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Abstract—In house crickets [Acheta domesticus (L.)] a single mating early in adult life sufficed to induce
egg laying for the duration of the life of a female. Female house crickets mated readily shortly after adult
emergence but oviposition did not commence until about 12-14 days after emergence, even though females
matured eggs by 7 days. The egg-laying factor associated with mating remained active during prolonpged
periods of substrate deprivation during which the female did not oviposit. If the spermatophore was
removed prematurely shortly after 2 mating, the long-term, egg-laying response was truncated and was
correlated with a dramatic decline in the fertility of egps which were oviposited. The egg-laying stimulus
appeared to act in the spermatheca, apparently through neural means, since denervation of the
spermatheca abolished mating-induced oviposition. These results indicate that the oviposition factor
found in the testes is able to act for long periods of lime and has to be present continually in order to
be effective, Furthermaore, the long-term oviposition stimulus in the house cricket may be different from
prostaglandin E2 which induces a prompt ovipositional response.
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INTRODUCTION

Reproductive success in insects requires that ovi-
position be regulated to assure fertilization and a
favourable environment for egg development. Thus
in a large number of insects, oviposition is stimulated
by male-derived factors transferred with sperm at the
time of mating. Oviposition stimuli range from the
physical mating act itsell to chemical activators se-
creted by male accessory glands and testes and sperm
(see Engelmann, 1970 for review). In addition, re-
productive success 1S maximized by stimuli which
promote oviposition throughout the reproductive life
of the female.

For these reasons we were interested in factors
regulating oviposition in the house cricket, Achera
domesticus. Adults of this species survive for 60 days
or more and are reproductively active continuously.
To have adaptive value, therefore, factors that regu-
late oviposition in the house erickel must stimulate
the laying of fertilized eggs for an extended period of
time. Attention was also focused on house crickets
because (1) the male accessory reproductive gland
contains extremely high levels of cyclic GMP and it
is transferred to the female during mating (Fallon
and Wyatt, 1975a,b; Murtaugh er af., 1985) and (2)
males synthesize E and F prostaglandins in the testes
and deliver prostaglandin synthetase to the female
during mating (Destephano et al., 1974; Destephano
and Brady, 1977; Murtaugh and Denlinger, 1982).
Prostaglandins are potent regulatory molecules in
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vertebrate reproduction (Karim, 1975) and pros-
taglandin E2 stimulates a burst of ovipositional activ-
ity in Achera domesticus (Destephano er al, 1982) and
in Teleogrylius commodus (Loher, 1979; Loher er af.,
1981) when injected into unmated females.

The long-term regulation of oviposition in Acheta
domesticus was not addressed in the studies described
above. Because we were interested in the possibility
that male-derived prostaglandins play a role in long-
term control of egg laying, we needed detailed base-
line data describing the ovipositional activity of
female house crickets throughout their adult life and
its regulation by the male. The findings presented
here demonstrate that long periods of ovipositional
activity extending more than 50 days are stimulated
by a single mating, even though mating can precede
the onset of egg laying by almost 2 weeks. The
ovipositional signal appears to be received in the
spermatheca since it must have intact neural con-
nections in order for oviposition to ensue.

MATERIALS AND METHODS

Insect rearing

Achera domesticus (L.) adults and mid- to late-
instar nymphs were maintained in continuous culture
at 25+ 1°C with 12h light and 12h dark. Fres-
standing water and a finely ground diet consisting of
95%; rodent lab chow (Ralston Purina, St Louis, MO)
and 5% liver powder (U.S. Biochemicals, Cleveland,
OH) were available ad libitum to all developmental
stages. The diet was optimized for growth and re-
production (Clifford et al., 1977; Tennis er al., 1977,
1979). Shelter was provided by egg cartons and
corrugated cardboard. Newly emerged nymphs were

611



al2

maintained at 30-32°C in sealed containers to in-
crease humidity and accelerate the growth rate, Other
conditions were the same as for adults. Under these
rearing conditions nymphal development lasted
40-50 days.

Males and females of known age and mating
history were obtained by culling a colony of devel-
oping nymphs daily, The sexes were then reared apart
individually or in age-matched groups as needed,

Egg collection

In order to recover eggs quantitatively and re-
producibly, females were kept in pint containers with
screen bottoms resting on petri dishes filled with
moist perlite (Terra-lite, W. R. Grace, Cambridge,
MA). Females readily deposited eggs which were
collected by filtration through aluminum window
sereen (which retained the perlite) into tap water. To
hatch the egps or determine fertility, eggs were placed
on moist filter paper in a petri dish at 30-32°C.
Humidity was maintained at 75% with saturated
potassiim chloride (Winston and Bates, 1960). Fertil-
ity was determined by the appearance of eyespots
about 10 days after egg deposition and was used to
confirm the successful transfer of sperm during mat-
ing. Hatching occurred within 13-14 days.

Surgical procedures

Removal, implantation and manipulation of the
spermatheca was done through a ventral incision in
the seventh sternite just anterior to the bursa copu-
latrix. In denervated-spermatheca experiments, the
spermatheca was drawn out, attached nerves were
severed, and the spermatheca was reinserted without
damaging or cutting the spermathecal duct. Control
amimals received the same incision, the spermatheca
was touched, and a piece of fat body was removed.
For implantation studies, spermathecae were dis-
sected from surface sterilized, mated females in sterile
cricket saline {Fallon and Wyatt, 1975b) and placed
in Grace's insect tissue culture medium (Grand Island
Biological, Grand Island, NY) for not more than 2 h
prior to implantation, Spermathecas were inserted
through incisions in the seventh sternite. Control
amimals were given spermathecae taken from virgin
animals.

RESULTS
Effect of mating on oviposition

Under the rearing conditions employved in these
studies, vitellogenin uptake into eggs was detected 4
days after eclosion and at 7 days the ovaries were
filled with mature, chorionated eggs. Since these
animals were presumed to be competent to respond
to an oviposition stimulus, 7-day old females were
mated individually with males for 24 h then isolated
in containers on moist perlite to monitor long-term
oviposition. After mating, no eggs were laid for 5
days (Fig. 1), Beginning on day 14, though, eggs were
deposited by all of the females at a rate averaging
25-30 eggs per day until the females were 60-days old,
Egg production then declined but persisted beyond
70 days. In comparison, unmated females laid almost
no eges. IM moist perlite was not available as an
oviposition substrate, eggs were not laid by mated or
unmated females (data not shown).
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Fig. 1. Effect of mating on long-term oviposition in house

crickets, Mewly emerged adult females were provided with

moist perlite for oviposition and maintained without mating

(closed circles, n = 8) or were mated (arrow) on day 7 (open

circles, n = 8). Data represent the mean number of eggs laid

per female per day and were obtained by counting eggs
collected at 2-3-day intervals.

Eggs/Femalae/Day

Figure | also illustrates the temporal variability in
ovipositional activity. The data presented are means
derived from eggs laid by cight females and collected
at 2-3 day intervals. MNevertheless, the graph still
fluctuates markedly. It also indicated that egg-laying
data needs to be collected from large numbers of
individuals over long periods in order to yield reliable
estimates of long-term ovipositional behaviour.

Since the delay between mating and oviposition
observed in Fig. 1 was nol expected we examined the
relationship between female receptivity to mating and
the onset of egg laying. One-day old females did not
mate, but females only 2-days old were already
receptive to males and about 30% accepted sper-
matophores (Fig. 2A). After 5 days of adulthood,
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Fig. 2. Effect of age on mating receptively and the onset of
oviposition in young female house crickets. Females were
collected and isolated individually within 24 h of adulthood,
A Femules from I-16 days old were given mature males for
I day then maintained in isolation on moist perlite until 20
days of age. Mating success was determined by the presence
or absence of sperm in the spermatheca. Five to scven
females were used for each determination. B, Females which
mated successfully at the age of 2 days, 5 davs, 8 days or
10 days, as indicated in each quadrant, were maintained on
moist perlite. Eggs were collected daily until the age of 20
days. Data represent the mean number of eggs laid per
female per day by 3 (2 days), 6 (5 and & days), or 5 (10 days)
mated females.
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Fig. 3. Effect of age on the onset and duration of owi-
position in mature females. Sixteen-day old or 42-day old
females were mated with mature males (arrows) and pro-
vided with moist perlite. Eggs were collected as shown
{closed circles). Data are means obtained from 16 (mated at
16 days) and 8 (mated at 42 days) females.

females mated within 24 h in nearly all cases (Fig.
2A). The egg-laying patterns of mated females de-
picted in Fig. 2A were lollowed to 20 days of age.
Four groups are presented in Fig. 2B. In all age
groups oviposition was delayed until the amimals
were about 13-14 days old. Females mated on day 2
did not lay eggs until day 17, an interval of 15 days
between receptivity to mating and onset of ovi-
position. Mating on day 10 still failed to promote egg
laying for 4 days, until day 14. The delay between
mating receptivity and the onset of egg laying was
apparent only in young females. Older ammals re-
sponded differently after mating, showing no lag as
they commenced oviposition within 24 h. As shown
in Fig. 3, females mated at 16 or 42 days (Fig. 3,
arrows) laid eggs within 24 h and continued to ovi-
posit for several weeks.

The number of times a female mated was not
determined in the preceding experiments. It was
possible that the intensity of the oviposition stimulus
was proportional to the number of matings (Sakaluk
and Cade, 1982) and that unequal numbers of mat-
ings contributed to the observed fluctuations in egg
production. Therefore we determined the effect of a
second mating on oviposition. Mating was documen-
ted by observing the transfer and attachment of a
spermatophore to the bursa copulatrix. All the
matings were successful, based on subsequent
oviposition of fertile eggs. For the second mating,
females were given a different male and sper-
matophore attachment was again verified. Females
were isolated individually and oviposition was mon-
itored for 20 days. No difference in the number of
eggs laid was observed between females mated once
or twice. The egg-laying patterns of the two groups,
representing 33 individuals, are virtually identical
(Fig. 4). The data for fema.es mated twice were offset
slightly to see the standard error bars better. The
results indicated that a single mating is sufficient to
fully stimulate long-term oviposition. A stimulatory
effect of a second mating was only observed in very
old females in whom egg production had declined to
only 1-5 eggs per day. Figure 5 shows that a second
maling temporarily reversed the gradual decline in
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Fig. 4. Lack of effect of a second mating on long-term
oviposition by female house crickets. Females 10-13 days
old were mated once or twice with mature males. Matings
were confirmed by noting the transfer and attachment of
a spermatophore to the bursa copulatrix. After mating
females were maintained individually on moist perlite and
egps were collected at 2-day intervals. Data represent the
mean + SE of females mated once (closed circles, n = 16) or
twice (open circles, n = 17). The open circles are offset
slightly to the right to simplify the presentation of the data.

egg production in these females and induced an
immediate large burst of egg laying (61.4 £ 24.1 eggs/
female/day, X + SE) in 60-day old animals. Thus
aged animals were still responsive to an oviposition
stimulus. It was not clear whether this was a tempo-
rary or long-term effect.

Retention of the oviposition stimulus in the absence of
an egg-laying substraie

Since in nature an oviposition substrate is not
always available at the time of mating, we allowed
young females to mate and then investigated the
effect of a protracted deprivation of an oviposition
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Fig. 5. Stimulatory effect of a second mating on oviposition

in aged females. Twenty-five females age 4-11 days were

mated to mature males and transferred in groups of 1-3 to

maoist perlite. Egg production was monitored a3 indicated

(closed circles). Fifty-cight days after mating, B females were

mated again. Oviposition by this group is shown by the open
circles.
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Fig. 6. Owiposition by mated females after a prolonged
denial of an oviposition. substrate, Females 4-11 days old
were mated then kept for 17 days (closed circles, n = 16) or
34 days (open circles, v = 14) before being placed on maist
peclite. Eggs were collected at 2-3-day intervals,

substrate on egg laying behaviour. As shown in
Fig. 6, 30 females 4-11 days old were allowed to mate
then were deprived of moist perlite for 16 (closed
circles) or 34 {open circles) days after mating. Imme-
diately upon being placed on a moist substrate both
groups initiated 2 burst of ovipositional activity,
laying up to 60 eggs/female/day, and continued to
oviposit until the experiment was terminated 57 days
after mating. We do not believe that the intial burst
of ovipositional activity nor the prolonged egg laying
response resulted simply from a moist substrate
stimulus. Unmated females of this species did not lay
eges at a significant rate at any time in their lives,
even when maintained continuously on a moist ovi-
position substrate (Fig. 1).

Daes mating trigger a response in females or provide
@ continuous stimulus?

The preceding experiment raised two interesting
possibilities for how oviposition could be stimulated
more than a month after mating. Mating could
trigger an irreversible commitment to oviposition or
the stimulus could be a stable factor which must be
present continually to promote egg laying. To dis-
tinguish between these two possibilities, females were
mated and the spermatophore was removed alter
different times ol attachment. If mating triggered egg
laying, then both treatments were expected to induce
equivalent long-term egg laying. But if mating pro-
vided a continuous stimulus, then females which had
a spermatophore attached longer would lay more
cges. Figure 7A shows that attachment of a sper-
matophore for 10min (open circles) induced egg
laying at a high rate for 22 days. Each female laid an
average of 682 eges. Attachment for 2-3 min (closed
circles) initially promoted a high rate of oviposition
which declined steadily after 8 days to near 0. In this
group females laid only 339 eggs each.

When the fertility of the eggs in Fig. TA was
determined it was observed that egg fertility remained
constant in the [0-min group at about 75 until the
experiment was terminated (Fig. 7B, open circles). By
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Fig. 7. Effect of time of spermatophore attachment on
long-term oviposition and egg fertility, Females 13-14 days
old were mated to mature males. Spermatophores were
removed after 2-3 min (closed circles, m = 8 females) or afier
10 min (open circles, 1 = 10 females). Females were main-
tained individually on moist perlite and epgs were collected
at 2-day intevals. A. Mean 1+ SE of the number of eggs laid
per female per 2 days. B. All of the eggs laid (by the crickets
shown in panel A) were collected and incubated to deter-
mine fertility. Data shown are means at each time point, The
standard errors of the means averaged 11%; for the open
circles and 123 for the closed circles.

contrast, in the 2-3 min spermatophore attachment
group, fertility was at or near 75%; for about 14 days
but then decreased dramatically. Thus, a briel period
of spermatophore attachment was associated with
lack of long-term fertility as well as decreased egg
laying potential. These observations suggested that
the inability to lertilize eggs, perhaps due to a lack of
sperm, was correlated with a marked reduction in
ovipositional activity.

Role of the spermatheca in the stivlation of ovi-
pasition

After the spermatophore is attached to the female
during mating, it is evacuated. The insemination
mixture passes through the burse copulatrix and the
spermathecal duct to the spermatheca, where it is
stored, The oviposition stimulus is known to be in the
insemination mixture since castrated males cannot
induce oviposition even though they transfer sper-
matophores (Murtaugh er al., 1985). Therefore the
spermatheca was the most likely tissue to receive the
oviposition stimulus. To test this possibility the sper-
matheca was removed surgically before mating.
Figure 8 shows that females which were sham-
operated 15 days before mating displayed a prompl
and sustained ovipositional response. Ablation of the
spermatheca, however, blocked long-term egg laying.
Only a brief egg-laying burst was observed in the first
24 h. Afterwards, the number of eggs deposited was
identical 1o sham-operated, unmated females (Fig. 8).
The surgery did not interfere with the primary ovi-
positional mechanism or its regulation since some
egas were laid.

Tao determine if the oviposition stimulus in the
spermatheca acted neurally or hormonally to induce
ega laying, females were surgically altered to make an
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Fig. 3. Effect of removal of the spermatheca on egg deposi-
tion by female house crickets. Spermathecie were extirpated
from 12-13-day old females and the females were mated
15 days later. After mating females were isolated on moist
perlite and eggs were collected daily for 6 days. Data
represent the mean + SE of the number of eggs laid per
female per day from sham-operated, unmated females
{cross-hatched bars, » = 11), mated females lacking sper-
mathecae (black bars, # = 12) and sham-operated, mated
females (open bars, n = 12),

intact spermatheca which filled with sperm on mating
but from which the nerves had been detached. The
data shown in Fig. 9 clearly demonstrate that simple
denervation of the spermatheca completely inhibited
oviposition even though visual inspection at the end
of the experiment showed that the spermathecae were
filled with sperm. Further evidence that the signal was
transmitted neurally rather than hormonally in the
female was that implantation of spermathecae from
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Fig. 9. Denervation of the spermatheca blocks oviposi-

tion in female house crickets. Spermathecae from 2-5-day

old females were denervated, Twelve days later, females

were mated and eggs were collected at 2-day intervals.

[Date shown are the mean + SE from females with de-

nervated spermathecae (black bars, # =9) and sham-
operated females (open bars, # = 14).

just-mated females into unmated females failed to
induce egg laying (data not shown).

DISCUSSION

Previous studies in A. domesticus have demon-
strated that a male-derived factor produced or
secreted by testes induces oviposition in recipient
females (Murtaugh er al., 1985). We now show that
this oviposition stimulus promotes long-term egg
laying for more than 60 days following a single
mating. A detailed examination of the prolonged
ovipositional response of mated crickets revealed
4cveral unanticipated characteristics of the male-
derived oviposition stimulus, The inducing stimulus
appears Lo be unusually stable. Not only is egg laying
stimulated for a period of months, but also the
stimulus remains effective in the female for long
periods when egg laying is prevented by the absence
of a moist oviposition substrate, Two lines of evi-
dence indicate that these long-term responses are due
to the persistence of a stable factor from the male (or
induced quantitatively in the female), and not to an
irreversible switching on of a female ovipositional
programme. Since a second mating stimulates an-
other burst of egg-laying activity in aged females, the
decline in fecundity is probably due to the de-
gradation or depletion of the oviposition stimulus. In
addition, in young females the number of eggs laid is
correlated with time of spermatophore attachment. A
spermatophore normally remains attached to the
female for about 30 min (Sakaluk and Cade, 1980)
which is sufficient to allow for complete evacuation of
the insemination mixture (Khalifa, 1949). Removal of
the spermatophore shortly alter attachment, within
2-3Imin, did not prevent the imitial induction of
oviposition, but resulted in a lower oviposition rate
after approx. 8 days. The decline in egg laying from
#-20 days after mating was also associated with
decreased fertility, presumably due to a lack of
sperm.

The results also indicate that the insemination
contents from a single spermatophore are sufficient to
stimulate female oviposition in natural populations
maximally. Adult crickets usually survive less than 40
days (Nowosielski and Patton, 1965; Bate, 1971),
while in our experiments one mating stimulated
females to lay 25-30 eggs per day for about 40 days.
This appeared to be the maximal rate of sustained
oviposition since females mated twice did not lay
more eggs than females mated once. This finding was
unexpected since many cricket species, including A.
domesticus, mate repeatedly (Alexander and Otte,
1967; Loher and Edson, 1973; Sakaluk and Cade,
1980). Although the reason for this is not known with
certainty, it is possible that the proteinaceous sper-
matophore is used as a dietary supplement by the
fernale. Thus one benefit of multiple matings might be
to increase oviposition under conditions where
insufficient nutritional resources are a limiting factor
in reproduction.

Recently emerged females become receptive to
and mate with males long before they initiatc egg
laying. Females accept spermatophores 2 days alter
becoming adults (Fig. 2), and they contain mature,
fully chorionated eggs alter 6 days (Bradley and
Edwards, 1978 and unpublished observations). Even
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though they are mated and have received the ovi-
position stimulus, oviposition does nol commerce
until approx. day 14. These observations indicate that
the oviposition stimulus enters the female in a latent
form and must be activated by the female. Activation
could be achieved by biochemical modification or
through developmental maturation. The final stages
of sperm maturation in 4. domesticus, for example,
occur in the spermatheca (McMaster-Kaye and
Kaye, 1976). The ability of females to activate the
aviposition stimulus appears to be age-dependent.
Females that are older than 15 days imitiate ovi-
positional activity within 24 h of mating, whereas
younger females do not oviposit.

Reception and processing of the oviposition stimu-
lus takes place in the spermatheca. Removal of the
spermatheca blocks long-term oviposition but does
not prevent an immediate, short-term egg laying
response. Denervation studies further suggest that the
oviposition signal that is transmittec from the sper-
matheca is neural, not hormonal. Neural regulation
of ovinosition emanating [rom the spermatheca is
also found in Cimex (Davis, 1965), while in Rhodnius
hormonal regulation of oviposition from the sper-
matheca has been inferred (Davey, 1965).

The nature of the oviposition stimulus was not
cetermined in the present studies. However, pharma-
cological and biochemical studies show that pros-
taglandins induce a short-term ovipositional episode
in A. domesticus and T. commodus (Loher, 1979;
Loher et al., 1981; Destephano et al., 1982). Pros-
taglandins of the E and F series and their key
biosynthetic enzymes have been identified in testes, in
spermatophores and in the spermathecae of mated
females (Destephano et al., 1974; Destephano and
Brady, 1977; Loher er al, 1981; Murtaugh and
Denlinger, 1982). Although the role of prostaglandin
E2 in short-term oviposition in crickets is well de-
scribed, the effects of prostaglandins on long-term
aviposition are less dramatic. The only evidence so
far showed that the egg laying activity of unmated T.
commodus females between 3 and 13 days alter
injection with prostaglandin E2 was the same as
uninjected controls (Loher, 1979).

Alternatively, the long-term egg laying stimulus
might be a factor associated with sperm. Sperm are
maintained in a viable state for long periods in the
spermatheca in the presence or absence of ovi-
positional activity. Using egg fertility as an index of
sperm availability, the depletion of sperm from the
spermatheca is correlated with a decline in egg laying
activity. In addition the age-related delay in the onset
ol oviposition may be related to a requirement for the
final stages of sperm maturation, which occur in the
spermatheca (McMaster-Kaye and Kaye, 1976). In
any event, the persistence and stability of the egg
laying response induced in mated females by the
contents of a single spermatophore indicate that the
stimulating factor exerts a powerful and prolonged
influence on female reproductive behaviour.
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