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1. The desert locust, Schistocerca gregaria, shows density-dependent phase
polyphenism in behavioral, morphological and physiological traits. Female locusts
modify progeny quality and quantity depending on the population density experienced
as adults. This thesis consists of 6 chapters: the fxrst three chapters focus on the
physiological adaptations of S. gregaria to crowding and the last three concern with the

mechanism of maternal effects on the progeny characters.

2. Sexual behavior of S. gregaria was investigated for a gynandromorphy. The
information obtained was used to establish an experimental system to produce
hatchlings with different phase-dependent characteristics (Chapter 1). The
gynandromorph observed had a mixture of male and female morphological
characteristics. By presenting sexually mature adults to this gynandromorph, it was
found that this individual was attracted to normal females but it was recognized as a
female by normal males. This observation suggests that the gynandromorph might have

had a female-specific pheromone.

3. I investigated how phase-dependent differences in hatchling body coloration
would influence the body-color polyphenism at a late nymphal stage at different
population densities in S. gregaria (Chapter 2). Under isolated conditions, the

background body color was either greenish or brownish. Most individuals were greenish
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and the highest percentage of brownish insects was obtained from hatchlings with the
darkest body color. Under crowded conditions, the background color was yellow or
orange and the percentage of yellowish nymphs tended to decrease when they were
darker at hatching. These results indicated that the background color of last-stadium
nymphs was influenced not only by the rearing density during nymphal development
but also by the body color at hatching and the latter exerted its influence more strongly
under crowded conditions than under isolated conditions. The intensity of black patterns
differed depending on the body colors at hatching and subsequent rearing density. Most
isolated-reared nymphs exhibit few or no black patterns, but nymphs with some black
patterns also appeared, particularly among those that had been dark at hatching. Under
crowded conditions, the black patterns became more intensive when they were darker at
hatching. These results indicated that the body coloration of hatchlings and rearing
density influenced the intensity of black patterns at the last-nymphal stadium, and that
the former had a significant impact especially under crowded conditions. Therefore,
last-stadium nymphs with typical solitarious or gregarious body coloration appeared
when they had the phase-specific body coloration at hatching as well. The present
results demonstrated that both body color at hatching and rearing density during

nymphal development influenced the body coloration at the last- nymphat stadium.

4, The effects of hatchling body size on several developmental and reproductive
traits were examined under different rearing densities to elucidate the physiological

responses to crowding (Chapter 3). The results indicated that small hatchlings typical of
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solitarious forms grew faster under crowded conditions than under isolated conditions at
the expense of the final body size. On the other hand, larger hatchlings typical of
gregarious forms also grew faster under crowded conditions than under isolated
conditions, but without becoming smaller as adults. Thus, under isolated conditions,
large hatchlings grew faster but emerged as larger adults than did small hatchlings
except for some individuals of the latter group that underwent extra molting. Under
crowded conditions, large and small hatchlings grew at a similar rate, but the former
became Jarger adults than the latter. Small hatchlings showed a trade-off betweénl
development time and body size at maturation, but this constraint was avoided by large
hatchlings. Phase-specific as well as body size-dependent differences were also
detected in reproductive performance. As adult body size increased, females of a
solitarious line produced more but slightly smaller eggs, whereas those of a gregarious
line produced more and larger eggs. Total egg mass per pod was larger in gregarious
forms than in solitarious forms on average. A trade-off between egg size and number
was shown by a solitarious line but not by a gregarious line that produced relatively
large eggs with similar numbers of eggs per pod. These results suggested that phase
;ransformation involves not just a shift of resource allocation but also an enhanced

capability expressed in response to crowding.

5. The genetic control of phase-specific body color polymorphism was studied
using two genetic mutants and a normal strain of S. gregeria (Chapter 4). A

reddish-brown (RB) mutant found in a laboratory colony developed reddish brown
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patterns rather than black patterns in the nymphal stage. Reciprocal crosses between the
RB mutant and normal strains indicated that the RB phenotype was recessive to the
normal phenotype and controlled by a simple Mendelian unit. Reciprocal crosses
between the RB mutant and another mutant (albino) produced only normal phenotypes
in the F1 generation. In the F2 generation, the normal, RB and albino phenotypes
appeared in a ratio of 9:3:4, indicating that two Mendelian units, which control the
appearance of dark body color and the intensity of melanization under crowded
conditions, may be involved in the regulation of body coloration. To test a hypothesis
that the appearance of reddish-brown patterns in the RB strain is due to a reduced
concentration of the dark-color inducing hormone, [His’]-corazonin, the hormone was
injected into nymphs of the mutant. This treatment, which is known to be ineffective in
inducing dark color in albino nymphs, produced a dose-dependent darkening in RB
nymphs, some of which became indistinguishable from normal individuals by
appearance. These results may‘suggest that the RB mutant gene regulates the degree of
melanization, possibly through controlling the production and/or release of

[His"]-corazonin under crowded conditions.

6. The mechanism controlling the body color of hatchlings was studied for S.
gregaria (Chapter 5.1). A pheromonal factor secreted by gregarious female adults into
the foam plugs of egg pods has been suggested for a decade to cause darkening in their
progeny. I re-examined the role of this maternal factor by washing or separating eggs at

deposition. Eggs produced by crowd-reared female adults were washed with saline or
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separated individually without being washed immediately after deposition and the body
color of the hatchlings from them was compared with that from the eggs unwashed and
kept in the egg pod until hatching. Most hatchlings were dark and no significant
difference was found in the proportions of dark- and light-colored hatchlings between
the treatments and controls. Likewise, eggs separated before the foam plug deposition
produced dark-colored hatchlings as in the u_n-séparated controls. These results
demonstrated that neither washing nor separation of eggs at deposition affected the
hatchling body coloration. The variation in hatchling body color was correlated closely
to the body weight at hatching, indicating that hatchling body color had been
determined maternally. Green hatchlings reared under crowded conditions remained
green until the second stadium at which black patterns were induced. It was concluded
that body color at hatching has been determined maternally and crowding duriﬁg the
first nymphal stadium influences nymphal body color but its effect is not manifested
until the second stadium. This study casts doubts on the presence of the pheromonal
factor recently suggested.

Simpson and his colleague (2007) wrote a review article in which two possibilities
were pointed out to explain the differences between their results and ours. One of these
possibilities was that our eggs used in the experiments had a high rate of mortality
which excluded all green hatchlings, thus leaving only black hatchlings. The other
possibility was that our eggs had been exposed to the active compound in the oviduct
because they were withheld in the mother’s body too long. The latter happened because

the mother was deprived of ovipositing substrate during the nighttime, according to
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Simpson and Miller (2007). Therefore, I tested these possibilities and evaluated
their revised version of the foam hypothesis based on the results obtained in this study
(Chapter 5.2). Early separation was performed on eggs with a low mortality rate. The
results showed that egg separation did not increase the incidence of green hatchlings.
Once eggs were chorionated in the ovary, egg size remained unchanged until the second
day after oviposition in either isolated or crowde;i locusts. This and other results
suggested that the phase-dependent differences in body size and color of hatchlings are
established in the ovary and that modifications by the accessory gland factor either in
the oviduct or after deposition are unlikely.

The results obtained from Chapter 5 cast doubt on the validity of the revised
version of the foam hypothesis proposed by Simpson and his colleague. This leads to
the question of exactly where the phase-dependent body size and color of hatchlings are
determined. The results in Chapter 5.2 suggested that the determination of hatchling
characteristics occurs in the ovary rather than in the oviduct or after oviposition

Simpson and Miller (2007) claimed.

7. Corresponding to these studies, to investigate how a mixture of green and black
hatchlings appears even from egg pods produced by solitarious or gregarious females, 1
investigated the effects of rearing density and mother’s age on the progeny size, number
and coloration in S. gregaria (Chapter 6). Isolated-reared females deposited smaller but
more eggs than crowd-reared females. The former produced gradually smaller and more

eggs with their age, whereas the latter showed a tendency to produce larger and fewer
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eggs as the mother grew older. A similar tendency was also obtained from virgin
females, indjcating that mating or males are not important in this phenomenon. It was
found that the first egg pod produced by each crowd-reared female contained
significantly smaller and more eggs than did the subsequent egg pods. The former often
produced many green hatchlings (0-100%) characteristics of solitarious forms, whereas
the egg pods deposited after the first one predominantly produced black hatchlings
typical of gregarious forms. This discovery not only revea;led a new aspect of phase
polyphenism in locusts but also provided an explanation for the discrepancy in results
between the Oxford research group and ours (Chapter 5). Adults were highly sensitive
to a shift in rearing density and quickly modified the quality and quantity of their
progeny depending on the density encountered. The number of eggs per pod was
influenced not only by the mother’s rearing density but also by the grandmother’s. The
present results demonstrated that the progeny characters are influenced not only by the
crowding condition experienced by the mother and the grandmother but also by the

mother’s reproductive cycle and age.

8. In conclusion, the evidence presented in this study revealed that developmental
and reproductive performance is greatly influenced by the hatchling characters and
crowding conditions. As a whole, gregarious (crowd-reared) hatchlings do better than
solitarious (isolated-reared) ones particularly under crowded conditions. The highly

efficient developmental and reproductive performance of gregarious forms seems to
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contribute to rapid population growth during outbreaks. The progeny characteristics are
determined or pre-determined in the ovary of the mother according to the population
density experienced during her reproductive period, but not by the foam factor
suggested for another strain of the same species. The discovery of the age- and
reproductive  cycle-dependent variation in progeny characters suggests that
inter-egg-pod variation needs to be considered when one studies underlying the

mechanism controlling the progeny characters.
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