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Summary

In Drosophila, sperm length and the length of the females’ primary sperm-storage organ have rapidly
coevolved through post-copulatory sexual selection. This pattern is evident even among geographic
populations of Drosophila mojavensis. To understand better these traits of potential importance for
speciation, we performed quantitative genetic analysis of both seminal receptacle length and sperm
length in two divergent populations. Parental strains, F;, F; reciprocal (Fy;), F,, F,;, backcross and
backcross reciprocal generations were used in a line-cross (generation means) analysis. Seminal
receptacle length is largely an autosomal additive trait, whereas additivity, dominance and epistasis
all contributed to the means of sperm length. Either an X-chromosome or a Y-chromosome effect
was necessary for models of sperm length to be significant. However, the overall contributions from

the X and Y chromosomes to sperm length was small.

1. Introduction

Sperm morphology exhibits dramatic evolutionary
divergence (e.g. Jamieson, 1987, 1991; Briskie &
Montgomerie 1992 ; Gage, 1994, 1998 ; Stockley et al.,
1996). Rapid sperm evolution is well illustrated by
the genus Drosophila, in which sperm length varies
from 0-23 mm in Drosophila subobscura (Snook, 1997)
to over 58 mm in Drosophila bifurca (Pitnick et al.,
1995b), with giant sperm having evolved many times
(Pitnick et al., 1995a). The selective advantage of
longer sperm is especially intriguing given their large
energetic and developmental costs (Pitnick, 1993,
1996; Pitnick et al., 1995a).

Comparative studies of a diverse array of taxa have
found a positive relationship between sperm length
and the risk of sperm competition (Gomendio &
Roldan, 1991; Briskie & Montogomerie, 1992; Gage,
1994 ; Briskie et al., 1997; LaMunyon & Ward, 1998;
Balshine et al., 2001 ; but see Hosken 1997; Stockley
et al., 1997), thus implicating post-copulatory sexual
selection as the causal agent driving sperm length
evolution. Although these correlational studies can-
not establish causation, a recent study of the nema-
tode Caenorhabditis elegans demonstrated that the
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volume of their amoeboid sperm increases when the
risk of encountering sperm competition is exper-
imentally increased (Lamunyon & Ward, 2002). This
effect was attributable exclusively to male-male sperm
competition.

In species with more traditional flagellated sperm,
a female role in postcopulatory selection has been
suggested (Keller & Reeve, 1995; Eberhard, 1996;
Birkhead, 1998; Parker & Partridge, 1998). For ex-
ample, various dimensions of the female reproductive
tract have been found to correlate positively with
sperm length in birds (Briskiec & Montgomerie, 1993),
beetles (Dybas & Dybas, 1981), stalk-eyed flies (Pres-
graves et al., 1999), butterflies (Gage, 1994), moths
(Morrow & Gage, 2000) and Drosophila (Pitnick
et al., 1999). Among Drosophila species, the females’
primary sperm-storage organ, the seminal receptacle
(SR), ranges from 0-41 mm to 81:67 mm long and
is highly correlated with sperm length (2=0-900,
P <0-001; Pitnick et al., 1999). This correlated evol-
ution of sperm and female reproductive tract mor-
phology might be the result of coevolution driven by
postcopulatory sexual selection, with female tract
morphology serving as the proximate mechanism
underlying female sperm choice (Keller & Reeve,
1995; Eberhard, 1996; Birkhead, 1998, 2000; Pitnick
et al., 1999; Pitnick & Brown, 2000).
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This hypothesis was supported by a recent in-
vestigation of the interaction between sperm and SR
length using artificially selected lines of Drosophila
melanogaster (Miller et al., 2001; Miller & Pitnick,
2002, 2003). Sperm length evolution was demon-
strated to occur as a correlated response to selection
on female SR length. Moreover, results of exper-
iments in which males with sperm of different lengths
were competed within females with different SR
lengths confirms that male fertilization success is larg-
ely determined by an interaction between sperm and
SR length (Miller & Pitnick, 2002).

As sperm and female reproductive tract mor-
phology are central to successful reproduction, their
divergence might contribute to reproductive isolation
between populations (Parker & Partridge, 1998;
Howard, 1999; Pitnick ez al., 1999 ; Eady, 2001). Droso-
phila mojavensis has geographically isolated popu-
lations that are considered to be in the early stages of
speciation (Markow & Hocutt, 1998). Examination
of geographical variation in sperm and SR length
throughout the range of D. mojavensis has revealed
significant among-population differences in both traits
in addition to a pattern of strong correlated evolution
between them (Pitnick et al., 2003).

Few studies have examined the genetics of sperm or
female sperm storage organ morphology. Miller et al.
(2001) found that SR length was heritable and could
be fully explained by a completely additive model in
D. melanogaster. Because of the experimental design,
no evaluation of sex-linked genetic effects could be
made. Several studies have suggested a predominant
role for the X or Y chromosomes in determining
sperm length. If true, this would have implications
for sexual selection theory because most quantitat-
ive genetic models assume autosomal inheritance of
characters under strong sexual selection (Andersson,
1994).

Two studies using regression analysis suggest a
substantial role for the X chromosome in sperm
length. In the dungfly Scathophaga stercoraria, Ward
(2000) found that a maternal grandfather—grandson
regression was greater than a paternal grandfather—
grandson regression, implying an X-chromosome
contribution to sperm length. Furthermore, the ma-
ternal grandfather—grandson regression was nonlinear
suggesting that epistatic interactions between the X
chromosome and the autosomes contributed to sperm
length. In the cricket Gryllus bimaculatus, Morrow &
Gage (2001) also suggested an X-chromosome con-
tribution to sperm length, noting that the realized
heritability after four generations of selection was
greater than the heritability measure by father—son
regression.

The only genetic analyses of Drosophila sperm
length have used hybrid crosses between Drosophila
simulans and Drosophila sechellia (sperm lengths of
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I'2mm and 1-6 mm, respectively; Joly et al., 1997;
Macdonald & Goldstein, 1999). These closely related
species can be successfully crossed in one direction
only (D. simulans females by D. sechellia males) to
produce fertile hybrid females and sterile hybrid males.
Using several recessive markers in a D. simulans strain
in a backcrossing design, Joly et al. (1997) dem-
onstrated that D. simulans cyst length (mature cysts
were measured as an estimate of sperm length) was
autosomally dominant over D. sechellia, and that there
were strong epistatic interactions between inter-
specific chromosomes. Although the X-chromosome
had no major effect on sperm length, they did find
that the Y chromosome of D. sechellia in a D. simu-
lans background reduced sperm length. By contrast,
MacDonald & Goldstein (1999) performed a quanti-
tative trait locus analysis using a similar backcrossing
scheme and found that cyst length quantitative trait
loci were few and limited to the X chromosome.

The rapid divergence of sperm and SR lengths
among populations of D. mojavensis (Pitnick et al.,
2003) allows for detailed intraspecific genetic analy-
sis. Here, we report a quantitative genetic analysis
of both an organ of female sperm choice (SR length)
and the interacting male character undergoing
sexual selection (sperm length). Means analysis was
performed on populations collected from Organ
Pipe National Monument (AZ, USA) (sperm length +
SE=1-847+0-007; SR length+SE=4-753+0-076)
and from Whitmore Canyon of the Grand Canyon
(AZ, USA) (sperm length+SE=1-766+0-013; SR
length +SE =4:099 +0-071), hereafter referred to as
the high (H) and low (L) lines, respectively. These two
populations were chosen because of their relatively
large differences in sperm and SR length despite their
relative geographical proximity. Line crosses between
the populations were used to model the additive,
dominance, epistatic, maternal, cytoplasmic and X-
and Y-chromosome genetic contributions. It should
be realized that the LP inversion in the high line (Ruiz
et al., 1990; Etges et al., 1999) will limit some recom-
bination on the second chromosome.

2. Materials and methods
(1) Culturing and crosses

Laboratory cultures of the two populations were es-
tablished from multi-female collections made in April
of 1998 for the H line and in November of 1996 for the
L line (generously provided by T. A. Markow). We
maintained the lines in our laboratory for one year
prior to analysis. All crosses were performed with flies
reared at low density on standard banana medium in
200 ml bottles. The H and L lines were used to gen-
erate ten lines, four of which were non-segregating
lines (parental H and L, and F; and F;;) and six
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Table 1. Source of genetic lines used in the generation
means analysis

Source

Line Designation  Female  Male

High H H H

Backcross high BH H Fip?

Backcross high BH, Fip H
reciprocal

First filial F, H L
generation

First filial generation F,, L H
reciprocal

Second filial Fja F, F,
generation

Second filial generation  Fyy, Fir Fir
reciprocal

Backcross low BL, Fip L
reciprocal

Backcross low BL L Fip

Low L L L

% Fyp is pool F; +Fy,.

of which were segregating lines (F,,, Fa, and four
backcrosses). Line designations are listed in Table 1.
Breeding was scheduled so that all crosses were reared
and examined contemporaneously, thus negating any
temporal environmental influence. The means and
variances of SR length and sperm length were used to
analyse the quantitative genetics by generation means
or line-cross analysis (Mather & Jinks, 1982; Lynch &
Walsh, 1998). The methods for the means analysis are
outlined below.

(i1) Measurement of sperm and SR lengths

The sperm length of each anaesthetized male was
measured by dissecting the seminal vesicles into
phosphate-buffered saline (PBS) on a subbed (gelatine
coated) slide. After releasing a few hundred sperm
into the saline, preparations were dried in a 60 °C
oven, fixed in methanol:acetic acid (3:1) and then
mounted with glycerol:PBS (9:1) under a glass
coverslip. Digital images of sperm using dark-field
optics at a magnification of 200 x were obtained using
a Dage CCD72 camera mounted on an Olympus
BX60 microscope. Sperm were measured to the near-
est 10 um using NIH Image public-domain software
(http://rsb.info.nih.gov/nih-image).

For each female, following anaesthetization with
ether, the reproductive tract was dissected into PBS
on a microscope slide. A glass coverslip was placed on
top with clay at the corners that allowed flattening of
the SR to two dimensions without stretching the or-
gan. The preparation was then viewed at 200 x using
differential interference contrast microscopy. A digi-
tized image of the SR was obtained and organ length
determined by tracing its lumen using NIH Image.
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(iii) Means analysis

Alternative genetic models for both sperm length and
SR length were evaluated based on the ten line
crosses. The initial models assessed discrete auto-
somal, maternal, cytological and X and Y genetic ef-
fects. The best-fitting models were used as the basis
upon which systematically to add other genetic ef-
fects, which were then retained in future models only
if they improved the overall fit of the model. In these
crosses, a maternal cytoplasmic effect is not dis-
tinguishable from a maternal nuclear composite ad-
ditive effect.

For all models, weighted least-squares procedures
were used to estimate the parameters contained in
vector y and their variances from the diagonal of their
variance covariance matrix S (Mather & Jinks, 1982;
Lynch & Walsh, 1998). The estimates of y and S are
obtained as

y=(C'VC)'C'vx
and
S="v'o),

where C is the coefficient matrix for the contribution
of effects to each line mean, V is the diagonal matrix
of the error variances of each line mean and x is
the vector of observed line means. Goodness of fit
of each model was tested using a y2 where y*=
x'V~Ix —x'V~ICy (Hayman, 1958).

The degrees of freedom for this y* is the number
of line means minus the number of parameters in
the model. The significance of model parameters was
evaluated using F statistics by comparing improve-
ment of the goodness of fit after modifying model
parameters. Notice that P values increase as the fit of
the model improves; models are considered significant
at P>=0-05.

3. Results

The means, variances and sample sizes for sperm
length and SR length are listed for all line-crosses in
Table 2. Because SR length was positively correlated
with thorax length, analysis of covariance (ANCO-
VA) was used to statistically control for body size ef-
fects. There was no relationship between body size
and sperm length.

(1) Results of line cross for sperm length

Table 3 shows the basic sperm length models (1-9)
and additional models (10-20) involving both autoso-
mal and sex-chromosome effects. When analysing all
effects separately, the best-fitting model was an auto-
somal model including additive [d], dominance [h],
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Table 2. Means, standard errors and sample sizes (n)
for both sperm and SR length for all line crosses

Sperm SR
Line Mean SE n Mean SE n
H 1-847 0-0068 15 4-768 0-1011 15
BH 1-868 0-0082 30 4-591 0-0715 30
BH, 1-875 0-0071 30 4-723 0-0714 30
F, 1-822 0-0084 20 4-618 0-0879 20
Fi: 1-844 0-0059 20 4-572 0-0879 20
F,, 1-833 0-0057 50 4-417 0-0553 50
Fyy 1-832 0-0086 49 4-508 0-0565 50
BL, 1-812 0-0083 29 4-495 0-0722 30
BL 1-853 0-0089 30 4-250 0-0717 30
L 1-766 0-0126 15 4-101 0-1009 15

additive x additive [i] and dominance x dominance [I]
epistasis. However, this model was not adequate
(x*=169, P<0-05) to describe the means. The in-
clusion of additive x dominance [j] epistasis did not
improve the model and was removed from further
analysis.

Additional models for sperm length capturing X-
and Y-chromosomal effects, mixed non-epistatic auto-
somal genetic activity in combination with X, Y or
both X and Y chromosomal effects were tested
(10—15) but none was adequate (Table 3). Models that
included epistatic autosomal effects with sex chro-
mosomes acting independently or epistatically with
additive autosomal effects (Table 3, 16-20) showed
that the best autosomal model (including d, h, i and 1)
was significantly improved by adding X-chromoso-
mal effects [d,] (model 16, y*=5-8, P=0-21) and by
including X-additive x autosomal-additive interac-
tions [i,,] (model 17, *=1-9, P=0-59).

Even though the autosomal-X model was ad-
equate, we were interested in the possibility that the Y
chromosome could be involved. Table 3 shows that
models involving Y and autosomal-Y interactions
(18, 19) are also adequate (x*=10-3, P=0-04 and
¥2=6"1, P=0-08) for describing the line means but not
as good as the autosomal-X model. Model 20, which
included both X and Y effects, did not show an im-
provement over the model showing only X effects (16).

Table 4 shows the relative contributions to the
means of each effect for models 16-19. For each
model, dominance [h] and dominance by dominance
[1] epistasis were the largest contributors. Although
additive and sex-chromosome effects were necessary
for models to be acceptable, their relative contri-
butions to sperm length were small.

(1) Results of line cross for SR length

Table 5 shows the most relevant models tested for SR
length. Of the basic effects tested separately, only the
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autosomal effects were adequate. The best fit was a
simple model with additive [d] and dominance [h] ef-
fects (model 2, ¥*=10-3, P=0-17). Epistatic interac-
tions did not improve the model. Maternal (4—6),
cytoplasmic (7, 8), and X-chromosome effects (9—11)
also did not significantly improve the overall model.
The relative contribution of additive genetic variance
to the mean of SR length was 0-31.

4. Discussion

Sperm length differences between two divergent
populations of D. mojavensis were mainly the result
of dominance and epistatic genetic interactions, with
smaller contributions from additive genetic elements.
Although they were mainly autosomal, either an X-
chromosome or a Y-chromosome effect must be
included in the analysis in order for models to be
statistically adequate. These sex-linkage effects none-
theless offer a relatively minor contribution to the
overall model (Table 4) and compose substantially
less than might expected because the X-chromosome
constitutes a large portion of the genome (20—40 %)
in Drosophila (Turelli & Begun, 1997). As reported
for D. melanogaster (Miller et al., 2001), SR length in
D. mojavensis is mainly determined by large additive
genetic effects, possibly with an autosomal dominance
contribution and no apparent sex linkage. Although
similar results for SR length were found for D. mela-
nogaster and D. mojavensis, the current study is based
on crosses between only two populations and thus the
generality of our results should be considered with
caution.

Previous examinations of sperm length have found
extremely high heritabilities in the mouse Mus mus-
culus (0-76 +0-02; Woolley, 1971), the yellow dungfly
S. stercoraria (0-67; Ward, 2000), the cricket G. bi-
maculatus (1-04+0-06; Morrow & Gage, 2001) and
the dung beetle Onthogophagus taurus (between
0-57+0-31 and 1-14+0-61; Simmons & Kotiaho,
2002). All of these estimates are much greater than
average estimates of heritability found for fitness-
related traits (0-26 +£0-02; Mousseau & Roff, 1987),
suggesting that sperm length is not subject to strong
selection in these species. Simmons & Kotiano (2002)
argue that sperm competition will have little impact
on sperm length, and Morrow & Gage (2001) found
that sperm length in G. bimaculatus had no impact on
male fertilization success. As modelled by Parker
(1998), sperm length is generally subject to stabilizing
selection, whereas sperm numbers are the focus of
directional sexual selection.

By contrast, the phylogenetic distribution of sperm
lengths in Drosophila suggests rapid directional selec-
tion of this trait throughout the genus (Joly et al.,
1991 ; Pitnick et al., 1995a). This conclusion is further
supported by the observation of significant differences
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Table 3. Sperm length models. It is not possible to include [h] and [i.,] in the same model because they
effectively estimate the same quantity for the given set of crosses
Autosomal Maternal Interactions
Cyto X Y

Model m [d] [h] [ [ [ [dn] [hw] ¢ [did  [dy]  [iy]  [iad  [ly]  #° daf. P

1 + 4+ + 453 7 <0-01

2 +  + + + +  + 169 4 <0-01

3 + 4+ + + + 169 5 <0-01

4 + + + 90-3 7 <0-01

5 + + 91-:6 8 <0-01

6 + + 904 8 <0-01

7 + + 588 8 <0-01

8 + + + 532 7 <0-01

9 + + + + 50-7 6 <0-01
10 +  + + + 370 6 <0-01
11 + 4+ + + + 356 5 <0-01
12 +  + + + 400 6 <0-01
13 +  + + + + 292 5 <0-01
14 +  + + + + + + 26:8 3 <0-01
15 +  + + + + + + 26:8 3 <0-01
16 +  + + + + + 58 4 0-21
17 + + + + + + + 19 3 0-59
18 +  + + + + + 103 4 0-04
19 + +  + + + + + 67 3 0-08
20 + + + + + + + 58 3 0-12

Labels: m, means; [d], additive; [h], dominance; [i], additive x additive epistasis; [j], additive x dominance epistasis;
[1], dominance x dominance epistasis; [d,,], maternal additive; [h,,], maternal dominance; c, cytological; [d,], additive on
X chromosome; [d,], additive on Y chromosome; [iy,], X-chromosome x Y-chromosome epistasis; [i.x], autosome x
X-chromosome epistasis; [i,y], autosome x Y-chromosome epistasis.

Table 4. Estimates for models 16—19 showing the relative contributions of
the various factors and the standard errors for the contribution

16 17 18 19

m 1-730 4+ 0-026* 1-730 4+ 0-026* 1-746 +0-027* 1-743 40-027*
[d] 0-054+0-007* 0-055+0-007* 0-032+0-007* 0-032+0-007*
[h] 0-298 +0-065* 0-310+0-065* 0-271 +0-066* 0-282 4 0-066*
[i] 0-073 +0-026* 0-045+0-029 0-060+ 0-026* 0-094 +0-032*
[ —02004+0-041*  —0208+0:041* —0-184+0:041* —0-191+0-041*
[dJ  —0:01440-004*  —0-01540-004*

[dy] 0-009 +0-003* 0-009 4 0-003*
[iae] 0-032+0-016

[iay] —0:030+0-016
P 583 1-90 10-32 673

d.f. 4 3 4 3

P 021 0-59 0-04 0-08

* Significant contribution (a=0-05).

among geographic populations of D. mojavensis (Pit-
nick et al., 2003). The relatively small additive con-
tribution to sperm length reported here is consistent
with a history of strong postcopulatory selection on
this trait. In Drosophila, variation in sperm length
probably contributes more to differential male ferti-
lization success than does sperm numbers (Miller &
Pitnick, 20025).

The degree to which traits are sex linked might also
be a function of the mode of selection. In a recent
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survey examining reciprocal crosses, Reinhold (1998)
found that X-chromosome genes significantly influ-
enced sexually selected traits, whereas non-sexually
selected traits showed little or no X linkage. Reinhold
(1999) further demonstrated that, if sex-limited
traits are undergoing fluctuating selection, the hetero-
gametic sex should possess traits that are pre-
dominantly influenced by X-chromosome genes.
Fluctuating selection on sex-limited traits is con-
sidered to be widespread (Hamilton & Zuk, 1982;
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Table 5. Models tested for SR length

218

Autosomal Maternal X
Cyto
Model m [d] [h] [] [ [ [dw] [hw] ¢ dd [l ¢ df P
1 + + 135 8 0-10
2 + + + 10-:3 7 0-17
3 + + 4+ + + + 89 4 0-06
4 + + + 129 7 0-08
5 + + + + 12-1 6 0-:06
6 + + + + + 88 5 0-12
7 + + + 133 7 0-07
8 + + + —+ 102 6 0-12
9 + + + 12-1 7 0-10
10 + 4+ + + 90 6 0-18
11 + + + + 115 6 0-07

Labels: m, means; [d], additive; [h], dominance; [i], additive x additive epistasis; [j],
additive x dominace epistasis; [I], dominance x dominance epistasis; [d,,], maternal
additive; [h,,], maternal dominance; c, cytological; [d,], additive on X chromosome;

[d,], additive on Y chromosome.

Reinhold, 2000) and might partly explain the large
genetic variance found in many traits undergoing
sexual selection (Pomiankowski & Magller, 1995).
This process might also explain the X linkage, high
heritabilities and presumably high additive genetic
variance that has been found for sperm length in mice
(Woolley, 1971; Wang et al., 2001), dungflies (Ward,
2000) and crickets (Morrow & Gage, 2001).

The low additive genetic variability and limited
X-chromosome effect on sperm length observed here
might be due to a lack of fluctuating selection on
sperm length in Drosophila. In addition to rapid di-
rectional selection, the mechanics of sperm selection
within the SR might also limit reverse selection for
sperm length. In D. melanogaster, lines selected for
increased SR length resulted in postcopulatory sexual
selection for increased sperm length (Miller & Pitnick,
2002). By contrast, lines selected for reduced SR
length resulted in no change of sperm length. Thus, in
Drosophila, selection on sperm length by female
‘sperm choice’ (Birkhead, 1998, 2000; Pitnick &
Brown, 2000) might only be capable of increasing
sperm length.

In Drosophila, genes that cause hybrid sterility in
the heterogametic sex map predominantly to the
X chromosome (Coyne, 1992). For example, Mac-
Donald & Goldstein (1999) noted that, in the back-
crossed flies from a cross between D. simulans and
D. sechellia, 29 % or 59 % (depending on the direction
of the backcross) of flies used for measurement of
sperm cyst length did not produce viable spermato-
zoa. Interspecific epistasis between autosomes and
sex chromosomes can cause increased reproductive
abnormalities (Orr, 1995) and substantially increase
the likelihood of mapping cyst length to the X
chromosome (Macdonald & Goldstein, 1999) or in-
dicate an effect of the Y chromosome (Joly et al.,
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1997) on cyst length. Studies such as these provide
valuable insights into the genetics of reproductive
isolation (Wu et al., 1996) but might not reliably
identify genes responsible for intra- or interspecific
variation in characters. Genetic analysis of divergent
populations within a species greatly reduces the like-
lihood of mapping traits to sex chromosomes as a
result of aberrations arising from chromosomal in-
compatibility.

Several studies have indicated that genes found on
the Y chromosome are linked to spermatogenesis
(Roldan & Gomendio, 1999). In Drosophila, the Y
chromosome has a substantial effect on male fertility
(Charlesworth, 2001). Mutant genes that are advan-
tageous to the heterogametic sex but disadvantageous
to the homogametic sex are much more likely to
spread in a population if they are located on the Y
chromosome (Fisher, 1958; Rice, 1984). However,
loss of function and eventual degeneration of genes on
the Y chromosome is expected (Rice, 1994; Charles-
worth, 1998). Although our results show the possi-
bility of only minor Y-chromosome contributions to
sperm length in D. mojavensis, relatively few genetic
elements on the Y chromosome might nevertheless
be instrumental to male fitness (Chippindale & Rice,
2001).

The current study serves as a preliminary report of
the genetics of a model system for examining post-
copulatory sexual selection and female choice. The
results obtained here represent the first step in identi-
fying the basic genetic properties of male and female
traits exhibiting a pattern of coevolution throughout
the genus Drosophila.

We thank J. Reagan for superb technical assistance and
T. A. Markow for providing fly strains. Financial support
for this work was provided by The National Science Foun-
dation (grants DEB-9806649 and DEB-0075307 to S.P.).


https://doi.org/10.1017/S0016672303006190

Genetics of sperm and female storage

References

Andersson, M. (1994). Sexual Selection. Princeton: Prince-
ton University Press.

Balshine, S., Keach, B. J., Neat, F., Werner, N. Y. & Mont-
gomerie, R. (2001). Sperm size of African cichlids in
relation to sperm competition. Behavioral Ecology 12,
726-731.

Birkhead, T.R. (1998). Cryptic female choice: criteria
for establishing female sperm choice. Evolution 52,
1212-1218.

Birkhead, T.R. (2000).
postcopulatory female
1057-1060.

Briskie, J. V. & Montogomerie, R. (1992). Sperm size and
sperm competition in birds. Proceedings of the Royal
Society of London, Series B 247, 89-95.

Briskie, J. V. & Montgomerie, R. (1993). Patterns of sperm
storage in relation to sperm competition in passerine
birds. The Condor 95, 442—-454.

Briskie, J. V., Montgomerie, R. & Birkhead, T. R. (1997).
The evolution of sperm size in birds. Evolution 51,
937-945.

Charlesworth, B. (1998). Sex chromosomes: evolving dos-
age compensation. Current Biology 8, R931-R933.

Charlesworth, B. (2001). Genome analysis: more Drosophi-
la’ Y chromosome genes. Current Biology 11, R182-R184.

Chippindale, A. K. & Rice, W. R. (2001). Y chromosome
polymorphism is a strong determinant of male fitness
in Drosophila melanogaster. Proceedings of the National
Academy of Sciences of the USA 98, 5677-5682.

Coyne, J. A. (1992). Genetics and speciation. Nature 355,
511-515.

Dybas, L. K. & Dybas, H. S. (1981). Coadaptation and
taxonomic differentiation of sperm and spermathecae in
featherwing beetles. Evolution 35, 168-174.

Eady, P. E. (2001). Postcopulatory, prezygotic reproductive
isolation. Journal of Zoology 253, 47-52.

Eberhard, W. G. (1996). Female Control: Sexual Selection
by Cryptic Female Choice. Princeton: Princeton Univer-
sity Press.

Etges, W. J., Johnson, W. R., Duncan, G. A., Huckins, G.
& Heed, W. B. (1999). Ecological genetics of cactophilic
Drosophila. In Ecology of Sonoran Desert Plants and
Plant Communities (ed. R. H. Robichaux), pp. 164-214.
Tucson, AZ: University of Arizona Press.

Fisher, R. A. (1958). The Genetical Theory of Natural
Selection, 2nd revised edn. New York: Dover Publi-
cations.

Gage, M. J. G. (1994). Associations between body size,
mating pattern, testis size, and sperm lengths across
butterflies. Proceedings of the Royal Society of London,
Series B 258, 247-254.

Gage, M. J. G. (1998). Mammalian sperm morpometry.
Proceedings of the Royal Society of London, Series B 265,
97-103.

Gomendio, M. & Roldan, E. R. S. (1991). Sperm compe-

Defining and demonstrating
choice-again. Evolution 54,

tition influences sperm size in mammals. Proceeding of

the Royal Society of London, Series B 243, 181-185.

Hamilton, W. D. & Zuk, M. (1982). Heritable true fitness
and bright birds: a role for parasites. Science 218,
384-387.

Hayman, B. 1. (1958). The separation of epistatic from
additive and dominance variation in generation means.
Heredity 12, 371-390.

Hosken, D. J. (1997). Sperm competition in bats. Proceed-
ings of the Royal Society of London, Series B 264,
385-392.

https://doi.org/10.1017/50016672303006190 Published online by Cambridge University Press

219

Howard, D.J. (1999). Conspecific sperm and pollen pre-
cedence and speciation. Annual Review of Ecological
Systematics 30, 109-132.

Jamieson, B. G. M. (1987). The Ultrastructure and Phy-
logeny of Insect Spermatozoa. Cambridge, UK: Cam-
bridge University Press.

Jamieson, B. G. M. (1991). Fish Evolution and Systematics:
Evidence from Spermatazoa. Cambridge, UK : Cambridge
University Press.

Joly, D., Bressac, C., Devaux, J. & Lachaise, D. (1991).
Sperm length diversity in Drosophilidae. Drosophila
Information Service 70, 104-108.

Joly, D., Bazin, C., Zeng, L.-W. & Singh, R.S. (1997).
Genetic basis of sperm and testis length differences and
epistatic effect on hybrid inviability and sperm motility
between Drosophila simulans and D. sechellia. Heredity
78, 354-362.

Keller, L. & Reeve, H. (1995). Why do females mate with
multiple males? The sexually selected sperm hypothesis.
Advances in the Study of Behavior 24, 291-315.

LaMunyon, C. & Ward, S. (1998). Larger sperm out-
compete smaller sperm in the nematode C. elegans. Pro-
ceedings of the Royal Society of London, Series B 265,
1997-2002.

LaMunyon, C. W. & Ward, S. (2002). Evolution of larger
sperm in response to experimentally increased sperm
competition in Caenorhabditis elegans. Proceedings of the
Royal Society of London, Series B 269, 1125-1128.

Lynch, M. & Walsh, B. (1998). Genetics and Analysis of
Quantitative Traits. Sunderland, MA: Sinauer.

Macdonald, S. J. & Goldstein, D. B. (1999). A quantitative
genetic analysis of male sexual traits distinguishing the
sibling species Drosophila simulans and D. sechellia. Gen-
etics 153, 1683-1699.

Markow, T. A. & Hocutt, G. D. (1998). Reproductive iso-
lation in Sonoran Desert Drosophila: testing the limits
of the rules. In Endless Forms: Species and Speciation
(ed. D.J. Howard & S. H. Berlocher), pp. 234-244. New
York: Oxford University Press.

Mather, K. & Jinks, J. L. (1982). Biometrical Genetics, 3rd
edition. New York: Chapman & Hall.

Miller, G. T. & Pitnick, S. (2002). Sperm—female coevol-
ution in Drosophila. Science 298, 1230-1233.

Miller, G. T. & Pitnick, S. (2003). Functional significance of
seminal receptacle length in Drosophila melanogaster.
Journal of Evolutionary Biology 16, 114—126.

Miller, G. T., Starmer, W. T. & Pitnick, S. (2001). Quanti-
tative genetics of seminal receptacle length in Drosophila
melanogaster. Heredity 87, 25-32.

Morrow, E. H. & Gage, M. J. G. (2000). The evolution of
sperm length in moths. Proceedings of the Royal Society
of London, Series B 267, 307-313.

Morrow, E. H. & Gage, M. J. G. (2001). Artificial selection
and heritability of sperm length in Gryllus bimaculatus.
Heredity 87, 355-362.

Mousseau, T. A. & Roff, D. A. (1987). Natural selection
and the heritability of fitness components. Heredity 59,
181-197.

Orr, H. A. (1995). The population genetics of speciation:
the evolution of hybrid incompatibilities. Genetics 139,
1805-1813.

Parker, G. A. (1998). Sperm competition and the evolution
of ejaculates: towards a theory base. In Sperm Compe-
tition and Sexual Selection (ed. T. R. Birkhead & A.P.
Moller), pp. 3-54. London: Academic Press.

Parker, G. A. & Partridge, L. (1998). Sexual conflict and
speciation. Philosophical Transactions of the Royal So-
ciety of London, Series B 353, 261-274.


https://doi.org/10.1017/S0016672303006190

G. T. Miller et al.

Pitnick, S. (1993). Operational sex ratios and sperm limi-
tation in populations of Drosophila pachea. Behavioral
Ecology and Sociobiology 33, 383-391.

Pitnick, S. (1996). Investment in testes and the cost of
making long sperm in Drosophila. The American Natu-
ralist 148, 57-80.

Pitnick, S., Markow, T. A. & Spicer, G. S. (19954). Delayed
male maturity is a cost of producing large sperm in Dro-
sophila. Proceedings of the National Academy of Sciences
of the USA 92, 10614—10618.

Pitnick, S., Spicer, G. S. & Markow, T. A. (1995h). How
long is a giant sperm? Nature 375, 109.

Pitnick, S., Markow, T. A. & Spicer, G. S. (1999). Evolution
of multiple kinds of female sperm-storage organs in Dro-
sophila. Evolution 53, 1804-1822.

Pitnick, S. & Brown, W. D. (2000). Criteria for demon-
strating female sperm choice. Evolution 54, 1052—-1056.
Pitnick, S., Miller, G. T., Schneider, K. & Markow, T. A.
(2003). Sperm— and ejaculate—female coevolution in Dro-
sophila mojavensis. Proceedings of the Royal Society of

London, Series B (In press).

Pomiankowski, A. & Mpgller, A. P. (1995). A resolution of
the lek paradox. Proceedings of the Royal Society of
London, Series B 260, 21-29.

Presgraves, D. C., Baker, R. H. & Wilkinson, G. S. (1999).
Coevolution of sperm and female reproductive tract
morphology in stalk-eyed flies. Proceedings of the Royal
Society of London, Series B 266, 1041-1047.

Reinhold, K. (1998). Sex linkage among genes controlling
sexually selected traits. Behavioral Ecology and Socio-
biology 44, 1-7.

Reinhold, K. (1999). Evolutionary genetics of sex-limited
traits under fluctuating selection. Journal of Evolutionary
Biology 12, 897-902.

Reinhold, K. (2000). Maintenance of a genetic poly-
morphism by fluctuating selection on sex-limited traits.
Journal of Evolutionary Biology 13, 1009-1014.

Rice, W. R. (1984). Sex chromosomes and the evolution of
sexual dimorphism. Evolution 38, 735-742.

https://doi.org/10.1017/50016672303006190 Published online by Cambridge University Press

220

Rice, W.R. (1994). Degeneration of a nonrecombining
chromosome. Science 263, 230-232.

Roldan, E. R. S. & Gomendio, M. (1999). The Y chromo-
some as a battle ground for sexual selection. Trends in
Ecology and Evolution 14, 58-62.

Ruiz, A., Heed, W. B. & Wasserman, M. (1990). Evolution
of the mojavensis cluster of cactophilic Drosophila, with
descriptions of two new species. Journal of Heredity 81,
30-42.

Simmons, L. W. & Kotiaho, J. S. (2002). Evolution of ejacu-
lates: patterns of phenotypic and genotypic variation
and condition dependence in sperm competition traits.
Evolution 56, 1622-1631.

Snook, R. R. (1997). Is the production of multiple sperm
types adaptive? Evolution 51, 797-808.

Stockley, P., Gage, M. J. G., Parker, G. A. & Moller, A. P.
(1996). Female reproductive biology and the coevolution
of ejaculate characteristics in fish. Proceedings of the
Royal Society of London, Series B 263, 451-458.

Stockley, P., Gage, M. J. G., Parker, G. A. & Moller, A. P.
(1997). Sperm competition in fishes: the evolution of tes-
tis size and ejaculate characteristics. The American Natu-
ralist 149, 933-954.

Turelli, M. & Begun, D.J. (1997). Haldane’s rule and
X-chromosome size in Drosophila. Genetics 147,
1799-1815.

Wang, P.J., McCarrey, J. R., Yang, F. & Page, D. C.
(2001). An abundance of X-linked genes expressed in
spermatogonia. Nature Genetics 27, 422—426.

Ward, P. I. (2000). Sperm length is heritable and sex-linked
in the yellow dung fly (Scathophaga stercoraria). Journal
of Zoology 251, 349-353.

Woolley, D. M. (1971). Selection for length of the sperma-
tozoan midpiece in the mouse. Genetical Research 16,
261-275.

Wu, C.-I., Johnson, N.A. & Palopoli, M.F. (1996).
Haldane’s rule and its legacy: why are there so many
sterile males? Trends in Ecology and Evolution 11,
281-284.


https://doi.org/10.1017/S0016672303006190

