
Fig. 4. 510-(3 mRNA is expressed in LOW F faster upon p combination. This observation is con- 

quail hair cells. In situ hybridiza- sistent with the hypothesis that p subunits pr~ncipal- 

tion was performed on cochlear /7 ly affect channel open states, with lesser infl-ence on 

cross sections (23). Solid arrow- 1 / closea-to-open transitions. Activation steps were 
made from negative voltages at which the channels heads point to the rows of hair ki>----+ were full, closed. Symmetrical slow~ng of activat~on 

cells in the basilar papilla. The ana aeactivation ay p would be expected for small 
tonotopic positions of the sections excursions about a voltage level at which some frac- 
are shown on the schematic co- i /' tion of channels are in the open state, as observed in 
chlear duct [low frequency (F), 
apical end on top] at left. The W ----- tonotopic axis of the chick extends ‘-i 

from 100 to 5000 Hz Hair cell 
slo-p decreases from lowest to 
highest freq~ency regions. Label 
intensity in the tegmentum vascu- 
losum (open arrowheads) did not 
vary systematically. 

High F 

were studied here, and other alternate exons 
(7-9) may provide still further variation. 
Also, additional P subunits, as yet unknown, 
could provide still other forms of modulation 
to hair cell channels. The challenge remains 
to match particular channel proteins to the 
functional properties of an identified hair 
cell. Finally, the impressive conservation of 
channel function among the hair cells of am- 
phibia, reptiles, and birds raises expectations 
that related molecular mechanisms will be 
found in the mammalian cochlea, where de- 
velopmental changes in hair cell excitability 
(25) parallel the embryonic acquisition of BK 
channels in chick cochlear hair cells (26). 
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Female x Male Interactions in 
Drosophila Sperm Competition 

Andrew G. Clark,* David J. Begun, Timothy Prout 

In several organisms, the success of a male's sperm in  multiply inseminated 
females depends on the male's genotype. In Drosophila, the female also plays 
a role in  determining which sperm are successful. Pairwise tests among six 
isogenic lines of Drosophila melanogaster were performed t o  determine wheth- 
er there is a genotype-specific interaction in  the success of sperm. The success 
of a particular male's sperm was found t o  depend on the genotype of the female 
wi th  which he mates, providing evidence for an interaction w i th  profound 
evolutionary consequences. 

Males and females face very different problems 
in trying to assure that their gametes are used 
maximally. Males that can co-opt females into 
using their sperm are at an advantage over other 
males. Ignoring the complexities of mating be- 
havior, there is an enormous opportunity for 
variation in the success of different males' 
sperm in multiply mated females. Genes that 

give such an advantage to one male's sperm are 
expected to increase in the population, even if 
this increase causes a decline in the viability or 
fertility of the mother or offspring (I). Females 
cannot afford to let males be the sole determi- 
nant of which gametes are used, especially if 
evolution in males results in deleterious conse- 
quences for the female (2-4). 
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In the case of Dvosophila, females mate 
before stored sperm are exhausted, resulting 
in sperm from more than one male being 
present in the storage organs of females (5). 
Extensive variation among male genotypes in 
the competitive success of sperm in multiply 
mated females has been documented for Dvo- 
sophila melanogaster (6, 7). Similarly, fe- 
males differ widely among genotypes in their 
tendency to exhibit last-male precedence (8). 
A preclusion of the evolutionary response by 
females results in the increased competitive- 
ness of sperm, which comes at a cost to the 
female's life-span (3). This result suggests 
that not \only is there substantial genetic vari- 
ation afiong males in sperm competitiveness, 
but also that females are normally evolving in 
response to male variation in these traits. 
These results beg the question of whether 
there are specific interactions between the 
genotypes of males and females that deter- 
mine the outcome of sperm competition. We 
designed a study to quantify interactions in 
gametic use and found that these interactions 
are quite strong. 

Sperm displacement by a pair of male 
genotypes (9) was tested in both mating or- 

\ 
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ders, with the order (b@, wild) considered as 
a test of the "offense" ability of the wild 
male's sperm to displace the resident tester 
(bd ' )  male's sperm (10) (Table 1). The other 
order (wild, b@) was considered as a test of 
"defense" and scored how well the wild 
male's sperm resisted being displaced by the 
tester male (11). Additional tests were done 
to verify that multiple mating within any trial 
time was rare (12). If the different genotypes 
varied in viability, this might appear as a 
spurious sperm displacement effect (13). The 
segregation ratios were used to score viabil- 
ities in four separate crosses, including +ii 
bwD X +]i+,, +,i+ X bd' i+, ,  bwDi+i X 
+,/+,, and +,if X +,ibwD, where the fe- 
male genotype is given first, the allele of 
maternal origin is given before the slash, and 
i and j represent all six lines. Segregation 
ratios were scored in more than 1500 vials 
(>45,000 flies) and were found to be heter- 
ogeneous among the 36 crosses by an analy- 
sis of variation (ANOVA) (not shown), but 
the magnitude of the differences was not 
great (Fig. 1). If the fractions of wild and bw 
offspring were k and (1 - k), then dividing the 
counts of wild and bw offspring by 2k and 2(1 
- k), respectively, will compensate for the 
segregation effects. 

Variability among the 36 crosses in the de- 
gree of sperm displacement is extensive (Fig. 
2). An inspection of the line means suggested 
that both male and female effects on P1 and P2 
are evident, which is consistent with earlier 
studies. (PI is the fraction of offspring sired by 
the homozygous wild-type male when he is the 

first male to mate and is generally well under 
%; P2 is the fraction of offspring for each cross 
that were fathered by the second male, when the 
second male to mate is wild type.) A three-way 
ANOVA was used to test the null hypothesis 
that the degree of sperm precedence was the 
same in all crosses (Table 2). The tests were 
performed both with and without compensation 
for the segregation differences. Test location 
(California, Pennsylvania, or Texas) was treat- 
ed as a cross classification (along with the line), 
because environmental conditions were differ- 
ent in the three locations and line X location 
interactions are equivalent to biologically inter- 
esting gene X environment interactions. On 
average, 19.3 replicate tests were done for each 
of the 36 crosses at each location, and 124,881 
offspring from 6246 vials were scored. 

The location X female X male interaction 
was significant in both tests, meaning that the 
rank order of female X male interactions in 
P1 and P2 differed at the different sites. A 
conservative test of the female X male 
interaction was to use a composite MS, 
including the three-way interaction MS as 
the denominator, and this test yielded a 
significant female X male interaction for 
P1 only. When the ANOVA was performed 
for each location separately, the tail prob- 
abilities for the female X male interaction 
in the defense tests were 0.2787, 0.0001, 
and 0.05 18 for California, Pennsylvania, 
and Texas, respectively; the offense tests 
had respective tail probabilities of 0.2085, 
0.0001, and 0.0102. The likely cause for 
the lower significance of the California 

Male genotype B 
1.0 

Fig. 1 (Left). Segregation ratios for the 36 pairwise combinations 
of six lines. Each point represents the average across replications 
of the four segregation tests, and each has an average standard 0.0 
error of 0.014. The six lines represent the six female genotypes 
(solid circle, 1; solid diamond, 2; open circle, 3; open square, 4; 
cross, 5; and open triangle, 6). The means were found t o  be 

0.6 
ai 

significantly heterogeneous, so departures from Mendelian seg- 2 
regation of offspring counts were compensated in estimates of 0.7 
the sperm displacement parameters PI and P2. Fig. 2 (right). 
(A) The defense component of sperm displacement, PI, plotted 
for all 36 combinations of male and female genotypes. The 0.6 

interaction between male and female genotypes is evident from 
the crossing of the lines connecting female genotypes. Symbols 0.5 
are as in Fig. 1. (B) The offense component, P2, is plotted as in Fig. 1 2 3 4 5 6 
2A. Male genotype 
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samples was that the California sample size 
was 20% that of the Pennsylvania sample 
and 30% that of the Texas sample. 

We also constructed the null distribution of 
the interaction MS by randomly permuting the 
observed data, shuffling the observed measure 
(P1 or P2 in this case) in relation to the classi- 
fication variables that were being tested. For 
each permuted data set, the MS was calculated 
again. With sufficient replication (n = 10,000), 
the permuted samples provided the best picture 
of the null distribution that was compatible with 
the sample structure, although ideally the test 
would conserve the marginal male and female 
effects (14):.fie MS of female X male inter- 
action was found to fall m the null distribution 
with 0 out of 10,000 replicates having a greater 
P1 and 12 out of 10,000 having a greater P2. 
The case for female X male interaction in both 
components of sperm competition is quite 
strong. 

The relative success of the sperm from the 
same or different strains is compared in Fig. 
2. The rank of competitive ability of the line 
1 sperm in offense tests in females of line 1 
was 3 (out of 6). The ranks for the other five 
lines were 3, 4, 5,, 6, and 6 (out of 6). A 
permutation test showed that the probability 
of getting ranks as high or higher than these 
by chance was <0.002, so it appears that 
females are avoiding sperm from their own 
line, which is consistent with an inbreeding 
avoidance. There was no such association in 

Table 1. Experimental design. 

Second 1 1 Z 1 male 1 
Defense female i 1 male j bwD I I test 

I O!::?- 
1 female i I b w ~  1 male j ( 

the defense tests [ranks were 1, 1, 5, 4, 3, and 
5 (out of 6)]. Offense and defense compo- 
nents appear to be physiologically distinct, 
because, consistent with previous findings 
(11), offense and defense components of 
sperm displacement were uncorrelated 
[Spearman rank correlation of the line means 
of P1 versus P2 was 0.155 (P < 0.365)]. 

Physiological mechanisms suggest that fe- 
male X male interactions in the manifestation 
of sperm precedence ought to be expected. The 
uptake of seminal proteins by females varies 
widely across speciesi and often, radiolabel in- 
corporation is seen in somatic tissue (15). There 
is abundant evidence that male accessory gland 
proteins, which are transmitted to the female in 
seminal fluid, mediate egg laying, sperm use, 
remating, and other behavioral changes in the 
female (16). There also is apparently strong 
conspecific recognition of sperm, which may be 
important in the evolution of isolating mecha- 
nisms (1 7). Seminal proteins are h~ghly variable 
and undergo rapid molecular evolution, which 
is consistent with a male-female coevolutionary 
arms race (18). 

In order to extend models of sperm compe- 
tition (19) to the situation wherein sperm suc- 
cess depends on both the female and male 
genotypes, a matrix of sperm displacement pa- 
rameters must be constructed for all mating 
combinations. Computer simulations of the 
simplest two-allele model with female X male 
interactions demonstrate that not only can poly- 
morphism~ be maintained by this model, but 
this model can exhibit complex cycling dynam- 
ics. The mode of selection suggests that rapid 
allele turnover would occur and that polymor- 
phism among alleles with strong differences in 
sperm competitive ability is not unlikely. 

When laboratory populations were allowed 
to evolve in such a way that female-specific 
responses could not occur, remating was faster 
and female fitness was reduced (3, 4). This 
implies that evolution results in male traits that 
are in conflict with female fitness. Females 

Table 2. Analysis of variance of sperm displacement parameters PI and P2. df, degrees of freedom; MS, 
mean square; F,,,,, F statistic for segregation-compensated data; F,,,,rnp, F statistic for uncompensated 
data; dash, not applicable. 

normally respond to this evolution to keep the 
deleterious effects of male evolution in check, 
and evolutionary changes in females, in turn, 
change the males' mating and sperm competi- 
tive ability. The male-female signaling that is 
evidently involved in decisions about remating 
and sperm use is not simple, but it may have 
profound fitness consequences. The resulting 
antagonistic coevolution may be responsible for 
the rapid rate of molecular evolution of genes 
encoding seminal proteins. 
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