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The cost of sexual interactions, usually expressed as a reduction of life-span, is a fundamental but poorly
understood aspect of life. According to a widely accepted view, a rise in the “pro-aging” juvenile
hormone (JH) might contribute to the decrease of life span caused by sexual interactions. We tested this
hypothesis using the linden bug Pyrrhocoris apterus by removing the corpus allatum (CA), the source of
JH.IfJH is causally involved in the cost of sexual interactions, then the absence of CA (JH) should decrease
the negative effect of sexual interactions on survival. As expected, ablating the CA significantly prolonged

ﬁeé ‘_";‘l;rad: life-sp‘an‘of both virgin females and virgiq males. Mated insech of both sexes li\{ed sign?ﬁcantly shor.ter
Mating activity than virgins. However, contrary to prediction, the decrease of life span by sexual interactions was similar
Allatectomy in control and CA-ablated males, and was even enhanced in CA-ablated females. Another unexpected
Juvenile hormone finding was that males paired with CA-ablated females lived almost as long as virgin males and
Ovary significantly longer than did males paired with control females, although ablating the female CA did not
Vitellogenin cause any decrease in mating activity. On the other hand, females paired with CA-ablated males lived

Male accessory glands only slightly longer than did females paired with control males. These results highlight several important
points. (1) In both genders, the negative effect of sexual interactions on insect’s survival is not mediated

by the insect’s own CA. (2) The male CA has only minor effect on female survival, while (3) the female CA

(JH) is principally responsible for the sex-induced reduction in the male survival.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Negative effects of mating on survival is of widespread
occurrence, but the underlying physiological mechanisms are
not well understood. In many species, male accessory gland
proteins (Acps) transferred to females during mating reduce
female survival, thus constituting a cost of reproduction (Arnqvist
and Nilson, 2000; Gillot, 2003). In females of Drosophila
melanogaster, Acp 70 (sex peptide) causes the mating cost (Wigby
and Chapman, 2005). This peptide also stimulates biosynthesis of
the principal reproductive hormone of insects, the juvenile
hormone (JH) by the corpus allatum (CA) in vitro (Moshitzky et
al., 1996). Mating was shown to enhance JH levels in many other
species, for instance in females of the moth Heliothis virescens
(Ramaswamy et al., 2000), males of the Carribean fruit fly
Anastrepha suspensa (Teal et al., 2000), males, but not females of
the burying beetle Nicrophorus orbicollis (Scott and Panaitof, 2004;
Trumbo and Robinson, 2004) or males and females of the
mealworm Tenebrio molitor (Rolff and Siva-Jothy, 2002). A negative
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effect of JH on life span was convincingly shown in grasshoppers
(Pener, 1972), butterflies (Herman and Tatar, 2001) and in the
linden bug Pyrrhocoris apterus (Hodkova, 2008), where surgical
removal of the CA, the source of JH, considerably prolonged life
span. Therefore, the enhanced production of JH is thought to be at
the basis of elevated egg production and shorter life span after
mating (Chapman et al., 1995; Rolff and Siva-Jothy, 2002; Kubli,
2003; Wigby and Chapman, 2005). However, a causal relationship
between the mating-induced increase of JH levels and survival has
never been experimentally tested.

Another question is whether insect’s survival may be influenced
by the JH of sexual partners. This question has not yet been
addressed, although it arises from available experimental data. The
negative effect of Acps on female survival (Chapman et al., 1995)
might depend on male JH because JH stimulates growth and
protein synthesis in the male accessory glands of many insects (e.g.
Chen, 1984; Yamamoto et al, 1988; Wilson et al, 2003;
Parthasarathy et al., 2009) including P. apterus (Socha et al,,
2004). Furthermore, JH participates in the regulation of pheromone
production (e.g. Cusson and McNeil, 1989; Smith and Schal, 1990;
Trabalon et al., 1990; Fan et al., 1999; Sréng et al., 1999; Rafaeli and
Bober, 2005) and a substance(s) called dauer inducing pheromone
can extend the life span of adult Caenorhabditis elegans (Kawano et
al.,, 2005).
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The main aim of this study was to determine whether the CA is
causally involved in the decrease of life-span caused by continuous
exposure of insects to sexual partners. Hypothetically, the CA may
have two principal roles in the survival cost of sexual interactions.
First, the sex-induced decrease of life-span of an individual may be
mediated by changes in the activity of its own CA. Second, survival
may be reduced by the sexual partner’s CAviaits effect on the secretion
of signalling substances (e.g. accessory gland peptides, pheromones).
We tested these hypotheses by using males and females of P. apterus
with surgically removed CA. If the individual’s own CA mediates the
cost, then the sex induced reduction of life-span should be more
extensive in control (with intact CA) than in allatectomized insects.
Ontheother hand, if the sexual partner’s CAis responsible for the cost,
then the reduction of life-span should be more extensive in insects
exposed to allatectomized than to control partners.

2. Materials and methods
2.1. Insects

Colonies of P. apterus (L.) (Heteroptera) originated from insects
collected in the field near Ceske Budejovice (south Bohemia).
Insects were reared at 26 +1°C and a diapause-preventing
photoperod of 18 h light/6 h darkness and supplied ad libitum with
linden seeds and water. The mean duration of larval development was
about 1 month.

2.1.1. Experiment 1: isolated virgins vs. isolated pairs

Males and females were selected separately from the colony
within 24 h after adult ecdysis, and were deprived of food. Two
days later, insects destined for operation were narcotized by
submergence in water for 15 min and the CA was removed through
the neck membrane incision under Ringer insect saline as
described (Slama, 1964a,b). Control insects were either sham-
operated (neck membrane was cut) or left intact. Insects were then
kept in Petri dishes with linden seeds and water, either
individually (virgins) or in pairs until death. Mortality, mating
status and egg numbers were checked every two days. Dead sexual
partners were replaced from stock insects (intact or allatecto-
mized) or widows and widowers were combined.

Seven experimental groups were examined: virgin control
males, virgin control females, virgin allatectomized males, virgin
allatectomized females, control pairs (both partners with the CA),
pairs with allatectomized males, pairs with allatectomized
females.

2.1.2. Experiment 2: homosexual vs. heterosexual groups

Intact insects were selected from the colony within 24 h after
adult ecdysis and kept in several 500 ml glass containers (cca 50
individuals per container) with continuous supply of food. Four
experimental groups were examined: virgin males, virgin females,
non-virgin males and females (equal numbers of males and
females in container). Mortality was checked every two days.

Insect colonies used in experiments 1 and 2 were offspring of
insects collected in the field in different years.

2.2. Mating activity

Earlier data based on short-term (30 min) tests indicate that the
CA hormone plays no important role in the control of mating
activity in P. apterus (Zdarek, 1966, 1968). To check whether
ablating the CA influenced mating behaviour in males and females
continuously exposed to one another, we recorded the mating
status of individual pairs every 30 min throughout a 27 h period.
Several parameters were measured: (1) temporal pattern of
mating activity (changes in the number of copulating pairs), (2)

number of copulation bouts (uninterrupted mating associations)
and (3) duration of a copulation bout.

2.3. Statistics

Log-rank tests were used to assess similarity of longevity
between the two groups. Differences between parameters of
mating activity and fecundity were analyzed by two-way analysis
of variance (temporal patterns of mating proportions) or one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-
comparison test (numbers of copulation bouts, duration of a
copulation bout, egg numbers, oviposition and post-oviposition
periods). GraphPad Prism 4 software was used.

3. Results
3.1. Experiment 1 - isolated virgins vs. isolated pairs

3.1.1. Effect of the CA on survival of virgins

Ablating the CA prolonged the median life span by 70 days
(103%) in virgin females (Fig. 1A). A less extensive increase of
median life span by allatectomy was observed in virgin males
(33 days, 37%) (Fig. 1B).
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Fig. 1. Effect of the exposure to control (with the corpus allatum) sexual partners on
the survival of allatectomized and control P. apterus females (A) and males (B). CAex
- corpus allatum ablated. (A) Median life spans of females: mated control, 47 days
(n=83); virgin control, 68 days (n=126); CAex mated, 70 days (n=105); CAex
virgin, 138 days (n=100). Curve comparison: mated control vs. virgin control,
P < 0.0001; mated control vs. CAex mated, P < 0.0001; mated control vs. CAex
virgin, P < 0.0001; virgin control vs. CAex mated, P = 0.4129 (n.s.); virgin control vs.
CAex virgin, P < 0.0001; CAex mated vs. CAex virgin, P < 0.0001. (B) Median life
spans of males: mated control, 57 days (n =77); virgin control, 90 days (n =70);
CAex mated, 87 days (n =40); CAex virgin, 123 days (n =43). Curve comparison:
mated control vs. virgin control, P < 0.0001; mated control vs. CAex mated,
P < 0.0001; mated control vs. CAex virgin, P < 0.0001; virgin control vs. CAex
mated, P=0.9115 (n.s.); virgin control vs. CAex virgin, P < 0.0001; CAex mated vs.
CAex virgin, P < 0.0001. For all comparisons between survival curves (log-rank
test), the statistical significance was confirmed by a Bonferroni correction. Insects
were kept as isolated virgins or isolated pairs.
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Fig. 2. Relative survival costs of sexual interactions in control and allatectomized P. apterus females (A) and males (B). CA - corpus allatum; CAex - CA removed. Median life
spans are indicated by vertical lines. The costs of sexual interactions (horizontal lines) are expressed as proportions of the difference between maximum (both the CA and
sexual partner absent) and minimum (both the CA and sexual partner present) median life spans. For other information see Fig. 1 and text.

3.1.2. Role of the insect’s own CA (endogenous JH) in the survival cost
of sexual interactions

Life spans of insects were compared among four groups: (a)
paired insects, both sexes with the CA, (b) allatectomized insects
exposed to sexual partners with the CA, (c) virgins with the CA and
(d) allatectomized virgins.

If the cost of sexual interactions is independent of CA, then the
increase of life span produced by both virginity and allatectomy
[(d) minus (a), representing the cost of both sexual interactions and
CA] should be the additive benefit on life span produced by only
allatectomy [(b) minus (a), representing only the cost of CA] and
only virginity [(c) minus (a), representing only the cost of sexual
interactions]. Otherwise, the CA may influence the cost of sexual
interactions in two ways. (1) If the cost of sexual interactions is
enhanced by CA, then allatectomy should reduce (or eliminate) the
cost of sexual interactions and the difference in life span between
(d) and (a) should be lower than the sum of [(b) minus (a)] and [(c)
minus (a)]. (2) If the cost of sexual interactions is reduced by the
CA, then allatectomy should enhance the cost of sexual interac-
tions and the difference in life span between (d) and (a) should be
higher than the sum of [(b) minus (a)] and [(c) minus (a)].

In females (Fig. 1A), the increase of median life span produced
by both the absence of males and allatectomy [(d) minus (a)] was

91 days (193.6%), which was, by 47 days (100%), a higher benefit on
life span than the sum of effects of only virginity [(c) minus (a)]
(21 days, 44.7%) and only ablating the CA [(b) minus (a)] (23 days,
48.9%). These results indicate that the longevity cost of sexual
interactions (the benefit of virginity) is enhanced by the absence of
the CA or, conversely, the negative effect of males on female life
span is reduced by the female CA.

In males (Fig. 1B), the increase of median life span produced by
both the absence of females and allatectomy [(d) minus (a)] was
66 days (115.8%), which was almost exactly the additive benefit on
life span produced by only virginity [(c) minus (a)] (33 days, 57.9%)
and only ablating the CA [(b) minus (a)] (30 days, 52.6%). These
results indicate that sexual interactions shorten male life span
independently of the male CA.

Effects of the CA and sexual interactions in the regulation of life
span are summarized in Fig. 2.

3.1.3. Role of the sexual partner’s CA (JH) on the survival cost of sexual
interactions

The median life span of control females (with CA) exposed to
allatectomized males was by 7 days (14.9%) longer relative to
females exposed to control males, while the benefit on median life
span produced by the absence of males was 21 days (44.7%)
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Fig. 3. Effect of the exposure to allatectomized sexual partners on the survival of
control (with the corpus allatum) P. apterus females (A) and males (B). (A) Median
life span of females mated with CAex males, 54 days (n = 88). Curve comparison:
mated control vs. mated with CAex males, P < 0.0003; virgin control vs. mated with
CAex males, P < 0.0001. (B) Median life span of males mated with CAex females,
86 days (n=77). Curve comparison: mated control vs. mated with CAex males,
P < 0.0001; virgin control vs. mated with CAex males, P < 0.0358. For other
information see Fig. 1.

(Fig. 3A). Thus the male CA seems to be responsible for only one
third of the negative effect of males on female life span.

The median life span of control males exposed to allatectomized
females was by 29 days (50.9%) longer relative to males exposed to
control females, which was only a slightly smaller benefit on
median life span than that produced by the absence of females
(33 days, 57.9%) (Fig. 3B). These results indicate that the female CA
is responsible for most (87.9%) of the negative effect of females on
male life span.
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Fig. 4. Effect of allatectomy on the temporal pattern of mating proportions in P.
apterus. Control — both partners with the corpus allatum (CA); Male CAex - male
without CA; Female CAex - female without CA. Mating status was recorded every
30 min for 27 h. Time 0 = 8 h after light on. Solid column indicate the period of
darkness. Two-way analysis of variance (ANOVA): The effect of time is considered
not significant. The effect of allatectomy is considered extremely significant
(F=59.94, DF,=2, DF;=108, P < 0.0001); Control vs. Female CAex (F=56.58,
DF, =1, DF;=54, P < 0.0001); Control vs. Male CAex (F=6.85, DF,=1, DF; =54,
P=0.0115). For other information see Table 1 and text.

Table 1
Effect of allatectomy on mating activity in Pyrrhocoris apterus.

Insect pairs n Copulating Number of Duration of

pairs (%)* copulation copulation
bouts® bout (h)®

Normal male 28 714 3.1+£04° 2.7+03°

Normal female

Normal male 28 67.9 3.0+03° 45+04°

Allatectomized female

Allatectomized male 27 70.4 2.7+03° 28+03°

Normal female

Two-week old insects were monitored every 30 min during 27 h.

¢ Pairs observed to mate at least once within 27 h.

> Means + SEM are given. Values with different letters are significantly different at
P<0.01-0.001 (ANOVA, Tukey’s Multiple Comparison Test).

3.1.4. Mating activity

Means of 54 recordings of proportions of mating pairs (every
30 min. during 27 h) were not significantly different between
control pairs (both partners with CA, 22.6 + 0.01%) and pairs of a
control female and allatectomized male (19.2 + 0.02%), but pairs of a
control male and allatectomized female showed a significantly higher
mean proportion of mating pairs (33.4 4+ 0.01%) than pairs of the
other two groups (one-way analysis of variance, P < 0.001) (Fig. 4).
Two-way analysis of variance confirmed the significant increase of
mating activity caused by ablating the female CA (P < 0.0001), but
also indicated a slight, but significant decrease of mating activity
caused by ablating the male CA (P < 0.05) (Fig. 4). Proportions of
mating pairs (checked every second day at arbitrarily chosen hours
within photophase) did not show any clear tendency to decrease or
increase (data not shown). This observation is consistent with
Zdarek’s (1970) finding that the mating activity of P. apterus does not
essentially change throughout the insect’s life.

Proportions of pairs observed to mate at least once (67.9-71.4%)
and numbers of copulation bouts (2.7-3.1) recorded within 27 h
were similar in the three groups, but copulation duration was
significantly longer in pairs with an allatectomized female (4.5 h)
compared to other two groups (2.7-2.8 h) (Table 1). Differences in
the temporal patterns of mating proportions between pairs with an
allatectomized female and the other two groups were evidently
attributable to differences in the copulation duration. The results
indicate that absence of the CA (lack of JH) has no significant effect
on the mating activity of males, but females with CA ablation show
shorter re-mating intervals (higher receptivity) relative to control
females.

3.1.5. Egg production in virgin and mated females

Egg production was monitored in a fraction of females from
Fig. 1A and Fig. 3A. Three experimental groups were examined:
virgin control, mated control (paired with control male), mated
with allatectomized male (Table 2). There was no significant
difference in the rate of egg production (eggs/oviposition period)
between virgin females and females mated with control males or
between females mated with control males and females mated
with allatectomized males. Total number of eggs was significantly
higher in virgins than in females mated with control males. This
difference is attributable to a significantly longer oviposition
period in virgin females. Allatectomized females did not produce

eggs.
3.2. Experiment 2 — homosexual vs. heterosexual groups

To discriminate between effects of sex-dependent and sex-
independent interactions on life span, survival was compared
between insects kept in homosexual or heterosexual groups.

The median life span of females kept without males (114 days)
was longer than the median life span of females kept with males
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Table 2
Egg production in females with intact corpus allatum.

Females n Eggs (total) Eggs/oviposition period Oviposition period (days) Post-oviposition period (days) Life span (days)?
Virgin control 75  433.0+18.0° 7.4+02° 59.9+242 20.7+25° 80.2+3.5 (70.0)
Mated control 56 312.0+£21.8" 7.8+03 % 41.6+2.1° 82+09° 49.7+2.2 " (50.0)
Mated with males CAex 58 396.7+21.0° 8.6+0.3" 46.14+25° 134+19° 59.6+3.4 " (54.0)

Means + SEM are given. Values with different letters are significantly different at P <0.05-0.001 (ANOVA, Tukey’s Multiple Comparison Test).

2 Numbers in parenthesis are median life spans.
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Fig. 5. Survival of heterosexual and homosexual groups of females (A) and males (B).
Median life spans of females: homosexual group, 114 days (n = 47), heterosexual
group, 79 days (n=47); P=0.0001. Median life spans of males: homosexual group,
92 days (n=>59); heterosexual group, 64 days (n=51); P < 0.0001. Differences
between survival curves were analyzed by log-rank test.

(68 days) (Fig. 5A). The absolute life spans of females originated
from the colony used in this experiment were longer than life
spans of females originated from the colony used in experiment 1
(Fig. 1A). However, the relative benefits of virginity on life spans
were similar, 44.3% and 44.7%, respectively. These results indicate
that female survival is not influenced by homosexual interactions.

The median life span of males kept without females (92 days)
was by 43.8% longer than the median life span of males kept with
females (64 days), suggesting an important negative effect of
heterosexual interactions on male life span (Fig. 5B). In
experiment 1, isolated virgin males lived 57.9% longer than males
in heterosexual pairs (Fig. 1B). A slightly higher benefit of virginity
on life span of isolated males compared to males kept in
homosexual groups indicates a slight negative effect of homosex-
ual interactions on male survival. In the absence of females, males
were observed to court other males.

4. Discussion
We show that the CA (JH) as well as sexual interactions

significantly reduce life span in both males and females of P.
apterus. The most important outcome of our study is the disclosure

of novel and unexpected roles of the CA on longevity costs as a
function of sexual interactions.

4.1. CA and survival of virgins

Consistent with earlier results (Hodkova, 2008), ablating the CA
remarkably prolonged life span of virgin females of P. apterus
(Fig. 1A). In addition we showed that a less extensive, but
significant increase of life span was produced by ablating the CA in
males (Fig. 1B). A higher survival cost of the CA in females relative
to males might be related to the CA volume, which is nearly two
times larger in females than in males (Hodkova and Socha, 2006;
Socha and Hodkova, 2006).

Although it is clear that JH plays a role in the control of
longevity, the way it does so remains unknown. Metabolic rate and
egg production (both stimulated by JH in females) seem not to be
important in determining longevity, because oxygen consumption
is similar in CA-ablated and ovary-ablated females of P. apterus
(Slama, 1964a), while ovary-ablation has no effect on life span in
either intact or allatectomized females (Hodkova, 2008). Further-
more, allatectomy has no effect on oxygen consumption in males of
P. apterus (Slama, 1964b).

A tissue that may potentially link CA-signalling and the
physiological processes related to aging is the fat body. In females
of many insects, including P. apterus, JH promotes vitellogenin
synthesis in the fat body (Socha et al., 1991; Wyatt, 1997; Soller et
al,, 1999). Interestingly, antiDAF-16 of C. elegans (the homolog of
dFOXO) represses vitellogenin mRNA, and the knockout of
vitellogenin genes prolongs life span (Murphy et al.,, 2003).
However, the absence of vitellogenins cannot explain life span
extension by the CA ablation in males of P. apterus, because they do
not produce vitellogenins (Socha et al., 1991). Life span of D.
melanogaster is extended by transgenic over-expression of the
insulin signalling responsive transcription factor encoded by dfoxo
in the fat body (Ginnakou et al., 2004; Hwangbo et al., 2004).
Defining interactions between JH and FOXO will be the subject for
the next phase of our study of the endocrine regulation of aging in
males and females of P. apterus.

4.2. CA and survival of females exposed to males

As expected, continuous exposure to males significantly
reduced the life span of control females. Relative benefit of
virginity on life span was similar in isolated virgins vs. females kept
inisolated pairs (44.7%, Fig. 1A) and in females kept in homosexual
vs. heterosexual groups (44.3%, Fig. 5A), although the absolute
longevities were different (females originated from different
laboratory colonies). An unexpected finding was that the reduction
of life span (50% survival) caused by sexual interactions was more
extensive in allatectomized than in control females (Fig. 2). A
possibility that the presence of males stimulates the production of
JH in intact females cannot be excluded. However, the benefit of
allatectomy on life span was higher in virgin than in non-virgin
females (Fig. 2), indicating that the negative impact of the CA on
female survival was rather enhanced by virginity. Interestingly,
mating as well as D. melanogaster sex peptide inhibit JH
biosynthesis in the Mediterranean fruit fly (Ceratitis capitata) CA
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in vitro (Moshitzky et al., 2003). These results contrast with the
stimulatory effect of D. melanogaster sex peptide on the CA of D.
melanogaster and a moth Helicoverpa armigera, where JH produc-
tion by CA in vitro increases after mating in these and other species
(Moshitzky et al., 1996; Shu et al., 1998; Fan et al., 1999; Holbrook
et al., 2000). In any case, our results provide direct evidence that
enhanced activity of the CA, including JH production, is not the
likely mechanism by which sexual interactions shorten the life
span in females of P. apterus. On the contrary, the cost of sexual
interactions (the difference between survivals of virgins and non-
virgins) was enhanced by the absence of the CA (Fig. 2).

The present findings imply that downstream consequences of
JH effects, such as the synthesis of vitellogenins by fat body or eggs
production are not causally related to the sex-dependent decrease
of female life span, because these activities are absent in
allatectomized females (Socha et al., 1991). This conclusion is
also supported by observations that the rate of egg production is
similar in mated and virgin females and the lifetime production of
eggs was even higher in the latter (Table 2). Consequently, the
difference in longevity between non-virgin and virgin females
must be due to the costly effects of sexual interactions as such.

A cost of mating that is independent of the rate of egg
production was also identified in other insect species. For example
mated females have a shortened life span even if the cost of egg
production is excluded in D. melanogaster (Fowler and Partridge,
1989; Chapman et al., 1995), C. capitata (Chapman et al., 1998) or
the seed beetle Callosobruchus chinensis (Yanagi and Myiatake,
2003). In these species, manipulations of egg production by genetic
interventions, X-radiation or the availability of oviposition sites
revealed a separate cost of egg production, in addition to the cost of
mating (Chapman et al., 1998; Sgro and Partridge, 1999; Yanagi
and Myiatake, 2003). In P. apterus, an additional (mating-
independent) cost of egg production seems unlikely, because
ablating the ovary does not prolong female life span (Hodkova,
2008), but additional costs of vitellogenin synthesis and/or other
reproduction related processes have not been excluded.

In D. melanogaster, the negative effect of mating on female
longevity is caused by peptides made in male accessory glands
(Acps) (Chapman et al., 1995, Wigby and Chapman, 2005). The
accessory glands of allatectomized males of P. apterus are involuted
and contain about four times lower amount of proteins than the
accessory glands of control males (Socha et al, 2004).
Consequently, it was likely that females exposed to allatectomized
males received lower amounts of Acps, because the allatectomy of
males did not enhance their mating activity (Table 1, Fig. 4).
Therefore, we expected a strong negative effect of the male CA on
female life span. In contrast to our expectation, females exposed to
allatectomized males lived only slightly longer than females
exposed to control males (Fig. 3A). These results suggest that the
negative effect of males on female life span is principally
independent of the male CA, leaving thus the effect of Acps on
female survival open to question. Either the cost of mating depends
on factors other than Acps or a low amount of Acps produced in the
absence of CA is sufficient to reduce female life span. Several
possible causes of a negative effect of mating on female life span
have recently been discussed (De Loof, 2011). Alternatively, sexual
interactions without mating may be responsible for the survival
cost. Further studies should unravel the relative importance of
mating and mating-independent effects of males on female
survival.

Another question for future research concerns the role of Acps
for reproductive success. Females do not benefit from the male CA
through increased egg production (Table 2). In contrast, a critical
role for JH in the regulation of male reproduction, especially
through the expression of Acps, was suggested in Tenebrio
castaneum (Parthasarathy et al., 2009).

4.3. CA and survival of males exposed to females

Continuous exposure to females significantly reduced the
median life span of control males (Figs. 1B and 5B), and this
effect was independent of the male’s own CA (endogenous JH)
(Fig. 2). Given that the growth of accessory gland size is impaired
in allatectomized males (Socha et al., 2004), our results indicate
that the production of accessory fluid is not important in
determining longevity of mated males of P. apterus. In contrast,
the extra production of accessory gland products were thought to
be responsible for much of the cost of reduced longevity associated
with high mating rates in males of the stalk-eyed flies Cyrtodiopsis
dalmani (Pomiankowski et al., 2005).

The most striking effect in our study was that males
continuously exposed to allatectomized females had significantly
longer life span than males exposed to control females (Fig. 3B),
although numbers of copulation bouts were similar and the
copulation duration was even longer in the former (Table 1).
Hence, it is not the mating itself that mediates the negative effect of
the female CA on male longevity. On the other hand, the shorter
genital associations (lower female receptivity) caused by the
female CA allow males to spend longer time courting and that may
be ultimately responsible for the cost of male survival associated
with the female CA. Notably, the main cost of sexual interactions
arises from courtship e.g. in males of D. melanogaster (Cordts and
Partridge, 1996) or Ceratitis capitata (Papadopoulos et al., 2010).

An alternative or additional mechanism responsible for the
effect of the female CA on life span of males might involve
pheromones. In C. elegans, sugar-like chemicals (acarosides) at very
low concentrations act as a sex pheromone that attract males to
hermaphrodites and the same group of compounds at higher
concentrations trigger young worms to enter the long-lived dauer
stage (Srinivastan et al., 2008). The dauer pheromone may also
increase the life span of adult worms (Kawano et al., 2005).
Interestingly, exogenously applied JH analogue, fenoxycarb,
suppressed sex-pheromone production and receptivity in adult
females of a moth H. armigera (Rafaeli and Bober, 2005), but
allatectomy prevented pheromone production and calling, e.g. in a
moth Pseudaletia unipuncta (Cusson and McNeil, 1989) or a
cockroach Supella longipalpa (Smith and Schal, 1990). Although
the regulation of pheromone production by JH appears to be
widespread among insects, a potential role for pheromones in
connecting sexual activity with longevity has not yet been
examined. In any case, the effect of a female reproductive hormone
on the male life span observed in our study is presently unique and
desires further attention.
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