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Abstract

The haemolymph JH III titres in solitarious and gregarious adult desert locusts,Schistocerca gregaria, were examined in relation
to corpus allatum (CA) volumes, aggregation–maturation pheromone production in males and oocyte growth in females. The JH
titres of gregarious females were generally higher than those of solitarious females at all ages studied. The titre patterns, however,
were similar: relatively high on day 10, dropping to low levels between days 20 and 25, before rising again by day 25. In the
solitarious males, the JH titre was very low on day 10 after fledging, but increased gradually and reached a maximal amount on
day 30. The JH titre in gregarious males was low on day 10, elevated on day 15 coinciding with the start of the production of the
pheromone, and dropped to a relatively low level on day 20 around the time of maximal pheromone production, then rising again
by day 25. These results suggest that biosynthesis of the pheromone is associated with a high JH titre peak in the haemolymph.
Although a clear relationship was found during the first gonadotropic cycle between JH titres, on one hand, and CA volume and
oocyte growth, on the other, in both phases, no such correlation could be discerned in the second cycle. 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Two phases of locusts have been distinguished: solita-
rious and gregarious, with a range of intermediate forms
between them (Uvarov, 1921; Steedman, 1990). Gre-
garisation is a density-driven process associated with
improved weather and vegetation, and is accompanied
by physiological, behavioural, morphological and pig-
mentary changes. The endogenous factors that regulate
the transition from a solitary to a gregarious state or vice
versa, and then maintain the appropriate phase, have
been of considerable interest.

The possible involvement of endocrine factors in
phase regulation in locusts has been reviewed exten-
sively (Dale and Tobe, 1990; Pener, 1991; Pener and
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Yerushalmi, 1998). The juvenile hormone (JH) produced
by the corpora allata (CA) affects some phase character-
istics and may play a role in locust phase changes. For
example, implantation of CA or administration of JH or
JH analogues to crowded hoppers induces the green
coloration characteristic of the solitary phase. This effect
has been demonstrated inLocusta migratoria(Couillaud
et al., 1987),Schistocerca gregaria(Novák and Ellis,
1967) and other grasshoppers (Rowell, 1967). Recently,
Wiesel et al. (1996) treated crowd-rearedL. migratoria
andS. gregariawith JH and several JH analogues, and
reported varying degrees of solitarising effects on a num-
ber of phase-related behaviours of these acridids. How-
ever, Applebaum et al. (1997) did not find significant
long-term effects from treatment of crowd-reared
nymphs of these species with the JH analogue methop-
rene. These authors attributed short-term behavioural
effects of methoprene to a non-specific, toxicological
response or to a specific transient response. On the other
hand, Joly (1954) observed that implantation of an extra
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CA into crowdedL. migratoria hoppers resulted in a
decrease of the E/F (fore-wing to hind-femur length)
ratio associated with the solitarious phase. In another
study, using radiochemical assay in vitro, Injeyan and
Tobe (1981) reported that JH biosynthetic activity of the
CA was higher in isolated than in crowded penultimate
and last instar female hoppers ofS. gregaria. In the same
study, the activity of the CA was found to be slightly
lower in crowded than isolated adult females, but major
differences were temporal. Whereas JH biosynthetic
activity of the CA was similar in crowded and isolated
L. migratoria females during the first five or six days
after fledging, by day 8 gland activity was much higher
in isolated locusts (Dale and Tobe, 1986). Furthermore,
employing theGalleria bioassay, Joly and Joly (1974)
and Joly et al. (1977) found that JH titres in the haemo-
lymph of fourth and fifth instar hoppers as well as adult
females were higher in isolated than in crowdedL.
migratoria. On the other hand, allatectomy of gregarious
adult males resulted in complete loss of the yellow col-
our associated with gregarious insects, an effect that was
reversed by re-implantation of CA or administration of
JH (Pener and Lazarovici, 1979). Thus, although age- as
well as sex-related differences between phases in CA
size and its activity, in haemolymph JH titres, and in
effects of external treatment of JH and its analogues,
have been implicated in these disparate studies, no
coherent picture has emerged (Dale and Tobe, 1990;
Pener, 1991; Schneider et al., 1995; Wiesel et al., 1996;
Applebaum et al., 1997).

Work at the International Centre of Insect Physiology
and Ecology (ICIPE) on the pheromone systems ofS.
gregaria has opened up the possibility of comparing
endocrine events with pheromone titres and related
phase characters. These studies have demonstrated the
existence of distinct sets of releaser pheromones that
modulate the aggregation behaviour of different stages
of the gregarious desert locust (Obeng-Ofori et al., 1993;
Obeng-Ofori et al., 1994a,b; Torto et al. 1994, 1996).
The aggregation pheromone produced by older males
has also been shown to accelerate maturation of young
adults (Mahamat et al., 1993), whereas the nymphal
pheromone retards it (Assad et al., 1997). The aggre-
gation–maturation pheromone system of adults has been
identified as a blend of phenylacetonitrile, benzaldehyde,
guaiacol and phenol, with the nitrile present in about 75–
85%. Recently, Deng et al. (1996) showed that locusts
are extremely sensitive to crowding. Confining a few or
even two solitarious fledglings or mature adults in small
cages leads to the production of the adult pheromone
within a few days. Conversely, uncrowding gregarious
locusts leads to rapid disappearance of the pheromone
(Deng et al., 1996). Aggregation–maturation pheromone
titres, therefore, constitute a powerful tool for monitor-
ing phase and phase shifts.

We undertook the present study with several objec-

tives in mind. First, it was clear that more detailed time-
course measurements of haemolymph JH titres of solita-
rious and gregariousS. gregariaadults of both sexes
were needed to provide a more rational basis for under-
taking experiments involving endocrine interventions
and interpreting their results. Second, a major difference
between solitarious and gregarious males is that the latter
start producing the aggregation–maturation pheromone
as they mature (Mahamat et al., 1993); we wondered if
this would be reflected in differences in JH titres. Third,
we saw the study as an opportune occasion to generate
concurrently time-course information on CA volumes in
males and females, and on oocyte development in
females, to see if these relate to JH titres over the same
period on the same group of insects. Herein, we describe
our findings.

2. Materials and methods

2.1. Insect cultures

The experiments were conducted using male and
female adults of distinctly gregarious and solitary phases
of Schistocerca gregaria(Forskål) that were cultured at
ICIPE in Nairobi (Ochieng-Odero et al., 1994). Insects
were reared on a diet of grass and wheat bran at 32±2°C
and a 12 h photoperiod as described previously (Tawfik
et al., 1996). Adults were staged from the day of final
ecdysis and their development was followed for 30 days
in rearing rooms that also had other adults of varying
levels of maturation. Experimental adults of gregarious
phase began mating on day 14, deposited first egg
batches on days 15–16 and the second ones on days 26–
28. Corresponding times from the solitary phase were:
mating on day 16, first egg-laying on days 18–19, and
second egg-laying on days 28–30.

2.2. Identification and quantification of juvenile
hormone

Haemolymph samples from each locust (10µl) were
diluted with 2 ml methanol containing 0.5 pmol ethyl
ester homologues of JH I and JH III as internal stan-
dards. For each sex, phase and day from the moult, five
to 10 replicates of haemolymph collections from differ-
ent individuals were analysed. JHs were characterized
and quantified by the method of Rembold and Lackner
(1985), which is based on extraction into iso-octane,
adsorption–desorption sequences involving derivatiz-
ation of JHs and measurement by combined gas chroma-
tography–selected ion monitoring–mass spectrometry
(GC–SIM–MS). For this analysis, an IGC 120 DFL gas
chromatograph (Intersmat, France) coupled on-line with
a Varian CH-7A-DF sectorfield mass spectrometer was
used. From each sample, 4µl (20%) was introduced into
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the chromatograph by a falling needle injector. For sep-
aration of JH derivatives, a fused silica capillary column
(J&W DB 1, film thickness 0.25µm, length 30 m,
0.26 mm ID) was used. The injector temperature was set
at 300°C and the oven temperature programme moved
from 200°C to 290°C (11°C/min). Mass measurement
was started 5 min after sample injection, and the differ-
ent JHs were eluted within the next 3 min.

2.3. Collection and analyses of volatiles released by
gregarious adult males

The collection and analyses of volatiles were carried
out as described by Torto et al. (1994). Briefly, air from
a compressed air cylinder was passed through a charcoal
filter, then over locusts contained in a trapping chamber
(10 cm long×3.5 cm ID) and finally through charcoal
(120 mg) packed between two glass wool plugs in a
glass tube (6 cm long×8 mm ID) at 106 ml/min for 18 h
at 32±2°C. Collections were made from sets of nine
adult males in groups of three. The adsorbent traps were
eluted with dichloromethane and extracts concentrated
to 100µl. o-Methyl acetophenone (internal standard,
250 ng) was added. Aliquots (2.5µl) of the extracts were
analysed by capillary gas chromatography (GC) on a
Hewlett-Packard (HP) 5890 series II gas chromatograph
equipped with a flame ionisation detector and an HP
capillary column (Carbowax 20 m, 50 m by 0.32 mm ID
by 0.3µm film thickness). Nitrogen was used as the car-
rier gas at a flow rate of 0.35 ml/min. The oven tempera-
ture was programmed for 60°C for 10 min, raised at
5°C/min to 180°C for 5 min and then at a rate of
10°C/min to 220°C, where it was maintained for 15 min.
Chromatographic peaks including that of phenylaceton-
itrile were integrated using an HP 3396 integrator.

2.4. Morphometric investigations of the corpora allata
and ovaries

The volume of the corpora allata was determined
immediately after dissection using the formulaV
(mm3)=4/3p[(r1+r2)/2]3 in which r1 andr2 are the means
(left and right glands) of the larger and the smaller radii,
respectively. In each female dissected in Ringer’s sol-
ution, 10 terminal oocytes of each ovary were measured
using an ocular micrometer at a suitable magnification
of a binocular microscope. Thus, 20 terminal oocytes per
female were used to calculate the variation in the mean
oocyte length during the first and second gonadotropic
cycles. Four to five females were used for each age
group.

2.5. Statistical analyses

Student’st-test was used to compare means.

3. Results

3.1. Identification and quantification of juvenile
hormone in adult males and females

GC–MS analysis confirmed that only JH III was
detectable in the haemolymph of the desert locustS. gre-
garia. JH titres at different ages in adult females and
males for both the solitarious and gregarious phases are
shown in Fig. 1.

In females, the pattern of JH titres in the two phases
was similar although those in the gregarious insects were
mostly higher [Fig. 1(a)]. In both phases, titres were high
on day 10 after fledging (80±17 pmol/ml in solitarious
insects, 171±34 pmol/ml in gregarious insects). In solita-
rious insects, the titres dropped significantly by day 15,
fluctuating between 10 and 20 pmol/ml 15–25 days after
moult, before rising to about 60±15 pmol/ml by day 30.

Fig. 1. JH titres [±standard deviation (SD)] in the haemolymph of
solitarious and gregarious adult females (a) and males (b); and phero-
mone titres (±SD) as measured by the amounts of phenylacetonitrile
in gregarious (solid circle with continuous line) and solitarious (open
circle with broken line) males (*,P,0.05; **, P,0.01; ***,
P,0.001).
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In gregarious females, JH titres were high on days 10
and 15 after the moult (130–170 pmol/ml), dropped to
between 20 and 30 pmol/ml on days 20 and 25, and rose
again by day 30 (|85 pmol/ml).

Solitarious and gregarious males had very low haemo-
lymph JH titres on day 10 (7.04 and 2.4 pmol/ml,
respectively). Thereafter, the pattern of JH titres differed
markedly in the two phases. Solitarious adult males
showed a gradual increase in JH titres to about
150 pmol/ml by day 30 after fledging [Fig. 1(b)]. How-
ever, in gregarious adult males, the titre was conspicu-
ously elevated on day 15 (233±29 pmol/ml), coinciding
with the start of pheromone emission, and dropped to
lower levels on day 20 before rising again by day 25
[Fig. 1(b)].

3.2. Pheromone titres

Gas chromatographic analyses of trapped volatiles
from different groups of adults confirmed that older
males (.10 days after fledging) released a series of aro-
matic compounds previously reported, with phenylace-
tonitrile comprising 75–85% of the total volatiles
(Mahamat et al., 1993; Torto et al., 1994). Maximum
titres of this compound occurred between days 18 and
25 after ecdysis. Thus, the start of pheromone production
coincided with the first high peak of the haemolymph JH
titre [Fig. 1(b)] and reduction in the CA volume (Fig. 3)
in gregarious males.

3.3. Changes in the CA volume in adult females
during the first and second gonadotropic cycles

Although the variation in CA volumes was found to
be similar in the two phases (Fig. 2), that of gregarious
females appeared to peak two days earlier (day 10). This

Fig. 2. Changes in mean volumes (±SD) of the CA of solitarious and gregarious adult females in relation to oocyte growth during the first and
second gonadotropic cycles. Arrows indicate time of oviposition in the solitarious (S) and gregarious (G) females.

is in agreement with the JH titre [Fig. 1(a)], which was
higher for gregarious females compared with that of soli-
tarous. The CA volume of both the solitarious and greg-
arious females varied cyclically in relation to growth of
the oocytes (Fig. 2). During the first gonadotropic cycle,
the maximum length of the basal oocyte peaked just after
the first peak of the CA volume (|2 days later) in both
phases. This is consistent with a previous observation
that it takes 48 h for vitellogenin mRNA to appear fol-
lowing administration of precocene-allatectomisedL.
migratoria with JH (Wyatt and Davey, 1996). Interest-
ingly, during the second gonadotropic cycle, the CA vol-
ume of gregarious females coincided with the maximum
length of the basal oocyte, consistent with the previous
finding that vitellogenin appears much earlier (2–18 h)
on second exposure of JH (Wyatt and Davey, 1996). In
contrast, in solitarious females the second peak of the
CA volume appeared just before the maximal length of
the basal oocyte during the second gonadotropic cycle.
Although the volumes of the CA appeared to be larger
in the solitarious adult females than in their gregarious
counterparts, generally these were either not significant
(days 0–8, except day 4) (P.0.05) or, where significant
(days 12–20) (P,0.05), the resultant differences were
offset by the apparently earlier peak attainment of the
CA of gregarious females (day 10 compared with day
12 of solitarious females). However, after day 20, CAs
of the solitarious females were somewhat larger.

3.4. Changes in the CA volume in adult males

In gregarious adult males, the CA volume increased
after adult emergence reaching a plateau on day 7 until
about day 17, and then decreased (Fig. 3). On the other
hand, in the solitarious adult males, the CA volume
increased more gradually after emergence, reaching a
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Fig. 3. Changes in mean volume (±SD) of the CA of solitarious and gregarious adult males, in relation to pheromone production by gregarious
adult males.

small peak between day 4 and 8, and then decreased.
Thereafter, the CA volume increased, reaching a
maximum on day 22 after adult emergence (Fig. 3). The
CA volumes were larger in gregarious adult males than
in solitarious males from day 2 to 18 (P=0.05–0.0001).
In contrast, between days 20 and 24, the CA volumes
in the solitarious males were significantly larger than
those of their gregarious counterparts (P#0.001).

4. Discussion

Our results from GC–MS analyses of extracts of hae-
molymph samples derived from over 150 insects of both
phases and sex show that JH III is the only juvenile hor-
mone detectable inS. gregaria. This is in agreement with
a number of previous findings inSchistocerca(Blight
and Wenham, 1976, Trautmann et al., 1976),Locusta
(Huibregtse-Minderhoud et al., 1980; Bergot et al., 1981;
Pener et al., 1986), and other orthopteroid insects (Loher
et al., 1983; Baker et al., 1984; Strambi et al., 1984;
Schmidt and Othman, 1993). Studies implicating JH I
and JH II inLocusta(Baehr et al., 1979; Fuzeau-Braesch
et al., 1982) were based on radioimmunoassays which
used reagents that were, in all probability, not suf-
ficiently specific (Granger and Goodman, 1983; Tobe
and Stay, 1985).

Comparison of the haemolymph JH III titres of adult
females of the twoS. gregariaphases in the present
study [Fig. 1(a)] shows that, in general, those of the
gregarious-phase females are higher. This contrasts with
previous reports of higher JH titres in solitariousL.
migratoria than in their gregarious counterparts (Joly et
al., 1977; Dale and Tobe, 1986), but confirms obser-
vations that differences in CA volumes per se may not
accurately reflect differences in JH biosynthetic activity

of the CA (Tobe and Pratt, 1975b; Dale and Tobe, 1986)
or in JH haemolymph titres (Dale and Tobe, 1986). The
JH titre in the two phases in the first gonadotropic cycle
correlates fairly well with the CA volume [Figs. 1(a) and
2] as previously reported forL. migratoria (Ferenz and
Kaufner, 1981) andAiolopus thalassinus(Schmidt and
Othman, 1993). Moreover, in the first gonadotropic
cycle, the increases in CA volume precede those in
oocyte length by about two days in both phases. This is
consistent with the previously reported delay between
JH application and the onset of vitellogenin synthesis in
the first gonadotropic cycle of chemically allatectomised
L. migratoria females (Wyatt and Davey, 1996). How-
ever, during the second cycle from day 15, there was no
apparent correlation of JH titres with CA volume or
oocyte length in either phase of the insect.

Changes in the CA volume during gonadotropic
cycles (Fig. 2) have previously been reported inS. gre-
garia (Highnam, 1962; Highnam et al., 1963; Tobe and
Pratt, 1975a,b; Injeyan and Tobe, 1981),L. migratoria
(Highnam and Haskell, 1964) and other acridids
(Schmidt and Othman, 1993). The CA volumes of solita-
rious females ofS. gregaria(Injeyan and Tobe, 1981)
and L. migratoria (Dale and Tobe, 1986) were pre-
viously reported to be larger than those of gregarious
counterparts. Close inspection of our data (Fig. 2) shows
that this is probably true only for a brief period (day 4)
during the first gonadotropic cycle. At all other times in
this cycle, they are similar or just offset because of the
apparently faster development of the CA of gregarious
females. However, following the peak CA volumes in
the second cycle (after day 20), that of solitarious
females was indeed larger.

Our results on adultS. gregariafemales then present
some puzzling questions. First, how do we account for
the phase-related differences in haemolymph JH levels
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in the present study and in JH biosynthetic activities of
the CA ofL. migratoria (Tobe and Pratt, 1975b) or in its
haemolymph JH titres (Dale and Tobe, 1986)? Second,
although JH titres in the first gonadotropic cycles of both
phases correlate well with CA volumes and oocyte
development, no such correlation is found in the second
cycle. In particular, oocyte growth during the second
cycle appears to be associated with a low level of JH
III. The answer to the first question may lie, in part, in
the fact that the earlier work onL. migratoria did not
compare JH titres between phases over an extended per-
iod. In part, it may be due to phase-related differences
in maturation rates in the two species (Pener, 1991) and
the possibility that, at specific periods, CA activity levels
may be reversed inL. migratoria. A more detailed study
of JH titres in this insect may help shed some light on
the question. The second question probably reflects our
lack of understanding of the way endocrine factors con-
trol oocyte development at this reproductive stage of the
insect. Is it possible that JH III plays a lesser role in
the second gonadotropic cycle and that perhaps another
hormone is involved, such as methylated isoprenoids
shown to be released byL. migratoria CA (Couillaud et
al., 1996)?

In adult maleS. gregaria, CA volumes in the two
phases show contrasting changes with time, although
they start from comparable values (Fig. 3). The increase
in CA volume of gregarious males during the first two
weeks followed by its decrease was previously reported
by Odhiambo (1966). Interestingly, the occurrence of
maximal CA size (days 7–16) correlates with the haemo-
lymph JH peak and the onset of emission of the aggre-
gation–maturation pheromone. This is consistent with
previous findings that production of the pheromone is
CA-dependent (Loher, 1960; Norris and Pener, 1965;
Amerasinghe, 1978). Moreover, in a recent ultra-
structural study of the corpora allata of solitarious and
gregarious males, Tawfik and Mohammed (1997) found
that during the period just preceding the JH peak and
the start of pheromone production, CA cells of gregari-
ous males were much better developed with numerous
mitochondria and ribosomes compared with those of sol-
itarious males. Thus, pheromone biosynthesis and emis-
sion in gregarious-phase desert locust adult males appear
to be linked to a high concentration of haemolymph JH
at an appropriate stage of maturation of the insects.

In an earlier study (Tawfik et al., 1997a), we com-
pared the effects of exogeneous JH III on newly emerged
adult males and fifth instar nymphs on pheromone pro-
duction in maturing adult males. We found that the hor-
mone inhibited and/or delayed pheromone production
depending upon the method of treatment. Generally,
treatments at the nymphal stage resulted in relatively
more pronounced effects than at the fledgling stage.
These results suggest that the timing and/or duration of
the JH peak in the maturing insect is critical in inducing

production of the pheromone. Further studies are needed
to throw more light on the question.

In conclusion, the present study and those reported
earlier by Tawfik and co-workers (Tawfik et al. 1996,
1999; Tawfik et al., 1997a,b) indicate a need for detailed
time-course measurements of endocrine events in locusts
and other acridids to help eludicate the physiological
mechanisms that underlie phase shifts and phase-related
characteristics, including reproductive parameters.
Diverse quantifiable phase-related traits (Applebaum et
al., 1997; Pener and Yerushalmi, 1998) can now be used
accurately to monitor phase changes and the effects of
endocrine interventions. Additionally, semiochemical
control of maturation rate is now possible (Mahamat et
al., 1993; Assad et al., 1997) which would make it poss-
ible to differentiate endocrine manifestations of phase
from those of maturation. The stage is set for some
thoughtful experimentations and, perhaps, fundamental
breakthroughs in our understanding of the endocrine
control of locust phase dynamics.
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cerca gregaria (Forskål). Journal of Chemical Ecology 22,
2273–2281.

Trautmann, K.H., Suchy´, M., Masner, P., Wipf, H.-K., Schuler, A.,
1976. Isolation and identification of juvenile hormones by means
of a radioactive isotope dilution method: evidence for JH III in
eight species from four orders. In: Gilbert, L.I. (Ed.) The Juvenile
Hormones. Plenum, New York, pp. 118–130.

Uvarov, B.P., 1921. A revision of the genusLocustaL. (=Pachytylus
Fieb.), with a new theory as to the periodicity and migration of
locusts. Bulletin of Entomological Research 12, 135–163.

Wiesel, G., Tappermann, S., Dorn, A., 1996. Effects of juvenile hor-
mone and juvenile hormone analogues on the phase behaviour of
Schistocerca gregariaand Locusta migratoria. Journal of Insect
Physiology 42, 385–395.

Wyatt, G.R., Davey, K.G., 1996. Cellular and molecular actions of
juvenile hormone. II. Roles of juvenile hormone in adult insects.
Advances in Insect Physiology 26, 1–155.


