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Hormonal control of sexual receptivity in cockroaches 
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A b s t r a c t .  Many animals exhibit specific behaviors associated with sexual receptivity only when they are reproduc- 
tively competent. In insects with gonadal maturation cycles, these behaviors usually coincide with ovarian 
matruation. In the cockroach Blattella germanica, juvenile hormone (JH), produced by the corpora allata (CA), 
regulates female reproductive physiology. Various experimental manipulations, including ablation of the CA, 
therapy with JH analogs, CA denervation, ovariectomy, and changing nutrient quality, coupled with time-lapse 
video recording, support the hypothesis that JH also controls female sexual receptivity. A re-examination of the 
role of the CA in the maturation of male sexual readiness shows that, while sexual behavior develops in the absence 
of JH in both B. germanica and Supella longipalpa, JH accelerates the expression of sexual readiness. 
K e y  w o r d s .  Sexual receptivity; sexual behavior; juvenile hormone; cockroach. 

The behavioral state of an organism is influenced by 
both internal and external stimuli. Actingthrough sen- 
sory pathways, such stimuli can enhance the release of a 
hormone which then directly or indirectly influences 
behavior. The hormone sensitizes specific neurons, mus- 
cles. or glands, biasing the behavioral output toward 
specific, usually adaptive, behaviors ~. Juvenile hormone 
(JH) involvement in the control of insect behavior has 
been shown in a number of taxa (see ref. 2), including 
crickets 3, in which it induces oviposition, and honey 
bees 4, in which it coordinates age-related behavioral 
changes in division of labor. In some cockroaches. 
beetles, and moths, the corpora allata (CA), which 
produce JH. control both pheromone production and 
its release in females 5,6. 
Although JH control of various reproductive events in 
insects would suggest its involvement in female sexual 
receptivity as well, this area has been poorly docu- 
mented. For example, JH is responsible for the directed 
phonotactic responses of female crickets to males, pre- 
sumably by reducing the phonotactic threshold of an 
auditory neuron in the prothoracic ganglion 7. Yet fe- 
males with extirpated CA mate when placed in contact 
with males 8. Moreover, Loher et al. 9 qfiestion the. role 
of the CA in phonotaxis in crickets. 
Engelmann ~~ provided early evidence for the regulation 
of mating behavior in an insect by the endocrine system: 
Only 30% of females of the cockroach Leucophaea 
maderae whose CA were removed mated during the 
next month. However, with the same species, Roth and 
Barth ~1 observed that 94% of allatectomized females 
mated when intact females were present in the same 
cage, suggesting that allatectomy suppressed mate- 
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recruitment signalling and not sexual receptivity. Later 
experiments showed that, in the presence of normal 
pheromone-emitting females, 10nly 41% of allatec- 
tomized females mated compared with 92% of control 
females 12. More recent studies have shown that newly- 
eclosed female Diploptera punctata mate while still 
white, before the CA become active 13, and our data also 
show that D. punctata females that were allatectomized 
early in their last stadium also mated normally upon 
adult emergence (data not shown). 
In the German cockroach, Blattella germanica, as in 
many other insects, oocyte development is controlled by 
jH~4,15. A close temporal relationship between the onset 
of pheromone release, mating, oocyte maturation, and 
JH biosynthesis 14-17 suggested that the CA might be 
required for the development or expression of female 
receptivity, and that females mate only when JH titers 
reach a certain threshold level. We now report that in 
the German cockroach, the CA must be present and 
active for females to express sexual receptivity. In con- 
trast, sexual readiness in males is independent of the CA 
and JH. 

M a t e r i a l s  an f f  m e t h o d s � 9  �9 : ... , : 

The Blattelta germanica colony was maiiatained at .27 ~C 
under a 12 h light: 12 h dark photoperiodic regime with 
rat chow (Purina No. 5012, St. Louis, Mo,, USA) and 
water provided ad libitum. Newly emerged adult males 
and females were collected daily and maintained in 
separate groups under the same conditions. 
Basal oocyte length in B. germanica parallels, and is a 
precise indicator of JH biosynthesis by the CA assayed 
in vitro ~8'~9 and of hemolymph JH titer 2~ Basal oocyte 
length was measured with an ocular micrometer under a 
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dissecting microscope. Microsurgeries. including allate- 
ctomies, ovariectomies and nerve transections, were 
conducted on ice-anesthetized cockroaches; antibiotics 
were not used because the mortality rate in operated 
insects was less than 5%. 
Few unobtrusive behavioral or morphological corre- 
lates, other than mating, can predicl sexual receptivity 
of female cockroaches. Vigorously courted Periplaneta 
americana females were considered to be receptive 21, 
but this appears to be more closely related to 
pheromone release than to copulatory readiness. 
Mounting the male and feeding upon his tergal secre- 
tion was used in other cockroach species to indicate 
sexual receptivity (see ref. 22), but based on numerous 
observations in B. germanica, we found that mounting 
does not necessarily lead to mating and it often occurs 
in immatures, males, and starved females which are 
clearly unreceptive (see below). 'Calling' postures, dur- 
ing which sex pheromones or other mate-recruitmem 
signals are emitted, are clearly related to readiness to 
copulate 16, but are difficult to monitor and record au- 
tomatically. Therefore, in our assays, female sexual re- 
ceptivity was determined by direct time-lapse 
observations of copulations. Each female in the present 
study was placed in a 9 cm outside diameter (OD) petri 
dish with food (rat chow) and water, and two 14-day- 
old sexually receptive males. Continuous exposure of 
the female to two other cockroaches before copulation 
was important because isolated adult females exhibit 
significantly depressed rates of JH biosynthesis and 
oocyte maturation 15. CoPulation in petri dishes were 
monitored With an infra-red sensitive ultricon video 
camera (RCA TC1005 with an 18-144mm auto-iris, 
remote-controlled zoom lens) interfaced with a time- 
lapse video recorder (Panasonic AG-6050) operating at 
one image per 4 s. Recordings were conducted in a 
temperature-controlled chamber maintained at 
27 +0 .2~  and under a 12:12 light:dark photoperi- 
odic regime. We recorded age and time of first mating, 
duration of copulation, and age at oviposition. All 
measures of variance are standard error of the mean. 
Fenoxycarb (ethyl[2-(phenoxy-phenoxy)ethyl] carba- 
mate; a gift from Dr. R. Maag Ltd., Dielsdorf, 
Switzerland) has been shown to have JH-like activity 
in many insects, including B. germanica 23. Administra- 
tion of juvenile hormone analog (JHa) was by continu- 
ous tarsal exposure to maintain a high hemolymph 
titer, we avoided injection or topical application o f  

J H a ,  because large doses might Corffound physiological 
events (see ref. 24). Fenoxycarb, diluted in 200 gl ethyl 
alcohol, was applied to each 9 cm OD petri dish and 
the alcohol allowed to evaporate for 2 h. We also 
confirmed some of the results with the JHa (7S)-hy- 
droprene( ethyl - (2E,4E) - 3,7 S, 11 - trimethyl - 2,4- dodeca- 
dienoate; a gift from Sandoz Crop Protection, Palo 
Alto) (data not shown). 

Results and discussion 

Newly-eclosed female B. germanica are sexually unre- 
ceptive; they routinely mount courting males, but by 
extending their legs, or by mounting the male from the 
side, they move their abdomen out of the reach of 
males, thus avoiding copulation. There is a clear rela- 
tionship between copulatory readiness and the size of 
the basal oocytes in virgin females with daily access to 
males: In a group of females of the same age, females 
that mate early have larger oocytes 16. On day 4, oocyte 
length of females that mate average 1.35 • 0.01 mm 
( n -  43), compared with 1.08 + 0.05 mm in a random 
sample of 4-day-old females (n - 10) (p < 0.01, t-test), 
while those that mate later have similar sized oocytes to 
a group of control females of the same age without 
access to males. These results suggest a relationship 
between copulatory readiness and physiological stage. 
Unobtrusive time-lapse video records showed that fe- 
males mated on average 5.7 • 0.13 days after the imagi- 
nal molt ( table 1, test series l), when their basal oocytes 
averaged 1.36 + 0.03 ram, 54% of their maximal length 
at ovulation. Similarly, after virgin females abort their 
second infertile egg case, they refuse to mate until their 
oocytes reach 1.28 + 0.03 mm (n = 34). This con-firmed 
a relationship between oocyte maturation, or factors 
controlling oocyte growth (i.e., JH), and sexual recep- 
tivity. We therefore exposed females to conditions that 
would uncouple the usually tightly linked factors of 
female age and physiological (endocrine) state. An asso- 
ciation between sexual receptivity and JH, independent 
of age, would provide support for the hypothesis that 
JH affects sexual receptivity. 
First, we tested whether JH can accelerate the expres- 
sion of sexual receptivity. Exposure of virgin females to 
the JH analog fenoxycarb accelerated both oocyte mat- 
uration and mating (table 1, testseries 1). Denervation 
of the CA removes brain restraints on CA activity and 
accelerates the onset of JH synthesis in cockroaches 25,~6, 
including B. germanica 15,17; it also accelerated the onset 
of copulatory readiness (table 1, test series 2). 
To determine if the CA are required for female receptiv- 
ity, we extirpated the CA from newly-eclosed females. 
Since allatectomy recuces the amount of contact 
(courtship-inducing) sex pheromone that is produced by 
females 27, a control group consisted of allatectomized 
females that were treated topically with 3,1 I-dimethyl- 
nonacosan-2-one, a component of the contact sex 
pheromone. Both groups of females were vigorously 
courted by males, but only intact sham-operated fe- 
males mated; females without CA did not mate and 
their basal oocytes did not mature (table 1, test series 
3). Sexually unreceptive allatectomized females mated in 
response to treatments with fenoxycarb, supporting the 
hypothesis that JH influences and coordinates sexual 
behavior. 
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Table 1. The effect of various treatments on copulatory readiness, and time and duration of copulation in 
cockroaches. 

R e s e a r c h  A r t i c l e s  

female B. german• 

Test Treatment N Females Age mated Copulation Onset time 
series mated (day) duration L-on = 00:00 

(%) (rain) (hour) 

1 intact female 85 97.6 5.7 -+ 0.13 a 95.5 _+ 4.51 a -0 .64 _+ 0.46 a 
intact, + 1 lag JHa 28 96.4 2.9 • 0.15 b 83.9 _+ 5.60 a -0 .50 ,+ 1.06 a 
intact, + 10 gg JHa 60 90.0 3.2 ,+ 0.07 b 85.4 _+ 4.85 a 1.59 ,+ 0.78 a 

2 sham allatectomized ( - C A )  51 86.3 5.7 ,+ 0.15 a 89.5 _+ 1.59 a -2 .20 _+ 0.71 ~ 
CA-denervated 62 88.7 4.9 ,+ 0.12 b 89.2 _+ 1.53 a 0.08 • 0.74 u 

3 - CA 32 0 na na na 
- CA, + pheromone 27 0 na na na 
- C A ,  + 0.5 gg JHa 21 57.1 6.6 ,+ 1.0C 80.2 _+ 2.87 a 0.22 ,+ 1.55 b 

- C A ,  + 1.0 lag JHa 27 74.1 3.9 ,+ 0.20 b 80.0 ,+ 5.31 a --3.00 _+ 1.56 c 
--CA, + 5.0 lag JHa 22 50.0 3.3 ,+ 0.24 b 84.6 _+ 7.61 a -3.00 ,+ 1.55 c 
- C A ,  + 100 lag JHa 11 54.5 3.0 • 0.26 b 87.7 ,+ 7.45 a -5.03 ,+ 3.29 c 

4 - E C ,  sham allatectomized 23 82.6 6.6 _+ 0.24 ~ 93.6 ,+ 2.80 ~ 1.18 ,+ 1.00" 
- EC,  - C A  19 0 na na na 
- E C , - C A ,  + 1 bLg JHa 22 90.9 2.1 • 0.15 b 77.6+2.27 b 0.89_+1.19 a 

5 sham ovariectomized 14 100.0 7.2 + 0.33 ab 85.6 ,+ 1.75 a -- 1.13 ,+ 0.55 a 
--OV 137 86.9 8.7 ,+ 0.49 a 81.1 • 3.26 a --0.80 ,+ 1.80 a 
-OV,  CA-denervated 59 88.1 6.1 ,+ 0.24 b 85.4 _+ 2,37 a -0.45 ,+ 1.07 a 

6 starved 32 0 na na na 
starved, + 1 lag JHa 32 34.4 5.1 ,+ 0.37 ~ 85.3 _+ 2.73 ~ -0 .72 • 0.91 ~ 
starved, + 100 lag JHa 30 70.0 3.0 ,+ 0.18 b 109.6 ,+ 10.95 a - 1.39 ,+ 1.25" 

7 0% protein 22 0 na na na 
0% protein, + 1 lag JHa 20 60.0 4.8 ,+ 0.46 b 92.8 _+ 3.91 ~ - 1.24 ,+ 0.52 ~ 
5% protein 27 11.1 8.4 ,+ 1.72" 97.5 • 21.92 a -0 .56 ,+ 1.11 ~ 
25% protein 35 97.1 5.4 _+ 0.29 u 88.2 ,+ 5.31 ~ -0 .79 ,+ 0.44" 

Shown are seven experimental series, each of which consisted of several treatments that were conducted concurrently with N females. 
Where indicated, the JHa fenoxycarb was applied to the bottom of each petri dish 2 h before insects were placed in the dishes. In all 
experiments where JHa was used, except in test series 4 (see below), newly-eclosed operated females were placed on freshly JHa-treated 
petri dishes. In test series 2, the CA were denervated by transecting the nervi corporis cardiac• I and II in teneral adult females within 
12 h of adult ecdysis (see refs 15, 17). In test series 3, which was conducted concurrently with test series 2 (sham controls serve both 
series) the CA were removed from teneral females ( - C A )  and 1 gg of 3,11-dimethylnonacosan-2-one, the major component of their 
contact sex pheromone, was topically applied on the wings of some females. In test series 4 the egg case was removed from 13-day-old 
gravid virgin females ( - E C ) ;  sham-operated females served as control for the - C A  operation. - O V  in test series 5 represents 
ovariectomized females that were castrated as last instar nymphs. In test series 7, diets were formulated according to Schal et al. 31. L-on 
indicates lights-on in a 12:12 L:D photoperiodic regime. The data within each test series were analyzed by analysis of variance 
(ANOVA) followed by Duncan's New Multiple Range Test (SuperANOVA, Abacus Concepts, Berkeley) for multiple comparison of 
means. Within each column of each series, treatments followed by different letters are significantly different (p <0.05). 
Means _+ standard errors are indicated, na = not applicable. 

H o r m o n e - i n d u c e d  b e h a v i o r a l  changes  m a y  be p e r m a -  

nen t ,  p r e s u m a b l y  due  to d e v e l o p m e n t a l  changes  in 

t a rge t  tissues. In  adu l t  h o u s e  crickets ,  for  example ,  J H  

induces  neurogenes i s  in m u s h r o o m  bodies ,  p r o v i d i n g  a 

n e u r o a n a t o m i c a l  basis  for  h o r m o n a l l y  m e d i a t e d  con t ro l  

of  ovipos i t ion2< Al te rna t ive ly ,  a n d  m o r e  c o m m o n l y ,  

b e h a v i o r a l  changes  are t r ans ien t ,  d e p e n d i n g  u p o n  fluc- 

t ua t i ng  h o r m o n e  titers.  W e  tes ted  w h e t h e r  exposure  to  

J H  in the  first g o n o t r o p h i c  cycle m i g h t  be  sufficient to  

t u r n  on  sexual  recept ivi ty  p e r m a n e n t l y ,  by  r e m o v i n g  

b o t h  the  C A  a n d  the  newly - fo rmed  infert i le  egg case o f  

13-day old  virgin females.  S h a m - o p e r a t e d  females  (egg  

case r emoved ,  C A  t o u c h e d  b u t  no t  r emoved )  exhib i ted  

an  unrecep t ive  pe r iod  of  6.6 days,  d u r i n g  wh ich  the i r  

J H  t i ter  was  low as ev idenced  by  smal l  oocytes.  Al la tec-  

t omized  females  fai led to m a t e  for  the  30 day  test  

per iod ,  b u t  t r e a t m e n t  o f  such females  wi th  f e n o x y c a r b  

res tored ,  a n d  even accelera ted,  the  onse t  o f  c o p u l a t o r y  

read iness  ( t ab le  1, test  series 4). These  resul ts  ind ica te  

t h a t  a t h r e s h o l d  t i ter  o f  J H  induces  events  t h a t  p r o m o t e  

sexual  recept iv i ty  in the  female,  a n d  readiness  to  m a t e  

in a n  earl ier  o v a r i a n  cycle does  n o t  faci l i ta te  la te r  copu-  

l a to ry  readiness  in the  absence  o f  JH.  

In  some  insects  the  ovar ies  p lay  a key role  in r e p r o d u c -  

tive phys io logy  a n d  behav io r .  In  housefl ies ,  for  exam-  

ple, r emova l  o f  the  ovar ies  shor t ly  a f te r  adu l t  emergence  

removes  the  source  o f  the  h o r m o n e  20 -hyd roxyecdysone  

a n d  inh ib i t s  p r o d u c t i o n  of  the  sex p h e r o m o n e  29. In  the  

c o c k r o a c h  D. punetata, ova r i ec tomy  abo l i shed  J H  

biosynthesis3% Howeve r ,  in B. german• o v a r i e c t o m y  

only  delays  C A  activity,  a n d  resul ts  in a p o p u l a t i o n  of  

h ighly  a s y n c h r o n o u s  females  exh ib i t ing  grea t  v a r i a t i o n  

in the i r  levels of  J H  b iosyn thes i s  ~7. R e m o v a l  o f  the  

ovar ies  f r o m  last  in s t a r  females  did  n o t  suppress  sexual  

recept ivi ty  in the  adul t ,  b u t  it s ignif icant ly  de layed  cop-  

u la t ion .  Only  53% of  172 ova r i ec tomized  females  t h a t  



Research Articles Experientia 51 (1995), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 

Table 2. The effect of various treatments on readiness to copulate in male B. germanica and S. longipalpa cockroaches. 
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Species Treatment N Males Age mated 
mated (day) 
(%) 

B. germanica 

S. bng~a~a  

intact male l0 100 3.9 _+ 0.57 b 
sham allatectomized 9 100 4.6 -}- 0.82 b 
- C A  24 100 8.8 + 0.76 ~ 
- C A ,  + 1 g g J H a  24 91.7 4.1 _+0.62 b 
-Tes tes  14 92.8 5.1 + 0.73 b 

- C A  14 78.6 4.6 • 0.4V 
- C A ,  + 1 ~tg JHa 10 100 4.4 _+ 0.40 ~ 

Male readiness to copulate was assayed by placing each test male in a petri dish with 3 receptive females aged 2, 4, and 6-days. Thus, 
receptive females were always available and females were changed every 3 days. Other details of these experiments were identical to 
those described in table 1. 

were presented with males daily mated by day 7, com- 
pared with 98% of 179 intact females 17. In an extension 
of these observations with 30-day time-lapse recordings, 
87% of ovariectomized females mated (table 1, test 
series 5). Two groups of ovariectomized females were 
noted after day 7: Females that refused to mate and 
exhibited low rates of JH biosynthesis, and receptive 
females whose CA synthesized JH at high rates (see ref. 
17). Thus, in contrast with intact females, the onset of 
sexual receptivity in ovariectomized females is signifi- 
cantly delayed and reflects variable rates of CA activa- 
tion among such females. By transecting the nerves 
between the CA and the brain (thus removing brain 
inhibition of the CA), we were able to induce ovariec- 
tomized females to mate significantly earlier (table 1), 
showing that copulatory readiness is tightly linked to 
CA activity and not to any factors produced by the 
ovaries. 
In the German cockroach, food intake is intimately 
associated with oocyte maturation, and starvation as 
well as protein-deficient diets suppress JH synthesis by 
the CA and therefore oocyte growth 3'. As expected, 
starved females refused to mate, but JHa induced most 
females to accept courting males (table 1, test series 6). 
Similarly, the CA of females fed a protein-free diet 
produce little JH 3~ and such females remain sexually 
unreceptive. However, most such females mated readily 
when exposed to JHa. As the protein content of the diet 
increases to 25% (wt/wt), so does the percentage of 
females that copulate. Thus, in the female German 
cockroach diet quality determines the level of activation 
of the CA, which in turn controls the onset of sexual 
receptivity. 
We also noted that normal females copulate toward the 
end of the dark phase of a diel rhythm, averaging 
0.64 _+ 0.46 h before lights-on, and remaining in copula 
for approximately 90 min (table 1). Interestingly, while 
the duration of copulation was generally unaffected by 
experimental treatments, the onset of copulation shifted 

to an earlier portion of the scotophase in CA-dener- 
vated females and in females exposed to exogenous JH. 
This suggests that a diel cycle of endogenous JH might 
control the timing of receptivity, and denervation of the 
CA or exposure to exogenous JH disrupts this periodic- 
ity. We are currently testing this hypothesis. 
While our results highlight the importance of the CA in 
female sexual receptivity, it is clear that allatectomy has 
no significant effect on the expression of sexual behav- 
iors in male cockroaches 32,33. As with females, we tested 
normal, sham-operated, allatectomized, and castrated 
males. Allatectomy delayed, but did not eliminate, the 
maturation of sexual readiness in B. germanica males 
(table 2). The JHa fenoxycarb accelerated the onset of 
sexual readiness in allatectomized males, suggesting that 
the delay without the CA was due to JH deficiency 
rather than surgical trauma. To test the possibility that 
concurrent tarsal exposure of females to JHa in our 
assays might have affected the results, we allatectomized 
newly-molted adult males and, in groups, exposed them 
continuously to 1 ~tg fenoxycarb. Their sexual responses 
were monitored on the fifth day toward receptive fe- 
males that were not exposed to JHa. Only 38.5% 
(n = 13) of allatectomized males copulated, while 75% 
(n = 12) of allatectomized-JHa treated males mated 
within 2 h. Thus, JH appears to exert a specific acceler- 
ating influence on maturation of sexual readiness in B. 
germanica males. Similar studies with S. longipalpa 
males failed to support an earlier claim 34 that the CA 
were required for male sexual response in this species. 
In our experiments, removal of the CA either from last 
instars or from newly eclosed adults, failed to eliminate 
the onset of male copulatory readiness. 
Juvenile hormone exerts major pleiotropic effects on 
insect development and reproduction. It acts as a mor- 
phogenetic hormone in larval growth and development, 
and it regulates some major gene products in adult 
females, including vitellogenin, a yolk protein synthe- 
sized by the fat body, and oothecin, an egg case protein 
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synthesized in the accessory sex glands. This may be 
why a close relat ionship has evolved in B. germanica 

between gonadal  ma tu ra t ion  and  sexual receptivity, as 
in m a n y  metazoans.  Our  results support  the hypothesis 
that JH controls  sexual readiness in females, bu t  not  in 

males. The activity of  the CA in adult  female cock- 

roaches is dependent  upon  and modula ted  by both 
internal  states (physiological ,  nutri t iorial)  and  environ-  

mental  stimuli ( temperature ,  photoperiod,  social inter- 
actions) 14252631 Favorable  stimuli result in a graded 

lifting of bra in  inhibi t ion  upon  the CA,  Permit t ing the 

synthesis and  release of  JH. In  addi t ion  to inducing  

protein synthesis in the female. JH also stimulates the 
female cockroach to produce sexual signals, including 
both  a t t rac tant  and  courtship-elicit ing pheromones  6, 

and  to become sexually receptive. Impor tan t ly ,  mated  
females also produce JH, bu t  they neither emit  sex 

phe romone  nor  regain sexual receptivity. It  thus ap- 
pears that  while JH is required for the expression of 
copula tory  readiness in female B. germanica, signals 

associated with copula t ion  (spermatophore ,  sperm, ac- 
cessory secretions) 35,36 can inhibi t  this behavioral  state 

even when titers of  JH are permissive for receptivity. 

These observat ions suggest that  JH most  likely regulates 

sexual receptivity indirectly, th rough other  directives. 
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