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Abstract-The factors contributing to the termination of calling (pheromone release) in adult female
Supellu longipalpa were examined. Calling ceases after mating and does not resume over the duration of
the insect’s life. Calling was suppressed and basal oiicyte growth was stimulated by the transient presence
of a sperrnatophore, by the implantation of an artificial spermatophore, and by mating with vasectomized
males. Calling resumed after odthecal deposition in females mated with vasectomized males. Ventral nerve
cord transections, either immediately following copulation or after odthecal deposition, restored calling
in mated females. The experimental evidence suggests that the termination of calling is mediated neurally
by a two-stage process, initiated by placement of the spermatophore in the bursa copulatrix and
maintained by the presence of sperm in the spermatheca.
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INTRODUCTION
After copulation, females of many insect species
exhibit a shift from virgin to mated behaviour. These
behavioural
changes include increased egg production and oviposition, changes in food preferences,
loss of sexual receptivity, and termination
of
pheromone
production
and pheromone-releasing
behaviours (“calling”) (Sasaki and Riddiford, 1984;
Webster and Card& 1984; reviews: Barth and Lester,
1973; Chen, 1984; Truman and Riddiford, 1974).
Mating factors that mediate the behavioural
switch may be mechanical or chemical in nature, or
a combination of the two. Presence of the spermatophore in the bursa, sperm or seminal fluid in
the spermatheca, and/or eggs in the oviducts or brood
sac have been reported as mechanical cues in the
termination of virgin behaviour in the Orthoptera
and Dictyoptera
(Hartmann
and Loher, 1974;
Grillou, 1973; Loher and Huber, 1966; Stay and
Gelperin, 1966; Roth. 1964; Roth and Stay, 1961)
and in the Lepidoptera (Stringer et al., 1985).
Chemical factors associated with the sperm, with
male accessory gland secretions, or with the bursa
copulatrix may mediate the change to mated
behaviour in the Diptera (review: Leopold, 1976;
Chen, 1984), the Coleoptera (Boucher and Huignard,
1987), the Orthoptera (Friedel and Gillott, 1977;
Stanley-Samuelson
and Loher, 1986), and in the
Lepidoptera
(Riddiford and Aschenhurst,
1973;
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Yamaoka and Hirao, 1977; Stringer et al., 1985). A
combination of both chemical and neural factors has
been proposed in mediating the switch to mated
behaviour in two lepidopteran species (Karpenko and
North, 1973; Stringer et al., 1985) and possibly in the
drosophilids (Manning, 1967; Leopold, 1976).
Among the cockroaches, female calling behaviour
has been described in only a few species (see Schal
and Bell, 1985; Schal and Smith, 1990). In Supella
longipalpa, the behaviour is characterized by elevated
wings, extended metathoracic legs, and a recurved
abdomen (Hales and Breed, 1983). Calling is associated with the release of a volatile sex pheromone, it
is initiated at an adult age of 6 days, and it ceases
after mating (Smith and Schal, 1990).
In the present study, we present evidence that
the termination of calling is mediated serially by a
two-stage process initiated by the placement of the
spermatophore in the bursa copulatrix, and maintained by the presence of sperm in the spermatheca.
Moreover, experimental results from manipulations
involving artificial spermatophores, vasectomies, and
ventral nerve cord transections suggest that the effect
is mediated through neural channels.
MATERIALSAND METHODS
Insects

Groups of late-instar nymphs were isolated from a
colony and maintained at 27 f 1C under a 12 h
light: 12 h dark photoperiodic regime. Adults were
collected within 24 h after the imaginal moult (day 0)
and maintained in groups under the same light and
temperature conditions. Dry dog food and water
were provided ad libitum.
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Assays of calling

Calling was observed directly after experimental
manipulation
by placing females individually in
Petri dishes and conducting observations during the
scotophase in a temperature- and light-controlled
room (27 + 1°C; 12 h light: 12 h dark). During
the scotophase, observation was facilitated by illumination with low intensity, photographic darkroom
red lights.
Dissections

All insects were immobilized
on ice for
3 min and secured on a paraffin wax dish with
plasticene. Specific surgeries and manipulations are
discussed in the appropriate section of the results.
Oocyte dimensions were taken using an ocular
micrometer.
RESULTS

Spermatophore removal

Although calling begins at a mean adult age of 6
days, the youngest age at which nearly all females will
mate is 8 days (unpublished). Mated females ovulate
and oviposit on days 12-I 3. Consequently, a window
of only 4-5 days is available for observations after
copulation
before oijthecal extrusion interrupts
calling. However, if a virgin female is permitted to
deposit the first infertile ootheca, a period of about
12 days before the production of the next oijtheca
allows sufficient time for experimental manipulation
and observation.
Three sets of calling, virgin females that had
oviposited oijthecae 3 days earlier were obtained.
Two sets were permitted to copulate during the
next scotophase. The spermatophores were removed
from 20 mated females within 4min after the
termination of copulation; 21 mated females and 21
virgin females were manipulated in the same manner
without spermatophore removal. The insects were
observed for 2 days, then dissected and their basal
oijcytes were measured. To confirm that removal
of the spermatophore 4min after the termination
of copulation
precludes sperm transfer to the
spermatheca, the spermatophores were removed from
10 mated females as described previously and the
females were dissected 2 days later. No sperm were
present in any of the spermathecae.
Of females from which the spermatophore was
removed, 29% called during the following 2 days,
compared with 100 and 5% of the virgin- and mated-

Table

I. Effect of the transient presence of the Spermatophore on the
incidence of calling and on oijcyte development
Females
calling

Treatment

n

Mated + spermatophore
removedt
Mated control
Virgin control

20
21
21

n

I
6
21

(%)

(5)
(29)
(100)

Basal o&yte length*
(mm1
(X + SE)
2.30_+ 1.17a
1.89kO.71 b
1.23 +0.54c

*Means having no letter in common were significantly different at the
5% level (Tukey’s studentized range test).
Wpermatophores were removed 4min after the termination of
copulation.

control females, respectively (Table 1). Additionally,
statistically significant oiicyte growth occurred 2 days
after manipulation in mated-control females as well
as in those females that experienced only the transient
presence of the spermatophores.
Implantation of art$cial spermatophores

To test the hypothesis that the mechanical placement of the spermatophore mediates the termination
of calling, 18 virgin females that had deposited
oiithecae 24 h earlier, received implants of spermatophore-sized sand grains into the bursa copulatrix.
Eleven sham-virgin females were manipulated in the
same manner without receiving the artificial spermatophores. The insects were observed throughout the
scotophase during the next 48 h, the maximal length
of time that the spermatophore normally remains in
the bursa copulatrix (unpublished), then dissected for
basal oiicyte measurement.
As predicted, only 17% of the females with
implanted artifical spermatophores called, compared
with 100% of the sham-operated females (Table 2).
Moreover, as for mated females (Table I), artificial
spermatohore implantation significantly stimulated
basal oiicyte growth (Table 2).
Ventral nerve cord transections

To determine whether information from insertion
of the spermatophore ascends via the ventral nerve
cord, 8-day-old virgin females were permitted to
copulate. A portion of the ventral nerve cord between
the first and second abdominal sternites was removed
4min after termination of copulation in 9 females.
Sham-operated females (n = 10) served as controls.
The females were observed for 7 days. Eight of 9
ventral nerve cord-transected females resumed calling
l-3 days (2.0 f 0.73 days) after surgery, whereas
none of the sham-operated control females called
(Table 3).
Because the spermatophore remains in place for
less than 48 h after copulation, it is unlikely that the
spermatophore alone sustains the mated, noncalling
behaviour. Presence of the sperm in the spermatheca
may provide the continued stimulation to prevent
the resumption of calling. Consequently, ventral
nerve cord transection was performed 4 days after
copulation, a period of time which allowed for
the movement of sperm to the spermatheca, extrusion
of the spermatophore, and deposition of a viable
ootheca. Calling was restored in 9 out of 10
ventral nerve cord-transected females 2-5 days after
surgery (3.8 & 1.05 days), but not in the 10 shamoperated controls, suggesting that feedback information from the spermatheca ascends via the ventral
nerve cord.
Table 2. Effect of artificial spermatophare implants on the incidence
of calling and on oijcyte development
Females
calling
Treatment

n

II

Implanted females
Sham females

18
11

1:

(%)
(ztj’)

Basal o6cyte length*
(mm)
(X f SE)

I S8 f 0.58
I .22 _+0.49

*Means of basal oiicyte lengths are significantly different at the 5%
level (f-test).
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Table 3. Effect of ventral nerve cord transection on the
incidence of calling
Females calling
Treatment

n

n

(%)

Post-copulation*
Sham-control

9
IO

8
0

(89)
(0)

Post-oGthecat
Sham-control

IO
IO

9
0

(90)
(0)

‘The ventral nerve cord was transected within 4min
after mating.
tThe ventral nerve cord was transected within 24 h after
oiithecal deposition.

Mating with vasectomized males

Castration of S. longipalpa males is a difficult procedure because the testes are diffuse within the abdomen. However, transection of the vas deferens can be
achieved by cutting through the lateral margins of the
5th or 6th abdominal segments of O-day adult males.
After copulation with test females, examination of
the spermathecae for the presence of sperm confirmed
the success of the surgery. Vasectomized males
produce a spermless spermatophore of dimensions
(1.0 x 0.5 mm) identical to those of normal or shamoperated males (unpublished).
Eight-day virgin
females were permitted to copulate with vasectomized
or sham-operated males. Each female was observed
for 21 days.
Both control and experimental females ceased
calling for a period of 3-5 days after which the first
oijthecae were extruded and deposited (Table 4),
demonstrating
again that spermatophore insertion
mediated the switch to mated, noncalling behaviour.
There was no significant difference (t-test; P > 0.05)
between the 2 groups in the number of days
to oatheca production (Table 4), indicating that
spermatophore
insertion also stimulated oijcyte
growth. Enforced virginity resulted in deposition of
the first inviable oiithecae on day 12.87 &-1.40
(n = 40). After deposition of the first obtheca,
females that copulated with vasectomized males
resumed calling, whereas control females did not
(Table 4). Furthermore, during the 21-day observation period, control females produced oBthecae at
a rate identical to that of normal, mated females
(3.46 + 0.79 oiithecae; n = 15); experimental females
showed a rate of oiithecal production characteristic
of normal, virgin females (1.60 + 0.53 oBthecae;
n = 20). Apparently,
presence of sperm in the
spermatheca was necessary to maintain the mated
behaviour. Oothecae of both sets of females were
observed for viability; only those from the control
females bore nymphs.
DISCUSSION

Termination of calling in S. longipalpa is mediated
by a serial process involving mechanical stimulation

behaviour
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exerted by the spermatophore in the bursa copulatrix,
and the presence of sperm in the spermatheca. The
conclusion that the spermatophore acts mechanically
through neural pathways is supported by the observation that calling is terminated by the brief presence
of a spermatophore without sperm transfer to the
spermatheca (Table I), by implantation of artificial
spermatophores (Table 2), and by ventral nerve
cord transection immediately following copulation
(Table 3). Copulations with vasectomized males which
produce normal-sized spermatophores, resulted in the
transient cessation of calling (Table 4), providing
further evidence that the spermatophore serves as the
initial mechanical stimulus in the switch to mated
behaviour. Because vasectomized males produce
normal-sized spermatophores, accessory gland substances appear to play no role in the termination of
calling. Moreover, implantations of spermatophores
and sperm into the abdomen have no effect on calling
in virgin females (data not shown).
A number of parallels exist between the factors
that regulate the termination of sexual receptivity
in Nauphoeta cinerea (Roth, 1964) and those that
regulate the termination of calling in S. longipalpa.
In N. cinerea, sexual receptivity, defined as female
palpatation of the male tergum, ceases after mating
and, as in S. longipalpa, the effect may be imitated in
virgin females through the implantation of artificial
spermatophores or by mating with castrated males.
Similarly, a return to virgin behaviour (calling and
sexual receptivity in S. longipalpa and N. cinerea,
respectively) is observed after ventral nerve cord
transection immediately following copulation. Both
species exhibit a switchover to mated behaviour
(termination of calling and of sexual receptivity,
respectively) and accelerated oiicyte development
when the spermatophore is permitted to remain in
place for only minutes following copulation. Moreover, when S. longipalpa females are mated with
vasectomized males, odthecal production occurs after
an interval of time identical to that of normally mated
females, and calling ceases over that pre-ovipositional
period. Hence, it appears that in S. longipalpa and N.
cinerea, the initial termination of calling and sexual
receptivity, respectively, is mediated by the placement
of the spermatophore into the bursa, which exerts its
influence through ascending neural channels.
The mechanical stimulation by the spermatophore
in effecting the change from virgin to mated
behaviour has been reported for other insects. In the
moth Manduca sexta, mechanical distension of the
bursa copulatrix induces the switch to mated ovipositional behaviour (Stringer et al., 1985) and calling
ceases for 1-2 days following copulation
with
castrated males (Sasaki and Riddiford, 1984). In the
cockroach Diploptera punctata, oiicyte development
characteristic of mated females is triggered by the
mechanical presence of the spermatophore in the

Table 4. Effect of matins to vasectomized males on the incidence of calling and oiithecal production

Treatment
Mated to vasectomized males
Mated to sham-operated males

Call before
1st oiithecae
n

Call after
1st oijthecae
n

Days after mating
to 1st oijthecae
X + SE

Days between
oijthecae
X + SE

Number of oiithecae
in 21 days
X&SE

O/IO
O/IO

IO/IO
O/IO

3.60 ?r 0.97 a
3.56 _t 0.73 a

11.89* l.24a
6.11 k0.78b

I .90 i 0.75 a
3.44 + 0.73 b

Means within a column having no letter in common are significantly different at the 5% level (r-test).
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bursa copulatrix (Roth and Stay, 1961). In females of
the grasshopper Gomphocerus r&s, maintenance of
sexual unreceptivity for 6-10 days between successive
copulations is mediated neurally by stimuli arising
from the presence of the spermatophore (Loher and
Huber, 1966). In the mosquito Aedes aegypti, the
initial loss of sexual receptivity is mediated by the
mechanical distension of the bursa copulatrix from
filling with sperm and seminal fluid (Gwadz, 1972).
Thus, the termination of calling or sexual receptivity
may be initially mediated by the presence of the
spermatophore or seminal fluid in the bursa copulatrix in insect species representing several orders.
Because the spermatophore has only a transient
effect, maintenance of mated behaviour requires an
additional factor. In ovoviviparous species, distension of the brood sac by the internally incubated egg
case can serve as the stimulus in maintaining sexual
unreceptivity in mated females (e.g. N. cinerea, Roth,
1964). In the oviparous S. longipalpa, a spermbearing spermatheca is necessary for maintaining
mated, noncalling behaviour. Females that mated to
vasectomized males resumed calling after odthecal
deposition and produced subsequent oiithecae at
intervals characteristic of virgin females (Table 4).
Moreover, females with sperm-bearing spermathecae
resumed calling after ventral nerve cord transection
(Table 3) indicating that mated behaviour is maintained by the presence of sperm in the spermatheca
which is communicated via ascending neurones of the
ventral nerve cord.
Unmated
females of the bisexual strain of
Pycnoscelus surinamensis (= P. indicus) abort the
extruded egg case after ovulation, whereas mated
females retract and internally incubate the egg case in
the brood sac. By conducting spermathecal excisions,
spermathecal duct and ventral nerve cord transections, spermathecal denervations,
and matings
to castrated males, Stay and Gelperin (1966) demonstrated that mated ovipositional behaviour in P.
surinamensis requires the presence of sperm in the
spermatheca. As in S. longipalpa, the sperm-laden
spermatheca exerts its influence through the nervous
system. Similarly, when Trichoplusia ni females are
mated to castrated or irradiated males, in which only
apyrene sperm and subnormal quantities of accessory
gland fluids are produced, virgin ovipositional
behaviour is maintained
(Karpenko and North,
1973). Apparently, the presence of viable sperm
and male accessory gland secretions is necessary to
mediate the switch from virgin to mated behaviour,
and to sustain the latter.
An intact ventral nerve cord is required for the
switchover to mated behaviour in S. Iongipalpa, but
input from higher nervous centres to the terminal
abdominal ganglia is not needed for the expression of
calling. This is radically different from the situation
in most lepidopterans, where ventral nerve cordtransected females do not call normally (Sasaki and
Riddiford, 1984; Itakagi and Conner, 1986, 1987;
Tang et al., 1987). It is unknown, however, whether
this difference is due to a more anterior location of
pheromone glands in the cockroach. In S. longipalpa
pheromone production appears to involve abdominal
tergites (unpublished),
whereas moth glands are
usually associated with the ovipositor.

Signals ascending through the ventral nerve cord
arrive at the target site (e.g. anterior regions of the
central nervous system) and trigger the events
that terminate calling behaviour in a yet unknown
manner. One model may involve the neural inhibition
of a motor pattern residing in the brain or anterior
ganglia. An alternate scenario may involve tropic
neurosecretory factors which are released during the
scotophase in mature virgin females to elicit calling,
but the release of which is inhibited by neural signals
arising from spermatophore insertion and spermdistention of the spermatheca. Based on removal
and reimplantation of the corpora allata, and administration of juvenile hormone to virgin female Byrostria fumigata, Bell and Barth (1970) suggested that
high titres of juvenile hormone associated with
mating may mediate the switch to mated behaviour.
However, in S. longipalpa, corpora allata from virgin
females attain similar rates of juvenile hormone
release in vitro as do corpora allata from mated
females (Smith er al., 1989). Moreover, intact virgin
females continue to call when corpora allata reach
their peak release rates in vitro. Studies entailing
the administration
of nervous tissue and corpora
cardiaca extracts and the ablation of regions of the
brain and other ganglia should further elucidate the
mechanisms controlling the termination of calling in
the brown-banded cockroach.
The results presented in this study indicate that, in
addition to terminating calling behaviour, mating
stimulates oijcyte development. Smith et al. (1989)
also showed that activation of the corpora allata to
peak synthesis rates in vitro (and subsequent ovulation) is faster in mated than in virgin S. longipalpa.
However, Gadot et al. (1989) showed that corpus
allatum activity in vitro, the rate of oiicyte development, and oviposition were faster in grouped than in
individually isolated Blattella germanica females.
This grouping effect, and an unintended selection
through mating of females that exhibit faster oiicyte
maturation than females that refuse to mate, largely
accounted for differences that were previously
attributed to mating. However, recent data from our
laboratory indicate that grouping has no effect on
oiicyte maturation in S. longipalpa, and that females
grouped with normal males (i.e. grouped mated
females) exhibit significantly faster oiicyte development than females grouped with phallomerectomized
males (i.e. grouped virgin females).
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