0.0001, Fisher’s Exact test). Similarly, eggs from mat-
ings between D. santomea red, copper females and D. yakuba
Tai18 males were lesslikely to hatch than those from matings
between D. santomea red, copper females and D. santomea
STO.4 males (P < 0.0001, Fisher’'s Exact test). Necrotized
unhatched eggs (indicating early zygote death) were never
observed, implying that unhatched eggs were unfertilized.
These results suggest that decreased hatchability of eggsfrom
heterospecific crosses, possibly through failure of fertiliza-
tion, accounts for the differences in offspring production be-
tween conspecific and heterospecific single matings.

Comparison of Copulation Duration and Offspring
Production between Singly and Doubly Mated Females

Any difference in the number of sperm stored between
females who remated and those not allowed to remate should
be reflected in the average number of offspring produced by
a female during the four days after first mating (Ty). (Note
that for both D. yakuba sepia and D. santomea red, copper
females, Ty is strongly correlated with the total number of
offspring the female will produce during her lifetime [data
not shown; n = 153, r = 0.778, P < 0.0001 for D. yakuba
sepia; n = 28, r = 0.717, P < 0.0001 for D. santomea red,
copper]. Thus, T, provides arough index for comparing life-
time offspring production.) To determine whether doubly
mated females remated to compensate for inefficient sperm
transfer or storage from the first mating, | compared copu-
lation duration and T, for singly versus doubly mated fe-
males. For matings involving D. yakuba sepia females, cop-
ulation duration of first matings do not differ between the
singly (mean £ SE = 44.7 min = 1.1) and doubly mated
females (42.8 = 1.1; unpaired t,ps = 1.249, P = 0.213).
Furthermore, T, for singly mated females (52.8 = 1.8) is not
significantly different from T, for doubly mated females (54.7
+ 2.0; unpaired tygg = 0.728, P = 0.467). These results
suggest that D. yakuba sepia femal es remate even when first-
mating males successfully transfer sperm; that is, the number
of sperm transferred during first mating has no effect on
remating.

For matings involving D. santomea red, copper females,
the mean duration of copulation between singly (32.3 * 2.2)
and doubly mated females (29.8 = 1.7) was not significantly
different (unpaired t;g = 0.902, P = 0.372). However, T, for

singly mated females (30.1 = 1.9) is significantly greater
than T, for doubly mated females (22.2 = 1.8; unpaired ts,
= 2.992, P = 0.0042). These results suggest that D. santomea
red, copper females remate because first-mating D. santomea
red, copper males transfer few sperm. However, it is also
possible that the low Ty is caused by the decreased viability
of offspring homozygous for red and copper: T, for D. san-
tomea red, copper females mated singly to D. santomea wild-
type males (37.8 = 2.9) is significantly greater than T, for
females mated to mutant males (29.3 + 2.0; unpaired tsg =
2.380, P = 0.021). Mean copulation duration does not differ
between matings involving wild-type males (30.3 = 0.9) and
mutant males (32.5 + 2.1; unpaired tso = 0.973, P = 0.335).

Test for Viability Difference between Pure-Species and
Hybrid Larvae

Table 3 shows the viabilities of pure-species versus hybrid
larvae when reared together at different relative frequencies.
| used x2 tests to compare the number of pure-species and
hybrid adults eclosed to the number of pure-species and hy-
brid larvae placed in each vial, respectively. Hybrid larvae
from crosses between D. yakuba sepia females and D. san-
tomea wild-type males were not competitively inferior to
pure-species larvae at any frequency class. Any difference
observed in offspring number must therefore be due to dif-
ferential sperm usage or egg mortality.

CSP in Drosophila yakuba Females

Figure 2 shows the results of all mating types performed
in this experiment using D. yakuba sepia females. CSP is
evident in double matings between D. yakuba sepia females
and D. santomea males. In conspecific double matings in-
volving D. yakuba sepia females mated first to D. yakuba
sepia males and subsequently to D. yakuba wild-type males
(mating type 2), P, = 0.93 = 0.02. Such intraspecific second
male precedence is consistent with that found in other Dro-
sophila species (Gromko et al. 1984; Turner and Anderson
1984). In contrast, in matings involving D. yakuba sepia fe-
males first mated to D. yakuba sepia males and then to D.
santomea wild-type males (mating type 3), P, = 0.18 * 0.05.
In D. yakuba females, then, P, for heterospecific second males
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is significantly lower than P, for conspecific second males
(P < 0.0001, Mann-Whitney U-test).

Many females who remated to D. santomea wild-type
males did not produce any hybrid offspring. This may be due
to either extreme CSP or failure of sperm transfer by D.
santomea males. Despite having already controlled for this
possibility (see Materials and Methods), | excluded P,-values
for those cases in which sperm transfer may not have oc-
curred. When the P, = O classis excluded, mean P, increases
to 0.32 = 0.08 for heterospecific second males. Even using
the conservative criterion of excluding the P, = 0 class, P,-
valuesfor heterospecific second males are significantly small-
er than those for conspecific second males (P < 0.0001,
Mann-Whitney U-test). This suggests that doubly insemi-
nated D. yakuba sepia females preferentially use conspecific
sperm over heterospecific sperm or that heterospecific sperm
are competitively infererior to conspecific sperm when both
types are present in a single female.

To investigate the effect of mating order on sperm pre-
cedence, | compared matings in which D. yakuba sepia males
mate after D. yakuba wild-type males (type 5; P, = 0.89 =
0.02) to matings in which D. yakuba sepia males mate after
D. santomea wild-type males (type 9; P, = 0.85 = 0.07).
Mean P,-values do not differ significantly between these two
mating types (P = 0.133, Mann-Whitney U-test). Similarly,
| compared matingsin which D. yakuba wild-type males mate
after D. yakuba sepia males (type 2; P, = 0.93 = 0.02) to
matings in which D. yakuba wild-type males mate after D.
santomea wild-type males (type 8; P, = 0.96 = 0.01). Again,
mean P,-values do not differ significantly (P = 0.352, Mann-
Whitney U-test). These results show that the species of the
first male has little effect on P,.

Differential transfer of sperm numbers in two successive
matings (a noncompetitive form of isolation) may produce
the same pattern of sperm usage as observed if CSPin double
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matings (a competitive form of isolation) occurs in these
species. Low P, values are expected when D. yakuba femal es
are mated conspecifically and then heterospecifically (e.g.,
mating type 3) simply because more conspecific than het-
erospecific sperm are present in the female's reproductive
tract.

To distinguish between these possibilities, | estimated two
values. First, | standardized the number of offspring from
each single mating sired by a heterospecific male by the mean
for all conspecific males: R; = (number of hybrid offspring
from each D. yakuba sepia female X D. santomea male single
mating)/(mean number of offspring from D. yakuba sepia
female X D. yakuba sepia male single matings). Similarly,
| standardized the number of offspring sired by each heter-
ospecific second male by the mean for all conspecific second
males in double matings: Ry = (number of offspring sired
by the second male from each D. yakuba sepia X D. yakuba
sepia male, then D. santomea male mating)/(mean number of
offspring sired by conspecific second males from D. yakuba
sepia female X D. yakuba sepia male, then D. yakuba wild-
type male matings). If the number of offspring produced by
D. santomea males reflects the number of sperm transferred
by these malesand if D. santomea males transfer, on average,
less sperm than do D. yakuba sepia males, then R and Ry
should not be significantly different from each other.

R is significantly greater than Ry (n; = 39, n, = 32, P <
0.0001, Mann-Whitney U-test) for D. yakuba sepia females
first mated to D. yakuba sepia males (mating types 2 and 3).
When the P, = 0 class is excluded, Rs still exceeds Ry (n;
= 39, n, = 18, P = 0.0018, Mann-Whitney U-test). Thus,
the low values of P, for heterospecific second males are due
to CSP and not to differential sperm transfer between the
males of the two species.

The sepia mutant marker was used to score the paternity
of progeny from double matings. It is conceivable (though
unlikely) that the sepia mutation may affect sperm compe-
tition or usage in D. yakuba. To test for such a mutant effect,
D. yakuba sepia females were first mated to D. yakuba wild-
type males before remating to either D. yakuba sepia males
or D. santomea wild-type males. All offspring were scored
for paternity based solely on abdominal pigmentation dif-
ferences between pure-species D. yakuba and hybrids (La-
chaise et al. 2000.).

Heterospecific second matings, in which D. santomea
males mate after D. yakuba wild-type males, result in a mean
P, = 0.21 = 0.05 (type 6, Fig. 2); exclusion of heterospecific
second matings that produced no hybrid offsping gives a
mean P, = 0.28 = 0.06. Thus, P,-values for mating types 3
(yaks as first males) and 6 (yak+* as first males) are not
significantly different whether the P, = 0 class is included
(P = 0.2774, Mann-Whitney U-test) or excluded (P =
0.7928, Mann-Whitney U-test). Similarly, P,-values for mat-
ing types 8 (yak* as second males) and 9 (yaks® as second
males) are not significantly different (P = 0.5434, Mann-
Whitney U-test). Comparison of Rs and Ry for these matings
shows that the pattern of sperm precedence is not due to
differential sperm transfer in single matings between con-
specific and heterospecific males (P = 0.0002; P = 0.0394
when P, = 0 class excluded; Mann-Whitney U-test). Thus,
the sepia marker has no detectable effect on sperm usage in
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santomea red, copper female sired by first (solid) and second (open)
male after single and double matings. Only female offspring were
scored because all males are copper (copper is X-linked). Number
of offspring for single matings has been corrected by subtracting
the number of offspring produced after the first four days. Mean
P,-values (SE) are shown above bars.

double matings of D. yakuba sepia females, regardless of
whether D. yakuba males are the first or second to mate.

In summary, D. yakuba females show patterns of sperm
usage consistent with CSP. When D. santomea males mate
after D. yakuba males, few hybrid offspring are produced.
This is in dramatic contrast to results of conspecific double
matings, in which the second males typically sire greater than
90% of the total progeny.

No Evidence of CSP in Drosophila santomea Females

Figure 3 gives the results of matings using D. santomea
red, copper females. As in D. yakuba females, intraspecific
second male precedence in D. santomea femalesis extremely
strong, with P, = 0.99 = 0.003. However, in contrast to
matings involving D. yakuba females, second male prece-
dence is also evident in heterospecific second matings: in
second matings of D. santomea females to D. yakuba wild-
type males (mating type 12), P, = 0.81 = 0.14. The P,-
values for conspecific and heterospecific second matings are
not significantly different (P = 0.396, Mann-Whitney U-test).
These results should be interpreted with some caution, asfew
D. santomea red, copper females successfully mated with D.
yakuba males after first mating with D. santomea wild-type
males.

It was not possible to investigate the effect of mating order
on patterns of sperm usage in D. santomea females. Single
matings between D. santomea females and D. yakuba males
occur infrequently, as sexual isolation between these species
is very strong in this direction of the cross (Coyne et al.
2002). Moreover, D. santomea females rarely remate after
first mating with D. yakuba males: only one of seven D.
santomea female remated conspecifically after first mating to
a D. yakuba male, which yielded a P, = 0.11.

Therefore, no evidence for CSP exists in D. santomea fe-
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TaBLE 4. Comparisons of remating propensity between Drosoph-
ila yakuba sepia (yaks) females and D. santomea red, copper (san'c)
females to conspecific and heterospecific males.

Mating First Second Frequency of

type Female male male Total remating
2 yakse yakse yak* 194 0.0928
3 yakse yakse san* 194 0.206
5 yakse yak* yakse 278 0.0791
6 yakse yak* san* 262 0.137
8 yakse san* yakse 23 0.913
9 yakse san* yak+ 22 1

11 san'c san'c san”* 128 0.18

12 sanr¢ sanrc yak* 220 0.0454

14 san'c yak* san'c 7 0.143

15 sanr¢ yak* san* 7 0

males. It is formally possible that this result is due to fewer
number of sperm stored from first matings of D. santomea
red, copper males and females, as D. santomea red, copper
females who remated in these experiments produced fewer
offspring during four days after their first mating (see above).

Index of Noncompetitive Gametic Isolation

The strength of gametic isolation can be estimated using
a modification of Coyne and Orr’s (1989, 1997) index of
sexual isolation in no-choice mating experiments, Is = 1 —
(number of heterospecific matings/number of conspecific
matings). Here, instead of considering the number of matings,
| consider the relative mean number of eggs fertilized in
heterospecific versus conspecific single matings. Thus, the
index of noncompetitive gametic isolationisly = 1 — (mean
number of offspring produced by heterospecific single mat-
ings/mean number of offspring produced by conspecific sin-
gle matings). In matings involving D. yakuba females, Iy =
0.576, and for those involving D. santomea females, I, =
0.795. Combining data from both directions of the cross, the
total index of noncompetitive gametic isolation isly = 0.653.
It is important to note that this index does not account for
the additional isolation caused by CSP.

Remating Propensity

Table 4 gives the remating propensity between D. yakuba
sepia females and D. santomea red, copper females. Com-
parison of remating frequencies show that D. yakuba females,
once mated, are more likely to remate both conspecifically
and heterospecifically than are D. santomea females (types
2,3,5,6,8,9vs. 11, 12, 14, 15; P = 0.0012, Fisher’s Exact
test). This difference in remating propensity between females
of the two species cannot be explained by low numbers of
sperm stored in the reproductive tracts of D. yakuba females:
singly and doubly mated D. yakuba females produce com-
parable number of offspring (see above).

Surprisingly, D. yakuba females who first mate with con-
specific males are twice as likely to remate heterospecifically
as conspecifically (types 3 and 6 vs. types 2 and 5; P =
0.0002, Fisher's Exact test; all following P-values in this
section are derived from Fisher's Exact tests of remating
frequencies). In contrast, D. santomea red, copper females
who first mated to D. santomea red, copper males remate far
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more readily with D. santomea wild-type males than with D.
yakuba males (mating type 11 vs. type 12, P < 0.0001). This
finding is consistent with the strong sexual isolation in single
matings between D. santomea females and D. yakuba males
(Coyne et al. 2002).

Drosophila yakuba females who mate first to D. santomea
wild-type males are far morelikely to remate than are females
who mate first with conspecific males (P < 0.0001 for type
2 vs. type 9, type 5 vs. type 8, and pooled for types 2 and
5 vs. 8 and 9). Among doubly mated D. yakuba females,
those first mated conspecifically produce greater number of
progeny before remating than those first mated heterospe-
cifically (unpaired ti35 = 6.246, P < 0.0001). This is con-
sistent with the noncompetitive gametic isolation between D.
yakuba and D. santomea shown above.

Heterospecific matings between D. santomea females and
D. yakuba males are rare (approximately 20% of these mat-
ings are successful; see also Coyne et al. 2002); rematings
occur even less frequently (14.3%). Thus, it is difficult to
test if differences in remating behavior exist between D. san-
tomea females who were first mated heterospecifically and
those first mated conspecifically. However, the limited results
suggest that there is no difference in remating propensity
between D. santomea females who first mated conspecifically
versus heterospecifically (types 11 and 12 vs. types 14 and
15, P > 0.9999). Drosophila santomea females who first mate
with D. santomea red, copper males are not more likely to
remate with wild-type conspecific males than those who first
mate with D. yakuba males (type 11 vs. 15, P = 0.6025).

Thus, remating propensity appears to differ between D.
yakuba and D. santomea females. Curiously, D. yakuba fe-
males who first mate conspecifically are more likely to remate
with heterospecific males than with conspecific males. Dro-
sophila santomea females who first mate conspecifically are
more likely to remate with conspecific males than with het-
erospecific males. The reluctance of D. santomea females to
mate ‘‘incorrectly’” with heterospecific males affects not only
first matings but also subsequent encounters with D. yakuba
males.

Discussion

The present study identifies two ‘‘cryptic’’ reproductive
isolating barriers that have evolved between D. yakuba and
its sister species D. santomea in addition to the sexual iso-
lation and hybrid male sterility in both directions of the cross
previously documented (Lachaise et al. 2000; Coyne et al.
2002). First, noncompetitive gametic isolation occurs be-
tween these species. Heterospecific single matings produce
fewer offspring than any conspecific single mating. Egg
hatchability experiments show that eggs produced by het-
erospecifically mated females are less likely to hatch than
those produced by conspecifically mated females. Second,
conspecific sperm precedence, a competitive form of gametic
isolation, occurs in one direction of hybridization.

Noncompetitive Gametic |solation

Heterospecific single matings between D. yakuba and D.
santomea produce significantly fewer progeny, in both di-
rections of the cross, than both types of conspecific mating
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(Fig. 1). This deficit constitutes a noncompetitive form of
‘“cryptic’’ reproductive isolation at the gamete level. Het-
erospecific sperm suffer some disadvantage within the re-
productive tract of heterospecific females, resulting in de-
creased fertilization success. Females are penalized more se-
verely than males for ‘‘incorrect’”” matings, as they will not
be sexually receptive again for several days. Heterospecific
single matings cause fitness losses for both sexes.

Other forms of noncompetitive gametic isolation have been
documented in previous studies of isolating barriers in in-
sects. In these studies, noncompetitive gametic isolation is
typically the result of sperm transfer or storage problemsin
heterospecific females (Katakura 1986; Gregory and Howard
1994; Price et al. 2001). Interestingly, in Drosophila, het-
erospecific single matings often produced mor e offspring than
conspecific single matings. For example, single matings be-
tween cosmopolitan and Zimbabwe ‘‘races’’ of D. melano-
gaster produced more offspring than single matings within
both races (Dixon et al. 2003). In the D. simulans group,
matings between D. mauritiana males and D. simulans fe-
males produced more hybrid offspring than matings between
D. mauritiana males and D. mauritiana females (Price 1997).
However, matings between D. simulans males and D. maur-
itiana females produced fewer hybrid offspring than matings
between D. simulans males and D. simulans females. Thus,
in contrast to D. yakuba and D. santomea, noncompetitive
gametic isolation between D. simulans and D. mauritiana is
asymmetric.

CSP in Drosophila yakuba Females

In double conspecific matings of D. yakuba females, the
second male sires the majority of the offspring. However,
second mal e precedence does not occur when conspecific and
then heterospecific males mate with D. yakuba females. Thus,
in matings with D. yakuba females, first-mating D. yakuba
males enjoy a fertilization advantage at the expense of sec-
ond-mating D. santomea males.

Conspecific sperm precedence between D. yakuba and D.
santomea is incomplete in two respects. For one, first-mating
D. yakuba males do not have an advantage over first-mating
D. santomea males when D. yakuba femal es are subsequently
mated to D. yakuba males. In contrast, CSP occurs in D.
simulans females in crosses with D. mauritiana males, re-
gardless of mating order (Price 1997). For another, there is
no evidence of CSP in D. santomea females. Conspecific
sperm precedence is thus asymmetrical in crosses between
these two sister species. Earlier studies on CSP between D.
simulans and D. mauritiana were unable to examine CSP in
both directions of hybridization, as D. mauritiana females
rarely remate (Price 1997). Alipaz et al. (2001) documented
asymmetric gametic isolation between Zimbabwe and cos-
mopolitan races of D. melanogaster and speculated that dif-
ferences in gamete recognition may be responsible. In Dro-
sophila, mismatches in the seminal receptacle length and
sperm length can also generate asymmetries in sperm usage
(Miller and Pitnick 2002). It is conceivable that differences
in seminal receptacle and sperm length in D. yakuba and D.
santomea contribute to the observed asymmetry in CSP. In
any case, it is clear that the well-documented asymmetries
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in sexual isolating barriers (Arnold 1976; Kaneshiro 1980;
Shine et al. 2002) also extend to gametic isolating barriers.

Comparison of reproductive isolating barriers between dif-
ferent species pairs in the same group provides some insight
to the relative rate of evolution of isolating barriers. Such
information may indicate which barriers are important in im-
peding gene flow during the process of speciation (Coyne
and Orr 1989, 1997). For example, the sympatric ground
crickets Allonemobius fasciatus and A. socius appear to be
isolated only by CSP, suggesting that CSP evolved faster
than other forms of isolating barriers in this species pair
(Gregory and Howard 1994). In Drosophila, gameticisolation
has been studied only between afew taxa and no clear pattern
of the relative rates of evolution of gametic isolating barriers
emerges. The similarity in divergence times between D. yak-
uba and D. santomea (~450,000 years; Cariou et al. 2001)
and between D. simulans and its two sister species (~260,000
to 410,000 years; Kliman et al. 2000) suggests that the evo-
lution of CSP has been slower in the former species pair. In
contrast, noncompetitive isolation appears to have evolved
faster between D. yakuba and D. santomea than between D.
simulans and D. mauritiana. The data currently available thus
suggest that, in Drosophila, gametic isolation evolves at rates
similar to other forms of isolation: gametic isolation is only
found between taxa also isolated by behavioral isolation and
hybrid sterility and/or inviability (Price 1997; Dixon et al.
2003; present study).

Differences in Remating Propensity

Drosophila yakuba and D. santomea females differ with
respect to remating propensity after initially mating with
males of their own species: D. yakuba females are morelikely
to remate heterospecifically than conspecifically. In contrast,
D. santomea females more readily remate with conspecific
males than with heterospecific males, paralleling their pref-
erence in single matings (Coyne et al. 2002).

Mate preference in single matings of D. yakuba females
does not explain mate preference in second matings of D.
yakuba females who first mated with conspecific males. Coy-
ne et a. (2002) found that, in single matings, D. yakuba
females are more likely to mate with D. santomea males than
D. santomea females are with D. yakuba males. If mate pref-
erence in second matings were identical to that seen in first
matings, one would expect D. yakuba femal es to remate more
frequently to conspecific males. Furthermore, D. yakuba fe-
males who remate heterospecifically typically do not use a
significant amount of sperm from the second matings. Dro-
sophila yakuba females who mate twice with conspecific
males invariably produce more pure-species progeny than
those who first mate conspecifically and then heterospecifi-
caly (unpaired tog = 6.961, P < 0.0001). Thus, relative to
conspecific double matings, heterospecific second matings
serve only to decrease the fitness of D. yakuba females who
have already mated to conspecific males.

Conclusions

Drosophila yakuba and D. santomea have overlapping
ranges on the island of Sao Tomé, forming a hybrid zone
over an altitudinal gradient (D. santomea occurs at higher
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altitudes). Interspecific crosses in the laboratory involving D.
santomea females show stronger sexual isolation than those
involving D. yakuba females (Coyne et al. 2002). Coyne et
al.’s (2002) study noted that the level of sexual isolation
observed in these lab crosses is insufficient to account for
the very low frequency of F; hybrids found in nature (~ 1%;
Lachaise et al. 2000). If sexual isolation is not stronger in
nature than in the laboratory, then other reproductive isolat-
ing barriers must operate to maintain these species as distinct
entities in the face of hybridization. The findings reported
here—noncompetitive gametic isolation and CSP—suggest
that postmating, prezygotic barriers also contribute to the low
frequency of hybrids. Differences in ecology (such as re-
source or habitat preference) probably play an additional role
in isolating these species in nature, although ecologically
based barriers are difficult to study in Drosophila.
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