(same buffer containing 4.5 mg protein ml™! (10'°-10" cells mI™), 5mM
ammonium and nitrite, 100 uM hydrazine) and consumption of ammonium
and nitrite and production of nitrate and incorporation of *C-CO, was
1922 Purity was assessed by microscopic
counting, electron microscopy and FISH.

Electron microscopy. Pelleted cell flocs were processed by a cryosubstitution
protocol before embedding, sectioning and section staining, all using methods
described in ref. 7. Cells were negatively stained using 1% uranyl acetate + 0.4%
sucrose, after dispersal of flocs.

Fluorescent microscopy. FISH and DAPI staining were done as described".
Formamide concentration versus specificity of all probes was determined with
the appropriate reference organism for each probe and with the biofilm
enrichment culture and several undefined, heterogeneous environmental
samples. All probes were at least 18 nucleotides long.

Phylogeny. Treeing and phylogenetic analysis was done using the ARB software
package'®. The sequence was obtained after DNA isolation, PCR amplification
(primers 27 or 519 forward and 1,390 reverse; annealing at 46 °C, melting at
94°C, 30 cycles), ligation of the product in vector pGEMT (Promega) and
transformation into competent DH5¢ E. coli cells. The clone library was
screened using restriction digestion, and representative clones of each restric-
tion pattern were sequenced. The anammox sequence (GenBank accession
number AJ131819) always grouped with the other planctomycete sequences,
independent of treeing algorithm (neighbour joining, distance matrix or
parsimony), inclusion of other bacterial phyla in the tree or the choice of the
outgroup (Thermotoga, Aquifex or the Archaea).

measured as described previously
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Sperm competition between
Drosophila males involves
both displacement

and incapacitation

Catherine S. C. Price, Kelly A. Dyer* & Jerry A. Coyne

Department of Ecology and Evolution, The University of Chicago,

1101 East 57th Street, Chicago, Illinois 60637, USA

Females in almost all animal groups copulate with multiple
males?. This behaviour allows different males to compete for
fertilization® and gives females the opportunity to mediate this
competition*. In many animals and most insects, the second male
to copulate with a female typically sires most of her offspring">°.
In Drosophila melanogaster, this second-male sperm precedence
has long been studied’"" but, as in most species, its mechanism
has remained unknown. Here we show, using labelled sperm in
doubly mated females, that males can both physically displace
and incapacitate stored sperm from earlier-mating males. Dis-
placement occurs only if the second male transfers sperm to the
female, and in only one of her three sperm-storage organs.
Incapacitation can be caused by either fertile or spermless
second males, but requires extended intervals between matings.
Sperm from different males are not ‘stratified’ in the storage
organs but mix freely. Many animal species may have multiple
mechanisms of sperm competition like those observed here, and
revealing these mechanisms is necessary to understand the genetic
and evolutionary basis of second-male sperm precedence in
animals.

The consequences of multiple mating are well known in D.
melanogaster. Females store sperm in a long tubular seminal
receptacle and two mushroom-shaped spermathecae'. The propor-
tion of offspring produced after the second mating that are sired by
the second male, P, is typically above 0.8 in laboratory
experiments'®. Most wild-caught females carry sperm from multiple
males', and females in nature may copulate when they still carry a
sizeable sperm load from previous matings'®. If a sperm-carrying
female remates, she produces fewer offspring sired by the first male
than she would have if she had not remated'®. At least some of this
reduction in first-male reproductive success occurs if the second
male transfers only seminal fluid and no sperm'>™. Seminal fluid
therefore plays some role in second-male sperm precedence', but
the extent of this role is unclear because some studies'”'"” have not
revealed a ‘seminal-fluid effect’. To investigate this discrepancy, we
looked for a seminal-fluid effect in experiments carried out at two
different time intervals.

Rematings to fertile second males produced the usual result of
second-male sperm precedence and resulted in significant reduction
of first-male reproductive success when females remated after either
two or seven days (Fig. la). When females were remated in exactly
the same manner to infertile XO males transferring only seminal
fluid (see Methods), there was a significant reduction in first-male
offspring when females were remated after seven days, but only a
slight and non-significant reduction when they were remated after
two days (Fig. 1a). Similar results were found when this experiment
was repeated with Ives males instead of bw"” males (carrying the
brown-dominant mutation) as first mates (data not shown). These
results confirm that at least some of the second male’s precedence
can be ascribed to his seminal fluid, and, because this effect was not
seen until seven days after remating, indicate that first-male sperm

* Present address: Department of Biology, University of Rochester, Rochester, New York 14627, USA.
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must remain in storage for a few days before they become suscep-
tible to the harmful effects of second-male seminal fluid. Second-
male precedence at shorter remating intervals apparently requires
the transfer of sperm. This indicates at least two mechanisms of
sperm precedence in D. melanogaster, only one of which requires
sperm in the ejaculate.

The loss of first-male productivity caused by second-male semi-
nal fluid was not accompanied by any loss of first-male sperm from
storage (Fig. 1b). Although females that copulate with XO males
seven days after their first mating produce about one-third as many
offspring as they would have if they had not remated (Fig. 1a), XO-
remated females have no fewer sperm in storage than do singly
mated females (Fig. 1b). This indicates that the seminal fluid of a
second male inhibits the use of stored sperm without removing
them. Moreover, we found no evidence that the paucity of first-male
progeny can be attributed to developmental problems in eggs
fertilized by first-male sperm. Mean (Z*s.e.) egg hatchability for
the first 48 h after mating was 0.85 (£0.05; n = 14) for females
singly mated to an Ives male; 0.84 (£0.03; n = 28) for females singly
mated to a bw® male; and 0.87 (*0.03; n = 18) for females mated
first to a bw" and then to an Ives male. Thus, interference with the
effectiveness of first-male sperm occurs before and not after
fertilization. We refer to this interference as ‘sperm incapacitation’.

Each of the experiments reported above was also performed in
Drosophila simulans, a sister species of D. melanogaster, with similar
results (data not shown). This indicates that incapacitation of stored
sperm after extended remating intervals may be widespread in
Drosophila.

To study the mechanics of sperm precedence when second males
are fully fertile, we mated females to males that express green
fluorescent protein (GFP) on their sperm tails*® and then to males
that lack GFP expression but carry a dominant eye-colour mutation,
brown-dominant (bw"). In this way, each offspring produced and
each sperm stored by such a female could be assigned to one of her
two mates (Fig. 2). Preliminary experiments confirmed that GFP
males transfer only labelled sperm to females. In six females singly
mated to GFP males, we found 516 GFP-labelled sperm and no
unlabelled sperm. When GFP males copulate first, sperm prece-
dence is high and within the normal range for D. melanogaster
(Fig. 3a). Furthermore, GFP males suffer a net reproductive loss
when females remate to bw" males after either four or seven days
(Fig. 3a). Most of the stored sperm in these females comes from the
second male (Fig. 3b). Regardless of the interval between matings,
doubly mated females have fewer first-male sperm in the seminal
receptacle than do single-mated females (Fig. 3¢). In contrast, first-

a 2-day interval 7-day interval b 7-day interval
225 NS . 350
§ 200 P,=0.81 P,=0.92 © £ 3001
g =) gg (0.07) (0.03) 2 2:;;_ 2501
s E 2 200 NS
=& 100 =%
qc‘g 5} 7 § g 1501
2 50 < @ 1001
25 501
0 0
2nd male lves XO lves XO XO
1st male: bwP bwP bwP  bwP bwP bwP bwP  bwP
n= 33 13 14 33 24 20 15 15

Figure 1 The mechanism of sperm competition depends on mating interval. a,
Mean (+ s.e.) number of offspring per female from first (solid bars) and second
(open bars) matings. Offspring from single matings are those produced after the
doubly mated females remated. P, (s.e.) is the proportion of second-male
offspring produced after remating. ****P < 0.0001; NS: P =0.113 (one-tailed
Mann-Whitney U test, compared to the singly mated control). b, Mean (+ s.e.)
number of sperm stored per female in all organs. Data are pooled from females
dissected 7, 8 and 9 days after the first mating. P = 0.459 (one-tailed Mann-
Whitney U-test).
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male sperm stored in the paired spermathecae show a much smaller
and non-significant diminution after double matings (Fig. 3d).

It has been suggested that females lack the space to store two
ejaculates without expelling first-male sperm'. There is, in fact,
more than enough space for two ejaculates, and we observed loss of
first-male sperm from the seminal receptacle despite this excess
capacity. Females dissected up to 48 h after a single mating with a
bwP male had a mean of 256 (+26.9; n = 15) and as many as 377
sperm in their seminal receptacles. On the fourth day after mating,
those females had a mean of 63.4 (+16.3; n = 5) sperm, and on the
seventh day only 24.3 (*£8.2; n=15) sperm in their seminal
receptacles. If a female can store over 250 sperm, but carries an
average of only 24 sperm at the time of remating, sperm displace-
ment is not required to make space for the second ejaculate, nor
even for second-male sperm to make up the majority in the seminal
receptacle (in such a case with no displacement, P, would be
250/(24 + 250) = 0.91).

Each of the experiments reported above was repeated with the
mating order of GFP and bw" males reversed. The GFP males are not
as good at sperm offence as the bw" males, and little sperm
precedence was found with four days between matings
(P, =0.54 £0.10; n = 12). However, normal sperm precedence
was found with seven days between matings (P, = 0.77 £ 0.04;
n = 15). Comparing the number of first-male sperm stored in
females remated after seven days with the number stored in singly
mated females at the same time, we find that GFP second males
caused physical loss of bw" sperm from the seminal receptacle (one-
tailed Mann-Whitney U, P = 0.002) but not from the spermathecae
(one-tailed Mann-Whitney U, P = 0.378). The magnitude of the
loss of sperm from the seminal receptacle was compared to the loss
from the spermathecae using a two-tailed ¢-test” for each of the four
double matings (P = 0.050 for GFP then bw" 4-day interval;
P = 0.264 for GFP then bw" 7-day interval; P = 0.059 for bw"
then GFP 4-day interval; P = 0.036 for bw" then GFP 7-day
interval). Combining the probabilities from all four independent
comparisons®, the loss of sperm from the seminal receptacle was
significantly greater than the loss of sperm from the spermathecae
(P = 0.0072).

None of the dissections of doubly mated females supports the
hypothesis” that sperm are layered in storage, so that second-male
sperm are closer to the site of fertilization. Sperm masses were
removed intact from the storage organs, and GFP and non-GFP
sperm were always found closely intertwined.

Most proposed mechanisms of second-male sperm precedence in
D. melanogaster have sought to explain how second-male sperm

Figure 2 Differentially labelled sperm. DAPI-stained sperm from a GFP male
(green tails) and a bwP male (blue tails), dissected from the seminal receptacle of
a single doubly inseminated female.
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n= 15 21 20 41 22 10 20 10 almost certainly because many first-male sperm are displaced from
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Figure 3 Physical displacement of first-male sperm. a, Mean (+ s.e.) number of
offspring per female from first (solid bars) and second (open bars) matings.
****P < 0.0001. b, Mean (+ s.e.) number of sperm stored per female in all organs
from first (dark bars) and second (light bars) matings. ¢, Mean (+ s.e.) number of
sperm stored per female in the seminal receptacle. ***P = 0.001; **P = 0.006. d,
Mean (+ s.e.) number of sperm stored per female in the spermathecae. P = 0.412
for the 4-day interval; P = 0.387 for the 7-day interval (one-tailed Mann-Whitney U-
tests).

achieve numerical superiority in storage’™'"". It is often supposed
that patterns of paternity directly reflect such a numerical advan-
tage, implying that, once sperm storage is complete, females use the
available sperm at random to fertilize eggs. We confirm here that the
majority of stored sperm after double matings are second-male
sperm (Fig. 3b), and attribute this in part to physical displacement
of first-male sperm (Fig. 3c). These observations do not, however,
rule out the possibility that females preferentially use first- or
second-male stored sperm to fertilize their eggs.

Table 1 compares the number of sperm a female stores from a
given male with the number of offspring ultimately produced by
that male, and estimates the proportion of each type of stored sperm
that is actually used to fertilize eggs. Seven days after a single mating
to a bw” male, females use about 68% of their remaining stored
sperm to produce offspring (Table 1). If that female is remated to an
XO male seven days after mating to the bw" male, she then uses only
about 24% of her stored sperm to produce offspring. This reflects

in a female'. Females may play a role in sperm incapacitation if they
gradually alter the physiology of the sperm they store. Genetic
differences among females in the ability to alter sperm in this way
might explain why female genotypes differ widely in the degree of
last-male precedence®. Moreover, if females evolve differences in the
way they alter stored sperm and males evolve ways to protect their
sperm from alteration by particular females, this might explain the
observation that a first male’s success depends on both his genotype
and that of his mate®. Sperm competition in animals other than
Drosophila may involve mechanisms similar to those described here,
and any general explanation of the ubiquity of second-male sperm
precedence among animals must consider that multiple mechan-
isms may have evolved within a single species. O
Methods

Matings. Stock maintenance, mating observations and the rearing of offspring
were performed as described”. All females came from the Ives laboratory
population” and males were taken as noted from the Ives, brown-dominant
(bw) or djGFP 11/CyO (GFP) stock®. XO males were produced by crossing
virgin Ives females to males from an attached-X, attached-XY stock. All male
offspring from this cross lack a Y chromosome, and produce normal seminal
fluids but no sperm®*’. Females were transferred to fresh food vials every three
days until they either stopped laying fertile eggs or were chosen at random for
dissection. All offspring were reared to adulthood and scored for paternity,
determined by the presence of brown or wild-type eyes.

Dissections. For each mating type, 5-10 females were dissected per day at
timed intervals after the end of their last copulation. Females were etherized
and their reproductive tracts removed in a drop of phosphate buffered saline
(PBS). The spermathecae, seminal receptacle and uterus were each transferred

Table 1 Proportion of sperm used to produce offspring

First male Second male
1st male 2nd male Days Offspring Sperm Sperm Offspring Sperm Sperm
produced stored used (%) produced stored used (%)
D 11441 168.8
bw - - (121) (26.9) 68% - - -
[ #xxx INS
b 379 1578 . ) }
bw XO 7 (73) (22.3) 24%
D 23.7 49.8 1975 300.2
GFP b/ 4 42) (35.0) 48% (136) (876) 66%
[ e INS
b 3.0 43.2 183.2 338.4
GFP bw 7 (0.7) (14.3) 7% (131) (19.5) 54%

Days are the number of days between the first and second mating. Per cent sperm used is calculated by dividing the mean number of offspring produced by the mean number of sperm
stored. Mean (s.e.) of offspring and sperm are from data shown in Figs 1 and 3. Data for the single mating are from beyond the first seven days after mating. One-tailed Mann-Whitney U-tests:

****P < 0.0001; NS (non-significant) P > 0.4.
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to a separate drop of PBS to prevent cross-contamination of sperm from
different organs. The sperm from each organ were then removed with insect
pins and minimal manipulation. Slides to be scored for GFP vs non-GFP sperm
were dissected in 0.5 ugml™ DAPI (4,6-diamidino-2-phenylindole) in PBS,
covered immediately with a coverslip and scored with an epifluorescent
microscope within 2 h of dissection. Slides that required only simple sperm
counts were dried after dissection at 60 °C for 5—10 min, fixed in 3:1 methanol
and glacial acetic acid for 5min, rinsed three times in PBS and labelled with
DAPI in glycerol (0.5 pg ml™). All sperm in each of the three storage organs of
every female were counted. To ensure precision, 10% of the slides were counted
at least twice by different people.

Egg hatchability. Females were allowed to lay eggs on small plastic spoons
filled with grape-juice-tinted medium for 24 h, and then either transferred to a
fresh spoon or discarded. Spoons were stored at 24 °C for 28 h before hatched
and unhatched eggs were counted. Brown eggs, which may indicate zygotes that
died early in development, were observed only rarely.
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The endogenous cannabinoid receptor agonist anandamide’ is a
powerful vasodilator of isolated vascular preparations’™, but its
mechanism of action is unclear. Here we show that the vasodilator
response to anandamide in isolated arteries is capsaicin-sensitive
and accompanied by release of calcitonin-gene-related peptide
(CGRP). The selective CGRP-receptor antagonist 8-37 CGRP
(ref. 5), but not the cannabinoid CBl receptor blocker
SR141716A (ref. 7), inhibited the vasodilator effect of anandamide.
Other endogenous (2-arachidonylglycerol, palmitylethanolamide)
and synthetic (HU 210, WIN 55,212-2, CP 55,940) CB1 and CB2
receptor agonists' could not mimic the action of anandamide. The
selective ‘vanilloid receptor’ antagonist capsazepine®’ inhibited
anandamide-induced vasodilation and release of CGRP. In patch-
clamp experiments on cells expressing the cloned vanilloid receptor
(VR1)%, anandamide induced a capsazepine-sensitive current in
whole cells and isolated membrane patches. Our results indicate
that anandamide induces vasodilation by activating vanilloid
receptors on perivascular sensory nerves and causing release of
CGRP. The vanilloid receptor may thus be another molecular
target for endogenous anandamide, besides cannabinoid receptors,
in the nervous and cardiovascular systems.

Anandamide (arachidonylethanolamide) was originally isolated
from brain as an endogenous cannabinoid receptor ligand®. Bio-
synthetic pathways for anandamide are also present outside the
central nervous system, for example, in vascular endothelium and
macrophages'®'". It has been suggested that anandamide induces
hypotension in anaesthetized rats by inhibiting peripheral sym-
pathetic neurotransmission'’. Macrophage-derived anandamide is
implicated in haemorrhagic shock” and endotoxin-induced
hypotension'*. Although CB1 receptor messenger RNA has been
detected in sympathetic nerves, vascular endothelium and smooth
muscle'®>', the involvement of cannabinoid receptors in the
vasodilator effects of anandamide in isolated vascular preparations
has been questioned™*'. Anandamide is structurally related to
capsaicin and olvanil (N-vanillyloleamide), compounds that all
have an amide bond and an aliphatic side chain. Capsaicin and
olvanil activate a subpopulation of primary sensory neurons, which
can then become refractory to subsequent stimuli (desen-
sitization)’. As such nerves mediate vasodilation'®, we hypothesized
that the vascular effects of anandamide and capsaicin have a
common mechanism, involving excitation of primary sensory
nerves in the vessel wall and consequent release of vasodilator
neuropeptides such as CGRP.

To test this proposal, we examined the effects of capsaicin and the
selective CGRP-receptor antagonist 8-37 CGRP (ref. 5) on ananda-
mide-induced relaxation in rat hepatic and small mesenteric arteries
and guinea-pig basilar artery. Pretreatment with capsaicin to cause
desensitization and/or neurotransmitter depletion in perivascular
sensory nerves abolished anandamide-induced relaxation in all
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