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Abstract

Insect juvenile hormone (JH) regulates the growth and development of in-
sects. Synthetic analogues of JH (JHAs) have been used as agents of pest control,
disrupting‘the metamorphosis of insects. The purpose of the present study was
to determine physiological and biochemical effects of methoprene, a commercial
JHA, on certain organs and tissues of the African migratory locust (Locusta mi-
gratoria migratorioides, phase gregaria). Methoprene was topically applied to
newly moulted, fifth (final) instar larvae and the subsequent development of the
animals was followed.

Cytological development of fat body and dorsal longitudinal flight muscle was
studied by light and electron microscopy. Fat body cells of control insects were
synthetically active early in the fifth instar, and stored lipid and glycogen in the
latter half of the instar. Fat bodies of 8-day old adults were sexually dimorphic,
female cells showing high levels of RNA and protein synthesis while male cells
were filled with lipid and glycogen stores. Methoprene treatment stimulated the
synthetic activity of the cells in fifth instar and adult stadia, especially in female
tissue. Cell nuclei were abnormally enlarged, suggesting increased ploidy levels.
Levels of lipid and carbohydrate were measured in fat body and haemolymph
but methoprene had no obvious effect on them, nor on glycogen phosphorylase
activity. However, the JHA affected rates of incorporation of [**C]glucose into
fat body lipids during the first four days of the fifth instar. Separation of ha-
emolymph proteins by gel electrophoresis revealed an extra protein band in the
blood of treated female locusts from the middle of the fifth instar onwards. The
same band appeared in the blood of control females only when they reached
sexual maturity.

Methoprene treatment disrupted normal development of dorsal longitudinal
flight muscles during the fifth instar and early adult life. The JHA reduced
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muscle fibre growth but seemed to accelerate myofibril and mitochondrial differ-
entiation in the fifth instar. Treatment also inhibited formation of interfibrillar
tracheoles and caused disruption of the myofilaments and sarcoplasmic reticulum
in adult muscle. Mitochondria were isolated from flight muscles of mature adults
and their respiratory metabolism was measured using an oxygen electrode. Mi-
tochondria from control animals showed high rates of oxygen consumption and
good respiratory control. Mitochondria from treated locusts had poor respira-
tory control and low respiratory rates. Similar results were obtained by in vitro

applications of methoprene or juvenile hormone to mitochondria.
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Chapter 1

General Introduction

The postembryonic development of insects is characterised by the integration
and coordination of growth with regular shedding of the exoskeleton, ultimately
leading to metamorphosis into an adult form which then undergoes sexual mat-
uration. The morphogenetic changes involved in such development are primarily
regulated by two classes of hormones, the ecdysones and the juvenile hormones
(see reviews by RIDDIFORD, 1980, 1985; SRIDHARA, 1981). Ecdysone is pro-
duced by the prothoracic glands and, upon release, is converted to the biologically
active form of 20-hydroxyecdysone (20HE) by peripheral tissues, most notably
the fat body (see review by HOFFMANN and HETRU, 1983). The presence of
20HE in the blood initiates the moulting process in insects, acting upon epider-
mal cells to stimulate apolysis and the subsequent deposition of fresh cuticle.
Juvenile hormone (JH) is secreted by the corpora allata and, acting in conjunc-
tion with ecdysone, determines the type of cuticle that is synthesised by the
epidermal cells. Consequently, the JH titre in the blood is high at the onset of
larval-larval moults to induce the production of larval cuticle. Low levels of JH
bring about larval-pupal transformations, while the absence of JH causes meta-
morphosis to the adult form. The importance of JH in regulating development
is demonstrated most clearly in Bombyx mori where removal of corpora allata
(allatectomy) from young larvae results in pupation at the next moult and, fi-
nally, the formation of diminutive adults (BOUNHIOL, 1938). Figure 1.1 shows
the levels of JH and ecdysone during the late larval and pupal instars of Man-
duca sexta. JH levels in the blood remain high throughout most of the fourth
instar but fall sharply just before the moult to the fifth instar. JH levels rise
again in the early part of the instar and then drop to undetectable levels until
the larvae become prepupae when JH rises slightly for a brief period. Thereafter,
JH is undetectable until the adult stage. Similar changes in the blood titres of
these hormones have also been found in hemimetabolous insects such as Locusta
migratoria (JOHNSON and HILL, 1973; JOLY et al., 1977; BAEHR et al., 1979;
HUIBREGTSE-MINDERHOUD et al., 1980) and Periplaneta americana (SHAAYA,
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1978) although in these animals, which do not have a pupal instar, JH is absent
from haemolymph throughout the last larval instar.

In the great majority of insect species studied, the prothoracic glands degen-
erate and disappear in the pupal or adult stages, although low levels of ecdysone
may be still be produced in adult females by the ovaries (see review by SED-
LAK, 1985). The corpora allata, however, remain intact after metamorphosis
and the role of JH changes to that of a gonadotropin, inducing sexual matura-
tion in the adult insects. The hormone stimulates the synthesis and release of
vitellogenin, the yolk protein precursor, by the fat body (see reviews by ENGEL-
MANN, 1979, 1980; WYATT, 1980) and is necessary for oocyte development
in the ovary, causing shrinkage of follicle cells which surround the oocytes and
so opening up spaces between the cells to give haemolymph-borne vitellogenin
access to the oocyte surface (ABU-HAKIMA and DAVEY, 1975; DAVEY, 1981).
JH also stimulates the activity of certain accessory glands in both the male and
female reproductive systems (see KOEPPE et al., 1985).

The potential of JH as a pest insect control agent was first recognized by
WILLIAMS (1956) who found that extracts of JH from adult male Cecropia moths
were biologically active when applied to silkworm pupae and prevented normal
metamorphosis. Unfortunately, natural juvenile hormones are too unstable to
be of commercial use, being rapidly broken down in the environment and by
insects. However, since the discovery of SLAMA and WILLIAMS (1965) that the
wood products of certain American conifers contained JH activity, numerous
analogues of JH have been described, many of which are more stable and show
greater specificity of action than the natural hormone. The more active of these
compounds are listed in the reviews of STAAL (1975), HENRICK (1982) and
SLAMA (1985), and the structures of some of these chemicals are shown in Fig-
ure 1.2. Five different forms of juvenile hormone have been isolated from various
species of Lepidoptera but in all other insects that have been examined only one
of these forms, JH III, has been shown to be present (see review by KING, 1983).
The epoxide and ester groups of the natural juvenile hormones are the points of
greatest structural instability and are particularly susceptible to hydrolysis and
hydration, respectively. Such changes, followed by conjugation, provide the ma-
jor pathways for JH metabolism in insects and result in the loss of most of the
molecule’s biological activity (see reviews by KING, 1983; HAMMOCK, 1985).



Figure 1.1 — Titres of Juvenile Hormone and Ecdysone in Manduca

sexrta

Legend: ordinate — hormone titre,
abscissa — days during fourth, fifth and pupal instars,
| — time of ecdysis,
(—) — 20-hydroxyecdysone,
(- - - -) = juvenile hormone.

The levels of 20-HE were measured by radioimmunoassay as pg/ml of ha-
emolymph in the larval instars and pg/g of fresh weight in the pupal instar.
Juvenile hormone was measured by bioassay as ng/ml of haemolymph. (The
graph is modified from BOLLENBACHER et al., 1981; RIDDIFORD, 1980)
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Figure 1.2 — Chemical Structures of Juvenile Hormones and Juvenile

Key:

Hormone Analogues

1 - juvenile hormone I (ROLLER et al., 1967),
2 — juvenile hormone II (MEYER et al., 1968),
3 — juvenile hormone III (JUDY et al., 1973),
4 — farnesoic acid (SCHMIALEK, 1963),

5 — methoprene (HENRICK et al., 1973),

6 — hydroprene (HENRICK et al., 1973),

7 — kinoprene (NASSAR et al., 1973).






The successful replacement of these groups with more stable structures while
retaining JH activity has produced the most commercially important group of
known juvenoids (HENRICK, 1982). Not only are such compounds more stable
in the environment, but several workers have shown: that at least one of these
chemicals, methoprene, is not hydrolysed by the insect esterase enzymes which
provide the major route for JH degradation in insects (HAMMOCK and QUIS-
TAD, 1981). Methoprene was the first juvenile hormone analogue (JHA) to be
registered with the U.S. Environmental Protection Agency for widespread use,
against floodwater mosquitoes and as a feed-through horn fly insecticide. It is
also used commercially for the control of Pharaoh ants (Monomorium pharao-
nis), the protection of stored tobacco and to increase silk production by larvae
of the silkworm Bombyx mori (see STAAL, 1975; HENRICK, 1982).

As already mentioned with regard to Bombyx mori, elimination of JH from
young insect larvae, by either surgical or chemical allatectomy, results in preco-
cious metamorphosis to small and sterile adults (see review by BOWERS, 1985).
Equally, raising the titre of JH during the periods when it is normally low or
absent disrupts insect development. The reviews of STAAL (1975), VOGEL et
al. (1979) and SEHNAL (1983) list the various effects that can be caused by ap-
plications of JH and JHAs. Treatment of insect eggs with juvenoids can prevent
the development of normal larvae by halting embryogenesis at some stage, de-
pending on the species, dose and timing of the application. For example, the eggs
of the linden bug, Pyrrhocoris apterus, are most sensitive to JHA at the start
of embryogenesis, treatment causing embryonic development to stop at blastoki-
nesis (MATOLIN, 1970). JH-active compounds rarely have any effect if applied
to early larval instars when the JH titre in the blood is already naturally high.
However, the application of JHA to the cockroach Blattella germanica during its
first larval instar results in high mortalities at the subsequent moult (HANGART-
NER and MASNER, 1973). In last-larval and pupal instars, when JH is absent
or present only at very low levels, juvenoid treatment can inhibit metamorpho-
sis. Among the Exopterygota, the growth and functioning of insect cells are
not usually affected but imaginal differentiation is disrupted, preserving larval
characteristics through the final ecdysis (metathetely). For example, POELS and
BEENAKKERS (1969) found that implantation of active corpora allata (CA) into

Locusta migratoria at the start of the fifth (final) larval instar resulted in for-
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mation of metathetelic adults with crumpled wings. Larval/adult intermediates
have also been produced by treatment of fifth instar Locusta with JH (ROUSSEL,
1976) and JH analogues (ROUSSEL, 1973). In similar experiments on locusts, CA
implantation and juvenoid treatment induced an extra larval moult with some
of the supernumary larvae moulting to near-normal adults (VAN DEN HONDEL-
FRANKEN et al., 1980; ROUSSEL and PERRON, 1974). Such supernumary larvae
are never perfect replicas of normal larvae because of the different growth rates
of various body parts (allometric growth) and these morphometric abnormalities
mean that supernumary larvae rarely survive an extra moult. Ovarian devel-
opment may commence in the juvenoid-induced, extra larval stadia of certain
species so that the supernumary larvae contain mature eggs, as in the stick insect
Dizippus morosus (SOCHA and GELBIC, 1973). In some species such as Blattella
germanica (MASNER and HANGARTNER, 1973; MASNER et al., 1975), juvenoids
delay or completely block the imaginal moult, resulting in a permanent last larval
stage. In the Endopterygota, juvenoids affect both larval-pupal and pupal-adult
transformations. Effects range from the formation of perfect supernumary larvae
which can moult successfully into fertile adults, such as with Galleria mellonella
(CIEMIOR et al., 1979), to the production of apparently normal adults which
are sterile (see VOGEL et al., 1979; SEHNAL, '1983). .

Between these two extremes are a myriad of non-viable intermediates combin-
ing larval, pupal and adult features (see VOGEL et al., 1979; SEHNAL, 1983).
Last instar larvae are usually most sensitive to juvenoid applications when newly
moulted. Later treatments result in reduced effects as various tissues gradually

become insensitive to JH. For example, the application of methoprene to early

last instar larvae of Choristoneura fumiferana causes moulting to a supernumary
larval instar (RETNAKARAN, 1973). However, treatment of larvae late in the
instar usually results in a moult to larval/pupal intermediates, while treatment
at the very end of the instar has little effect except for the retention of larval
tubercles on the abdomen of the pupa.

The insect used in the present study was the African migratory locust, Lo-
custa migratoria migratorioides (R & F), a member of the family of short-horned
grasshoppers (Orthoptera: Acrididae). The locust is a suitable subject for physi-
ological studies since it is a large insect, a single animal often providing sufficient

tissue for several analyses, and has a relatively short life cycle, allowing develop-
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mental studies to be carried out quite quickly. Being a hemimetabolous insect,
the five larval instars, or hoppers, resemble the adult except that they are wing-
less and their gonads are undifferentiated. Locusts can be defined as grasshoppers
which are capable of displaying density-dependent polymorphism, the high den-
sity type forming large swarms which are migratory. The two phases which may
occur are gregaria, when in crowded conditions, and solitaria when widely dis-
persed. These two forms differ in coloration, morphology, physiology, behaviour
and ecology but the phase differences are continuous and intermediates of all
grades can be found between the two extreme types (see review by UVAROV,
1966). In conditions of high humidity, solitary phase Locusta, both adult and
hopper, are a uniform pale green while they are grey or brown in arid conditions.
Gregarious hoppers have a heavy black pattern on a yellow background and the
adults are a general pink/brown colour until they reach sexual maturity, when
the male becomes yellow. The first indication that JH might affect phase poly-
morphism in locusts was provided by JOLY and JOLY (1953). They demonstrated
that the implantation of extra corpora allata into crowded hoppers of Locusta
migratoria (phase gregaria) caused the haemolymph to change colour from yellow
to green within forty-eight hours and the integument to become green after the
next moult. Since then, many workers have induced green coloration, a solitary
characteristic, in crowded locusts by CA implantation and by the application of
JH-active compounds (see reviews by ROWELL, 1971; HARDIE and LEES, 1985),
and it has now been shown that the natural JH titre is indeed higher in the haem-
olymph of solitary Locusta (JOLY and JOLY, 1974; JOLY et al., 1977). However,
such results do not necessarily mean that JH controls the phase transition of
locusts since phase characteristics other than colour are unaffected by CA im-
plantation (see HARDIE and LEES, 1985). Also, several species of grasshopper
can exhibit green/brown colour polymorphism without displaying any density-
dependent phase polymorphism (ROWELL, 1971), and implantation of CA into
hoppers of the grasshopper Acanthacris ruficornis was found to produce a green
adult form that has never been observed in the field (ROWELL, 1967).

Much work has been done to describe the morphological effects of treatment
with juvenoids on many insect species and to assess their potential for pest insect
control. However, the physiological and biochemical effects of these compounds

are still not well understood. The purpose of this study was to elucidate some of
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the effects of the JHA methoprene upon the physiology of the migratory locust
during the last larval (fifth) instar and early adult stage.
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2.0.1

2.0.2

Chapter I1

General Materials and Methods

Maintenance of the Insects

The insectary was maintained at a temperature of 30°C £ 0.5°C and 60%
+ 5% relative humidity. Air circulation was provided by three large electric fans
and a slight, continuous air exchange was effected by means of an ‘Expelair’
ventilator. A constant photoperiod of 12 hours light and 12 hours dark was
maintained. Populations of Locusta migratoria migratorioides (R & F), phase
gregaria, were reared in cages (43 cm X 58 cm X 58 cm) supplied by Philip
Harris Biological Ltd. Each cage was illuminated by a single 40 Watt bulb, and
food in the form of green grass was supplied daily. The insects were reared at
sufficiently high densities to ensure their remaining phase gregaria (JOLY and
JoLy, 1953). |

Sampling of Stock Population

A cage of stock population was prepared for sampling by removing all fifth
instar locusts from the cage at 10 a.m. The population was then examined at
24 hour intervals (10 a.m. each day) and all fifth instar larvae were removed.
These insects were 12 hours + 12 hours old (first day, fifth instar) and were
to be used subsequently in experiments. They were immediately treated with
test solutions (see below for details) and approximately equal numbers of males
and females were placed in 2 litre kilner jars at sufficient densities to ensure
their remaining phase gregaria. The floors of the kilner jars were lined with
tissue paper and wire-mesh perches were placed in the jars to give convenient
support for the insects during moulting. The lids of the jars were also made
of wire-mesh to permit a free flow of air. Experimental animals were kept in
an incubator separated from the stock populations to avoid any contamination
with the test solutions. The incubator was maintained at 30°C £ 0.5°C with
a 12 hour light/12 hour dark photoperiod but the relative humidity was not
controlled. The insects were supplied daily with fresh grass and, at the same

time, they were counted and any dead animals were removed.
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2.0.3

2.0.4

Treatment of Experimental Insects

After their removal from the stock population, newly moulted fifth instar lar-
vae were individually treated with either 475 ug or 95 ug of the juvenile hormone
analogue methoprene, dissolved in 5 ul of ethanol. The solution was topically
applied to the dorsal surface of the insect’s abdomen and thorax. Control locusts
were treated in the same manner with 5 ul of absolute ethanol. After treatment,
the animals were kept in kilner jars as described above. In order to study de-
velopmental changes in the experimental animals, the insect populations were
sampled at intervals from the time of treatment (newly moulted fifth instar) un-
til the animals were sexually mature adults when mating was observed (about
eight days after the final moult). Unless stated otherwise, sampling took place
on the following days (always at about 10 a.m.): Day 1 of the fifth instar (newly
moulted larvae), Day 4 of the fifth instar, Day 7 of the fifth instar, Day 10 of the
fifth instar, Day 1 of the adult stadium (newly moulted adults, approximately
11 days after treatment), Day 8 of the adult stadium (sexually mature adults).

Estimation of Protein Concentration

In order to estimate the protein concentrations of various tissues and tissue
extracts, the Folin’s method of LOWRY et al. (1951) was employed using the
slight modification of KASHMEERY (1977). Folin’s solution A was freshly made
up before each protein estimation from the following solutions;

(a) 20% (w/v) sodium carbonate,
0.2% (w/v) sodium potassium tartrate,
(b) 2% (w/v) cupric sulphate.

Equal volumes of (a) and (b) were mixed with 4 volumes of distilled water.
Folin’s Solution B was prepared by diluting 1 volume of Folin-Ciocalteau’s phenol
reagent with 10 volumes of distilled water.

Aliquots of tissue extract containing 200-400 ug of protein were made up to
1 ml with distilled water and equal volumes of Folin’s Solution A were added. The
solutions were mixed on a Fisons ‘Whirlimix’ vortex mixer and were then allowed
to stand at room temperature for 15 minutes. After the addition of 1 ml of Folin’s
Solution B, the tube was mixed as before and allowed to stand for a further
30 minutes at room temperature. The optical density of the resulting solution
was measured at 700 nm in a LKB Biochrom ‘Ultrospec 4050’ spectrophotometer.
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Figure 2.1 — Standard Curve of Protein Estimation with Folin’s
Reagent

Legend: ordinate — absorbance at 700 nm,

abscissa — protein concentration (ug BSA/ml).
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2.0.5

A calibration curve was constructed with each protein estimation using BSA
(Fraction V) as the protein standard. The reaction was linear up to a protein

concentration of 400 ug/ml (see Figure 2.1).

Preparation of Material for Electron Microscopy

Tissues removed from experimental animals were prepared for viewing under
the electron microscope in the manner described below.

1. Fization for 1 hour at 0-5°C in Karnovsky fixative (KARNOVSKY, 1965)
which was made up from the following solutions:

Solution A; 2 g paraformaldehyde,
40 ml dist. H2O,
2-6 drops 1 M NaOH,
Solution B; 10 ml 25% gluteraldehyde,
40 ml 0.2 M sodium cacodylate, pH 7.3.

Solution A was made up by warming the water, adding the paraformaldehyde
and then slowly adding the NaOH dropwise until all the precipitate had dissolved.
The two solutions were kept at 0—-4°C until just before use, when they were mixed.

2. Post-fization in a 1% solution of osmium tetroxide in 0.1 M sodium ca-
codylate buffer, pH 7.3, for 1 hour at 0-4°C.

3. Dehydration by passage through an alcohol series:

70 % ethanol (3 washes of 5 minutes each),
90 % ethanol (3 washes of 5 minutes each),
100 % ethanol (3 washes of 10 minutes each).
4. Infiltration in the following:
100% ethanol/propylene oxide (1:1) (3 washes of 10 minutes each),
propylene oxide (3 washes of 10 minutes each),
propylene oxide/araldite (1:1) (30 minutes at 45°C),
araldite (30 minutes at 45°C).
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2.0.7

2.0.8

5. Embedding in fresh araldite. The araldite mixture was composed of the
following:
10 ml araldite,
10 ml D.D.S.A.,
2 ml dibutyl phthalate,
1 ml DMP 30.
After the material was embedded, the araldite was polymerised by incubation
at 45°C for 12 hours, and then at 60°C for a further 48 hours.
Ultra-thin sections (silver/silver-gold) of the tissues were cut on a Reichert
‘OM U3’ ultramicrotome and were mounted on copper grids. The sections were
double-stained with uranyl acetate and lead acetate (REYNOLDS, 1963) prior to

their examination in a Philips ‘EM 400T’ electron microscope.

Statistical Analysis of Data

All the methods used for the statistical analysis of data were as described by
SOKAL and ROHLF (1969). Student’s ¢ tests and paired ¢ tests were used to test
the significance of differences between experimental populations. When quotients
or ratios were compared, these were first tested for normality of distribution using
the Kolmogorov-Smirnov one-sample test and, where necessary, the appropriate

transformation was used to produce a normal distribution.

Chemicals
All chemicals used in these experiments were the purest available and were

generally supplied by British Drug House Chemicals Ltd. and Sigma Chemical
Company Ltd. The metheprene used was a gift from Zoecon Corporation, Palo
Alto, California. Glycogen (AMP-free), glucose-6-phosphate and phosphogluco-

mutase were obtained from Boehringer Corporation (London) Ltd.

Treatment of Glassware

All routine glassware was cleaned prior to use by soaking overnight in a
2% solution of ‘Quadralene’ laboratory detergent, followed by several rinses in
hot tap water and finally in distilled water. Glassware to be used in lipid extrac-
tions and estimations were soaked in 50% nitric acid and then rinsed as above.
The glassware was oven-dried except for glass/teflon homogenisers and acrylic

centrifuge tubes which were allowed to dry at room temperature.
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3.1

3.2

3.3

Chapter III

Effects of Methoprene upon Morphology and Mortality

Introduction
The effects of juvenile hormone and its analogues upon the general morphol-

ogy of locusts have already been described in detail in Chapter 1.

Materials and Methods

Newly moulted fifth instar larvae of Locusta were topically treated with
ethanol or methoprene (either 95 pug or 475 pug per insect) as described in Gen-
eral Materials and Methods. The development of the three experimental insect
populations was followed for the next twenty days, the numbers of animals dying
or undergoing ecdysis being recorded on a daily basis. The gross morphology of
the insects was also noted.

In order to make a quantitative determination of any phase dimorphism in
the insect populations, the morphometric method of DIRSH (1953) was employed.
This required the measurement of the hind femur length (F) and the maximum
head width (C) of individual adults using callipers. F/C ratios were constructed
and the insect populations were compared statistically according to methods
described by SOKAL and ROHLF (1969). More accurate tests of phase polymor-
phism based on multivariate analysis have been devised by BLACKITH (1972).
However, these also require the measurement of wing length which was not pos-

sible in the present study since the elytra of JHA-treated animals were badly

deformed.

Results
During the fifth instar, there was little difference in appearance between

methoprene-treated insects and controls except that animals treated with 475 ug
of the JHA developed a slight green coloration on the sides of the pronotum
and thorax. In the adult stage, however, the differences were far more obvi-
ous, as shown in Plate 3.1. Control animals were identical in appearance to

normal, untreated adults (Plate 3.1, a). Animals which had been treated with
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Plate 3.1 — Photographs of Adult Locusts from Experimental
Populations

a. Adults from control population. Note the fully developed wings and the
normal body coloration.

b. Adults from population which had been treated with 95 pg of methoprene.
Note the deformed wings of the animals. Also note the green pigmentation on
the pronotum and thorax, and the deformed hind-legs of some of the animals

c. Adults from population which had been treated with 475 pug of methoprene.
Note the deformed wings and hind-legs of the animals. Also note the presence
of green pigmentation on head, pronotum, thorax and hind-legs.

The animals are shown at 1.5 x life-size.

20






95 pg of methoprene had crumpled wings and many had deformed hind-legs as
well (Plate 3.1, b). There were also abnormalities in the insects’ colouring, with
many having green pigmentation on the pronotum and thorax. These effects were
apparent to a far greater degree in the 475 ug-treated animals, with the head,
pronotum, thorax and hind femurs being a near-uniform, bright green (Plate 3.1,
c). In this population, size differences between the smaller males and larger fe-
males were greater than was the case in the controls. Some of the JHA-induced
changes in appearance (i.e. cuticle colouring and the disparity in size between
sexes) are characteristic of solitary phase Locusta (see review by UVAROV, 1966).
Therefore, the method of DIRSH (1953) was used to test for phase transforma-
tion in the experimental populations. The results of this analysis are given below
with the F/C ratios being expressed as quotients. Student’s ¢ tests performed on
the data showed that the mean F/C quotients of the three populations were not
significantly different from each other (P > 0.05). Furthermore, the discrepancies
between control and treated values were in the opposite direction to that which
would be expected if the methoprene-treated animals were in the solitary phase
(i.e. solitary phase locusts have higher F/C quotients than gregarious locusts,

DIRSH, 1953).

Table 3.1 — F/C Ratios of Locust Populations

Treatment | n | mean F/C quotient

Control 34 3.036 + 0.035
95 pug JHA |30 3.017 £ 0.025
475 pg JHA | 10 2.977 + 0.060

(n is the number of insects measured)

Besides the effects of methoprene upon external morphology, on dissecting
open experimental animals, it was found that treatment with the JHA also caused
changes in the appearances of a number of tissues. By Day 7 of the fifth instar,
the haemolymph of treated animals had become bright green and the fat bod-
ies were white or grey. In controls, these tissues were the normal straw-yellow

colour. Adults that had previously been treated with 475 pg of methoprene also
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had abnormal dorso-longitudinal and dorso-lateral flight muscles which lacked
the normal brown/pink coloration of control flight muscles. These abnormal
muscles displayed no contractility when removed from the animals and 475 ug
methoprene-treated adults were never seen to flutter their wings. Such disrup-
tion of the flight muscles could not have been due to the deformed elytra of these
animals causing atrophy of the muscles since 95 ug-treated locusts, which had
equally deformed wings but whose flight muscles were normal in appearance,
frequently flapped their wings.

Figure 3.1 shows the percentage survival of the experimental insect popula-
tions against time. The mortality rates of the populations were low and approx-
imately equal until about the ninth day after treatment when the percentage
survival of JHA-treated insects began to decline more rapidly than in the con-
trol population, the effect being greater with the higher dosage of methoprene.
By the twentieth day after treatment (when the experiment was stopped), more
than 50% of the control insects had survived whereas there was only 21% and
29% survival among insects treated with 475 pg and 95 pg of methoprene re-
spectively (50% mortality was reached in the treated insect populations at about
Day 12 with the higher dosage of JHA, and about Day 14 with the lower). The
two graphs in Figure 3.2 show the percentages of insects that moulted to adults
during the experiment. Figure 3.2 (a) represents the percentage of the starting
populations which had undergone metamorphosis and reveals that insects dosed
with 475 pg of methoprene moulted earlier than the controls, with 50% of the
treated animals having moulted by the ninth day after treatment as against the
controls taking 11 days to reach 50% metamorphosis. In contrast, locusts dosed
with 95 pg of methoprene were slightly slower in moulting than the controls and
fewer of them had reached adulthood by the end of the experiment (80% as op-
posed to ~90% of controls and 475 ug-treated animals). This was not simply
due to larger numbers of the 95 ug-treated insects dying before they had moulted
since Figure 3.2 (b), which represents the percentage of surviving animals that
were adults, shows that a greater proportion of locusts remained as fifth instar
larvae in the population treated with 95 ug of methoprene. By the end of the ex-
periment, only 79% of surviving, 95 ug-treated locusts were adult whereas 97%
of surviving control insects and 100% of 475 ug-treated animals had moulted.

The above results have been given as percentages for ease of comparison but
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Figure 3.1 — % Survival in Experimental Insect Populations

Legend: ordinate — % survival in insect populations,
abscissa — number of days after treatment,
o — control insects,
o — 95 pg methoprene-treated insects,

o — 475 pg methoprene-treated insects.
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Figure 3.2 — % Metamorphosis in Experimental Insect Populations

a. % Metamorphosis in Total Insect Population
Legend: ordinate — % of total insect population that has moulted,
abscissa — number of days after treatment,
o — control insects,
¢ — 95 pg methoprene-treated insects,

o — 475 pug methoprene-treated insects.

b. % Metamorphosis in Surviving Insect Population
Legend: ordinate — % of surviving insects that have moulted,
abscissa — number of days after treatment,
o — control insects,
© — 95 pug methoprene-treated insects,

o — 475 pug methoprene-treated insects.
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3.4

the actual numbers of locusts that were treated at the start of the experiment
were as follows; control insects (755), 475 ug JHA-treated insects (541), 95 ug
JHA-treated insects (410).

Among the locusts treated with 475 pug of methoprene, ten adults (5 males
and 5 females) underwent an extra moult. Most failed to moult successfully,
being unable to shed the old cuticle, and all the supernumary adults died within
24 hours of splitting of the exuviae. The two females that did moult completely
were slightly larger than 475 ug-treated, adult females which had not undergone

an extra moult but were otherwise similar in appearance.

Discussion

The colour changes of cuticle and haemolymph, and the deformities of wings
and hind-legs seen with methoprene-treated animals after the imaginal moult
were typical effects of juvenoid action (see reviews by SEHNAL, 1983; SLAMA,
1985). The morphometric analysis indicated that there was no phase transfor-
mation associated with the colour changes and, in other studies, the F/C ratios
of locusts were also found to be unaffected by implantation of active corpora
allata (JOLY, 1962; STAAL as cited in ROWELL, 1967). The F/C ratios of locust
hoppers increase at each ecdysis during larval growth (UVAROV, 1966) and the
mean F/C quotients of the JHA-dosed animals in the present study were lower,
albeit not significantly, than the control values. Therefore, this could be an in-
dication that the methoprene-treated insects were in a more juvenile state but
measurements of many more animals would have to be made before this could be
confirmed. Such a result would not be surprising since the production of meta-
thetelic adults and larval/adult intermediates is a common response to juvenoid
treatment (see General Introduction and reviews by VOGEL et al., 1979). The
abnormal appearances of fat bodies and flight muscles from methoprene-treated
locusts in the present study were similar to those found with CA-implanted lo-
custs in earlier studies (PFEIFFER, 1945; POELS and BEENAKKERS, 1969; VAN
DEN HONDEL-FRANKEN et al., 1980). The effects of JH-active compounds upon
these tissues are described in greater detail in later chapters.

The application of 475 ug of methoprene to fifth instar larvae accelerated
the onset of metamorphosis and shortened the length of the fifth instar whereas

treatment with 95 ug of the JHA slightly delayed the final moult. Thus, it may
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be that the effect of methoprene upon the timing of metamorphosis in locusts
is dependent on the concentration of JHA applied. Although a reduction in
instar length is the usual response to the implantation of active CA into fifth
instar locusts (POELS and BEENAKKERS, 1969; VAN DEN HONDEL-FRANKEN
et al., 1980), ROUSSEL and PERRON (1974) found that the injection of juvenoids
into fourth instar Schistocerca gregaria caused a delay in the subsequent moult.
SEHNAL et al. (1981) reported that the response of last instar larvae of Galleria
mellonella to JH application changed with time. Administration of JH to newly
moulted larvae accelerated the final moult whereas treatment in the middle of
the instar delayed ecdysis. In view of the reduction in sensitivity to JH-active
compounds during ageing of the last larval instar (see General Introduction for
details), the changes in response seen by SEHNAL et al. (1981) may have been
due to a reduction in the effective dose of JH at the middle of the last larval in-
star compared to the start of the instar. The fact that some adults treated with
475 ug of methoprene in the present study underwent an extra moult suggests
that the degeneration of their prothoracic glands, which normally occurs shortly
after the imaginal moult, was prevented. GILBERT (1962) demonstrated that the
prothoracic glands of Antheraea polyphemus remain healthy during supernumary
moults caused by JH injection. Such an effect lends credence to the suggestion
given above that the methoprene-treated adults might have retained some larval
characteristics. In both of the locust populations that were dosed with metho-
prene, mortality rates were increased during the final moult at the end of the
fifth instar. SLAMA et al. (1974) noted that the failure of insects to shed the
old cuticle during ecdysis was the most common side effect encountered with the
use of chemicals with JH activity. In his review of insect moulting, REYNOLDS
(1980) concluded that moulting failure in juvenoid-treated insects was probably
due to deformities in the adult integument preventing complete escape from the

exuviae.
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Chapter IV

A Cytological Study of Fat Body Development and its Response to
Methoprene

4.1 Introduction

The fat body is the principal tissue for intermediary metabolism in the in-
sect and the major storage site for reserve materials, and is therefore analogous
to both the liver and the adipose tissue of vertebrates (see reviews by KILBY,
1963; WIGGLESWORTH, 1972; KEELEY, 1985). Fat body cells are capable of a
wide range of functions, including the ‘metabolism of carbohydrates, lipids and
nitrogenous compounds, the synthesis and regulation of blood sugar, storage of
glycogen, fat and protein, and synthesis of major blood proteins’ (WYATT, 1980).
Fat body fine structure has been described in the review articles of LOCKE (1984)
and DEAN et al. (1985), while developmental changes in fat body structure and
function have been well reviewed by LOCKE (1980, 1985). The larval fat body
generally acts as a processing organ and, during the early part of each instar, is
principally concerned with the synthesis and mobilisation of reserves. Towards
the end of the stadium, it switches to growth and cell division in readiness for the
coming moult (LOCKE, 1980, 1985). As the larva feeds, the fat body stores excess
lipid and glycogen (KILBY, 1963) and produces haemolymph proteins (PRICE,
1973) which may be used at moulting for the construction of the next instar.
The tissue undergoes a cycle of these intermoult/moult activities during each
larval stadium and this pattern is particularly marked in the final larval instar
when the tissue prepares for metamorphosis (LOCKE, 1980). The fat body of
the adult insect is primarily a site of storage and production of materials used
for reproduction and flight. A major function of the female tissue is the syn-
thesis and release of vitellogenic proteins (ENGELMANN, 1979; HAGEDORN and
KUNKEL, 1979; KUNKEL and NORDIN, 1985) but these are not produced by
the male fat body (ENGELMANN, 1969). PAN et al. (1969) defined vitellogenins
as a class of proteins which are precursors of the major yolk proteins of the
ovary, the vitellins. In adult female Locusta, vitellogenin synthesis first occurs in

the fat body about eight days after the final moult and rises to a maximum by
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Day 13 when it accounts for 60% of export protein synthesis (CHEN et al., 1979).
The rate of vitellogenesis then undergoes a series of fluctuations with successive
gonadotrophic cycles (GELLISSEN and EMMERICH, 1978; CHINZEI et al., 1980).

The basic morphology of insect fat bodies has been described by Buys (1924),
and in the reviews of WIGGLESWORTH (1972) and DEAN et al. (1985). The
tissue is structurally diverse but is typically arranged in lobes or sheets, pro-
viding a large surface area exposed to the surrounding haemolymph for rapid
metabolite exchange (DEAN et al., 1985). In most insect species studied, the
fat body exists as two distinct regions, a peripheral layer which lies adjacent to
the integument and is firmly attached to the overlying epidermis, and a central
layer loosely surrounding the gut. The predominant cell type is the trophocyte
(adipocyte), and in some orders such as Ephemeroptera it is the only cell type
present (BUYS, 1924; WIGGLESWORTH, 1972). However, in most insects, the
fat body is a composite of two or more cell types, and the fat body of Locusta
migratoria also contains oenocytes and urocytes (LAUVERJAT, 1977; COUBLE et
al., 1979). COUPLAND (1957) described oenocytes from the fat body of the locust
Schistocerca gregaria as large, ‘wine-yellow’ cells that were most numerous in the
peripheral layer of the fat body and only infrequently found in the central re-
gion. Oenocyte fine structure has been described in a number of studies (EVANS,
1967; SMITH, 1968; LOCKE, 1969; GNATZY, 1970; DE LOOF and LAGASSE,
1970; CLARK and DAHM, 1973). In general, the cell consists of a large nucleus
and cytoplasm of uniform construction, rich in mitochondria and polysomes, and
filled with very extensive smooth endoplasmic reticulum. The plasma membrane
is invaginated to form a reticular tubular system. Urocytes or urate cells are
found scattered throughout the fat bodies of several insect species, and serve to
accumulate uric acid for storage or secretion (WIGGLESWORTH, 1972; DEAN et
al., 1985). Urocyte ultrastructure has been detailed in Periplaneta (COCHRAN
et al., 1979; MULLINS, 1979) and Locusta (LAUVERJAT, as cited by MARTOJA
and BALLAN-DUFRANGAIS, 1984). Typically, these cells appear to be degenerate
trophocytes with few cytoplasmic structures and most of the cell being taken up
by crystalloid spheres of uric acid or urates.

Changes in fat body ultrastructure during larval development have been de-
scribed for Philosamia cynthia (ISHIZAKI, 1965), Calpodes ethlius (LOCKE and
COLLINS, 1968), Calliphora erythrocephala (PRICE, 1969; DE PRIESTER and VAN
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DER MOLEN, 1979) and Sarcophaga bullata (BENSON, 1965, as cited by PRICE,
1973). In the early stages of the last larval instar, fat body cells from the various
species were similar in possessing numerous mitochondria, lipid droplets, Golgi
complexes and well-developed endoplasmic reticulum (ER) rich in ribosomes. As
the larvae prepared for pupation, there was a great reduction in the ER and in
the numbers of mitochondria, while the cells became filled with lipid droplets,
glycogen granules and ‘proteinaceous spheres’. The latter were usually electron-
dense bodies and were thought to be the result of mitochondria and ER being
digested by lysosomes. In their detailed study, LOCKE and COLLINS (1968)
were able to distinguish three distinct phases of fat body development in the
fifth (final) larval instar of Calpodes ethlius. Trophocytes of the newly moulted
insect were small and contained numerous mitochondria, but little rough en-
doplasmic reticulum (RER) and no lipid droplets. During the next 66 hours,
the cells underwent a phase of preparation for subsequent larval syntheses and
were distinguished by high levels of RNA production, as shown by incorpora-
tion of [*H]uridine into cytoplasmic RNA (LOCKE, 1970). Many free ribosomes
accumulated in the cytoplasm and the cells became intensely basophilic. Small
lipid droplets also appeared in the cytoplasm, while Golgi complexes enlarged
and began to form secretory vesicles. The second phase of development was
characterised by proliferation of the RER and the formation of large secretory
vesicles by Golgi complexes as the synthetic activity of the cells increased. Lipid
droplets increased in size and substantial deposits of glycogen were formed. In
the third phase, synthetic activity was reduced as the trophocytes prepared for
the subsequent pupal moult. Protein storage granules appeared in the cells while
mitochondria and RER were destroyed by autolysis. Such a pattern of develop-
ment would also be in agreement with the observations of DE PRIESTER and VAN
DER MOLEN (1979) on fat bodies from third instar larvae of Calliphora. They
noted that, shortly after ecdysis, there was a proliferation of RER, mitochondria
and free ribosomes in the trophocytes, while towards the end of the instar, most
of the mitochondria and RER were digested by autophagic vacuoles.

Studies of fat body ultrastructure in adult insects are more numerous, includ-
ing several detailed descriptions of locust fat body in particular, and these have
been well reviewed by DEAN et al. (1985). There is a marked sexual dimorphism

in the appearance of fat body in the adult locust which reflects the sex-specific

29



role of the tissue in reproduction (MARTOJA and LAUVERJAT, 1964). The fat
body of adult male Schistocerca gregaria is predominantly a storage organ with
large deposits of lipid and glycogen, and sparse cytoplasm concentrated mainly
around the cell nuclei (ODHIAMBO, 1967). The tissue contains little RER and few
Golgi complexes, indicating low synthetic activity, although it may produce some
proteins for the male accessory reproductive glands as has been reported in the
migratory grasshopper, Melanoplus sanguinipes (FREIDEL and GILLOT, 1976).
Also, the role of the male fat body seems to change little with age. IRVINE and
BRASCH (1981) reported that during the first two weeks of adult life, the only
major changes visible in the fat body cells of male Locusta migratoria were in-
creases in cell size and in the volume of the nuclei. In contrast, the fat body
of adult female Locusta underwent substantial changes in structure during this
period (LAUVERJAT, 1977; COUBLE et al., 1979). Fat body cells from newly
moulted adults contained extensive lipid and glycogen stores, relatively little cy-
toplasm, and small nuclei that were indented between lipid droplets (COUBLE et
al., 1979; IRVINE and BRASCH, 1981; JENSEN and BRASCH, 1985). RER was
limited to short, isolated strands and the few Golgi complexes present showed
no synthetic activity (LAUVERJAT, 1977). During the first week of adult life,
the Golgi complexes became synthetically active and the strands of RER be-
gan to lengthen. Using trophocytes from female Locusta, CHEN et al. (1979)
reported a steady increase in [14C]uridine incorporation into RNA from the third
to the eighth day of adult life, suggesting an increase in RNA synthesis during
this time. LAUVERJAT (1977) noted that, during the same period, trophocyte
nucleoli from female locusts became enlarged and multilobed, which may be in-
dicative of heightened ribosome production (see review by DEAN et al., 1985)
since cell nucleoli are involved in the synthesis of ribosomal RNA (BUSCH and
SMETANA, 1970). When about seven days old, the time when vitellogenin is first
produced (CHEN et al., 1979), trophocytes of adult female locusts underwent
rapid and conspicuous changes that reached a climax at about Day 15 (LAUVER-
JAT, 1977; COUBLE et al., 1979). Coincident with a marked reduction in the
lipid and glycogen stores, cell nuclei increased in size, their volume doubling or
even quadrupling, and Golgi complexes increased in number. Ribosomes entered
the cytoplasm and associated with proliferating membranes to form extensive,

closely packed RER. The role of RER and Golgi complexes in vitellogenesis were
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confirmed when, by immunological methods, vitellogenin was identified and lo-
cated within cisternae of the RER and in Golgi secretory vesicles of locust fat
body cells (CHEN et al., 1976; COUBLE et al., 1979).

In the majority of insects studied, it is now well established that the synthesis
of vitellogenin (Vg) by adult female fat body is dependent upon the presence of
juvenile hormone in the haemolymph (see reviews by ENGELMANN, 1979, 1980;
HAGEDORN and KUNKEL, 1979; KOEPPE et al., 1985). In the case of Locusta
migratoria, it has been demonstrated that allatectomy of young adult females pre-
vented subsequent Vg synthesis by the fat body, but that this could be restored
by the topical application of JH I or methoprene to the insects (CHEN et al., 1976,
1979; CHINZEI and WYATT, 1985). Multiple doses of JH were necessary for max-
imal stimulation of vitellogenesis, but the more stable methoprene was effective
as a single treatment of ~400 pg per insect (CHEN et al., 1979). DHADIALLA and
WYATT (1981, 1983) found that the injection of 200 ug of methoprene into alla-
tectomised female Locusta fully restored vitellogenesis (Vg forming >60% of total
export protein from isolated fat bodies) whereas no Vg synthesis was detected in
adult male fat body even after the injection of 500 ug of methoprene. CHINZEI
et al. (1982) detected proliferation of both total fat body RNA and Vg mRNA
in fat bodies of allatectomised female locusts following the injection of 150 ug of
methoprene. Similarly, the ultrastructural appearance of vitellogenic locust fat
body has been shown to be dependent on JH and its analogues (LAUVERJAT,
1977; RINTERKNECHT and ROUSSEL, 1978; COUBLE et al., 1979). Trophocytes
of allatectomised animals retained the basic appearance of cells from the pre-
vitellogenic phase with small nuclei, little RER and few Golgi complexes. Also,
the lipid content of these cells increased to levels even higher than that found in
the trophocytes of newly moulted adults. Cell structure was rapidly returned to
normal by implantation of active corpora allata (LAUVERJAT, 1977), injection of
JH (RINTERKNECHT and ROUSSEL, 1978) or topical application of methoprene
(COUBLE et al., 1979). Not only can JH and JHAs restore normal vitellogenic
activity to allatectomised females, but they can induce precocious Vg synthesis
in immature animals. HILL and IZATT (1973) reported that the implantation of
active corpora allata into newly moulted, adult female locusts accelerated the
onset of egg development and the incorporation of Vg into oocytes. After injec-

tion of mid-fifth instar larvae of Locusta with 500 pg of methoprene, DHADIALLA
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4.2.1

and WYATT (1981, 1983) detected high rates of vitellogenesis in fat bodies from
female larvae (Vg forming >60% of total export protein) and even some Vg
synthesis in fat bodies from male larvae (~20% of total export protein).

The purpose of the present study was to establish the normal developmental
changes in the fine structure of locust fat body during the last larval and early

adult stages, and to elucidate what effect treatment with methoprene has upon

this pattern.

Materials and Methods

Newly moulted fifth instar locusts were topically treated with either absolute
ethanol or methoprene (475 ug or 95 ug per insect). The maintenance, treatment
and sampling of these experimental insects were as described in General Materials
and Methods. On each day that the animals were sampled, two males and two
females were taken from each treatment. The insects were killed by twisting
the head to break the neck membrane. The posterior tip of the abdomen was
cut off and the head, with the gut attached, was removed. The carcase was cut
open ventrally and all readily available fat body was taken from the thorax and
abdomen. The peripheral layer of the fat body, which is firmly attached to the

epidermis, was not removed.

Histological Study of Fat Body Cytology

Fat bodies were removed from the experimental animals and were fixed in
Carnoy’s fluid (CARNOY, 1887), which is made up of absolute alcohol/chloro-
form /acetic acid (6:3:1), for 1 hour at room temperature. The tissue was dehy-
drated by passage through an alcohol series to chloroform in an Elliot ‘Automatic
Tissue Processor’ and was finally embedded in paraffin wax. Serial sections were
cut at 1 pum thickness on a Spencer ‘820’ microtome and these were stained for
DNA and RNA with methyl green and pyronin, using the method of BRACHET
(1953) as modified by JORDAN and BAKER (1955). This procedure stains DNA a
blue/green, RNA is rose red and cell cytoplasm is stained red/purple. In order to
determine the level of RNA in the cytoplasm, it is necessary to extract the RNA
from one section and compare the level of staining in the cytoplasm with another
section that has been stained without prior extraction. BRACHET (1953) used

the enzyme ribonuclease for the specific digestion of RNA but it is also possible
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to use acid extraction methods (ERICKSON et al, 1949). Heating the section
with perchloric or hydrochloric acids will remove RNA but leave the staining of
cytoplasm unchanged. However, it may also depolymerise DNA and make this
stain red instead of blue/green. The staining protocol is given below.

1. Dewaz in xylene for 3 minutes.

2. Hydration by passage through an alcohol series to water:

100% alcohol (1 minute),
95% alcohol (1 minute),
70% alcohol (1 minute),

dist. water (1 minute).

3. Differential extraction of RNA. Use two slides of the same material for
test and control. Extract RNA from test slide by incubating in 1 M HCI at 60°C
for 10 minutes. Stand control slide in distilled water for an equivalent time.

4. Stain for 5 minutes in methyl green-pyronin, made up from the following:

13 ml 0.5% aqueous methyl green (chloroform washed),

37 ml 0.5% aqueous pyronin Y,

50 ml 0.2 M acetate buffer, pH 4.8.

5. Rinse in distilled water for 2 seconds and blot lightly until almost dry.

6. Dehydrate in tertiary butyl alcohol, two washes of 1 minute each.

7. Clear in xylene for 2 minutes.

8. Mount in DPX mountant.

4.2.2 Ultrastructural Study of Fat Body
Fat bodies were removed from the experimental animals and were prepared
for electron microscopy according to the protocol described in General Materials
and Methods.

4.3 Results

4.3.1 Histological Study of Fat Body
The fat body of larval and adult Locusta migratoria was composed of a series
of interconnected, flattened lobes extending throughout the body cavity of the
thorax and abdomen, and in the case of control insects, usually deep yellow in
colour. Thus, the basic morphology of the tissue was very similar to that of

Schistocerca gregaria as described by COUPLAND (1957). In this case, the yellow

33



Plate 4.1 — Light Micrographs of Control Fat Body

a. Fat body on Day 1 of the fifth instar. Note the small size of cells and numer-
ous, small vacuoles in cytoplasm. Also note small nuclei, containing densely
packed DNA. No RNA was detected in nuclei or cytoplasm. Scale = 10 um.

b. Fat body on Day 4 of the fifth instar. Note increased size of cells compared
with Day 1 (a), with more plentiful cytoplasm and larger vacuoles. Also note
substantial enlargement of nuclei, containing more dispersed DNA. RNA was
abundant in both nuclei and cytoplasm. Scale = 10 pym.

c. Fat body on Day 7 of the fifth instar. Note greatly increased vacuolation
of cells, and reduced amount of cytoplasm compared with Day 4 (b). Also
note small size of nuclei with densely packed DNA. Some cytoplasmic RNA
remained but none was detected in nuclei. Scale = 10 pm.

d. Fat body on Day 10 of the fifth instar. Note extreme vacuolation of large cells
and densely packed DNA of small nuclei. No RNA was detected in either
nuclei or cytoplasm. Scale = 10 ym.

e. Fat body on Day 1 of the adult stadium. Note greatly reduced size of cells
compared with Day 10 of fifth instar (d), with a few, small vacuoles remain-
ing in the cytoplasm. Nuclei were small with densely packed DNA. Both
cytoplasm and nuclei stained for RNA. Scale = 10 pm.

f. Fat body of male locust on Day 8 of the adult stadium. Note slightly increased
size of cells compared with Day 1 of adult life (e), and increased vacuolation
of cytoplasm. Nuclei were small with densely packed DNA. RNA was present
in the cytoplasm but was not detected in nuclei. Scale = 10 um.

g. Fat body of female locust on Day 8 of the adult stadium. Note slightly
increased cell size compared with Day 1 of adult life (e), and increased vac-
uolation of cytoplasm. Also note substantial enlargement of nuclei and the
greater dispersal of DNA. RNA was abundant in cytoplasm and was present
in nuclei. Large, discrete bodies of RNA were sometimes present in nuclei
(Nu), and were presumably nucleoli. Scale = 10 ym.

Key: Cy- cytoplasm; N— nucleus; Nu—- nucleolus; V- vacuole; large arrow— DNA;
small arrow— RNA.
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Plate 4.2 — Light Micrographs of 475 ug Methoprene-Treated Fat
Body, Early Fifth Instar

a. Fat body of male locust on Day 4 of the fifth instar. Note slightly smaller size

of cells compared with control tissue (see Plate 4.1, b), and smaller vacuoles
in cytoplasm. Also note larger size of nuclei, with more dispersed DNA,
compared with control. Both cytoplasm and nuclei were heavily stained for
RNA. Scale = 10 pm.

. Fat body of female locust on Day 4 of the fifth instar. Note reduced level
of vacuolation in cells compared with male tissue (a) and, especially, con-
trol fat body (see Plate 4.1, b). Also note greatly enlarged nuclei with
widely dispersed DNA. Both cytoplasm and nuclei heavily stained for RNA.
Scale = 10 pm.

. Fat body of male locust on Day 7 of the fifth instar. Note greatly increased
vacuolation and increased size of cells compared with Day 4 (a). Also note re-
duced size of nuclei and densely packed DNA. The cells were similar to control
tissue (see Plate 4.1, c) except that nuclei were still abnormally large. RNA
was still present in cytoplasm but was not detected in nuclei. Scale = 10 pm.
. Fat body of female locust on Day 7 of the fifth instar. Note similarity with
4 day old tissue (b), apart from slightly increased size of the cytoplasmic
vacuoles. Cytoplasm was still abundant within cells and nuclei were very
large with widely dispersed DNA. RNA was abundant in both cytoplasm
and nuclei. Scale = 10 pm.

Fat body of female locust on Day 7 of the fifth instar. Note very small
size of cells, without any visible vacuolation. Also note presence of several
mitotic bodies (open arrows). The remaining nuclei were smaller than in
other treated, female fat body (d) but were larger than those of control
tissue (see Plate 4.1, c). RNA was present in both cytoplasm and nuclei.

Scale = 10 pm.

Key: Cy- cytoplasm; N- nucleus; V- vacuole; large arrow— DNA; small arrow—

RNA; open arrow— mitotic body.
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Plate 4.3 — Light Micrographs of 475 ug Methoprene-Treated Fat
Body, Late Fifth Instar and Adult

a. Fat body of male locust on Day 10 of the fifth instar. Note extreme vacuolation
of large cells and densely packed DNA of small nuclei, similar to control tissue
(see Plate 4.1, d). No RNA was detected. Scale = 10 um.

b. Fat body of female locust on Day 10 of the fifth instar. Note extreme vacuola-
tion of large cells and densely packed DNA of nuclei. Nuclear size was greatly
reduced compared with Day 7 of the fifth instar (Plate 4.2, d & e) but was
larger than in male treated tissue (a) and control fat body (see Plate 4.1, d).
Scale = 10 pm.

c. Fat body of male locust on Day 1 of the adult stadium. Note greatly reduced
size of cells compared with Day 10 of the fifth instar (a), with only a few,
small vacuoles remaining in cytoplasm. Nuclei were increased in size and
contained widely spaced DNA. Note reduced cytoplasmic vacuolation and
larger nuclear size compared with control tissue (see Plate 4.1, €). RNA was
plentiful in cytoplasm and nuclei. Scale = 10 pm.

d. Fat body of female locust on Day 1 of the adult stadium. Note reduced size
and greatly reduced vacuolation of cells compared with Day 10 of the fifth
instar (b). Also note increased size of nuclei with widely spaced DNA. Cells
and especially nuclei were larger than in male treated tissue (c) and control
fat body (see Plate 4.1, e). RNA was abundant in cytoplasm and nuclei.
Scale = 10 pm.

e. Fat body of male locust on Day 8 of the adult stadium. Note increased size
and vacuolation of cells compared with Day 1 (c). Also note slight increase
in nuclear size. Cytoplasmic vacuolation was less than in control tissue (see
Plate 4.1, f), while nuclei were larger with more widely spaced DNA. RNA
was abundant in cytoplasm and nuclei. Scale = 10 pgm.

f. Fat body of female locust on Day 8 of the adult stadium. Note increased size
and vacuolation of cells compared with Day 1 (d). Also note slight increase
in nuclear size. Level of vacuolation of cytoplasm was less than in control
tissue (see Plate 4.1, g), but cells and nuclei were larger. RNA was abundant
in cytoplasm and nuclei. Scale = 10 pgm.

Key: Cy- cytoplasm; N— nucleus; Nu— nucleolus; V- vacuole; large arrow— DNA;

small arrow— RNA.
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colour of the fat bodies was ascribed to the presence of large numbers of yellow-
pigmented lipid droplets within the cells. In the present study, methoprene-
treated fat bodies were similar to control tissues in their basic structure but
were often white or pale grey in colour, apparently lacking the normal yellow
pigmentation.

Plate 4.1 provides views of fat body from control locusts at regular intervals
during the fifth instar and into the adult stage. The lobes of fat body tissue
were typically one or two cells thick and, until Day 8 of adult life, there was
no apparent difference between fat bodies from male and female animals. The
levels of staining for RNA in cytoplasm and nuclei are not clearly shown in the
micrographs. Therefore, the amounts of RNA found in the various fat bodies
are given, in arbitrary values, in Table 4.1 below. Fat bodies of newly moulted,
fifth instar locusts (12 hours & 12 hours old) consisted of small cells with vacuo-
lated cytoplasm, the vacuoles presumably being reserves of lipid and/or glycogen
(Plate 4.1, a). The nuclei of the cells were also small with densely packed chro-
matin (DNA), but neither nuclei nor cytoplasm showed any staining for RNA.
By Day 4 of the fifth instar, the fat body cells had greatly enlarged, as had
the vacuoles in the cytoplasm and the cell nuclei (Plate 4.1, b). Particles of
RNA were present in the cytoplasm, suggesting that the cells were involved in
protein synthesis, and within the nuclei, indicating active transcription. On the
seventh day of the instar (Plate 4.1, c), the cells were heavily vacuolated, with
large spaces filling most of the cells so that only peripheral strands of cytoplasm
remained. The cell nuclei were smaller than on Day 4 and, since RNA was no
longer in evidence, apparently transcriptionally quiescent. However, RNA was
still present in the remaining cytoplasm, suggesting that the cells were still ac-
tively synthetic. In contrast, RNA was no longer detectable in fat bodies on
Day 10 of the fifth instar (Plate 4.1, d), suggesting that the synthetic activity of
the tissue was relatively low. At this stage, fat body cells probably served mainly
for the storage of reserve materials since the cells were filled with large vacuoles
and contained very little cytoplasm. The nuclei were small with densely packed
chromatin. After the final moult, the fat body cells were greatly reduced in size
and only small vacuoles remained in the cells (Plate 4.1, €). Presumably, the rest
of the stored material was used during metamorphosis. The tissue was similar in

appearance to the fat body of the 1-day old fifth instar insect (Plate 4.1, a) ex-
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cept that the nuclei were slightly larger. The presence of RNA in both cytoplasm
and nuclei suggests that the cells were actively transcribing RNA in preparation
for adult syntheses. The fat bodies of 8-day old adults showed, for the first time,
sexual dimorphism. The cells of male fat body (Plate 4.1, f) had increased in size
since the moult and were more extensively vacuolated. The cytoplasm stained
for RNA so the cells were possibly synthetically active, but there was no sign of
RNA within the small nuclei, suggesting that little or no transcription was taking
place. In contrast, the nuclei of female trophocytes were large and, to judge from
the intranuclear RNA, transcriptionally active (Plate 4.1, g). The cells contained
numerous, small vacuoles but the abundance of RNA in the cytoplasm and nu-
clei suggested that the cells may have been preparing for the intense synthetic

activity of vitellogenesis.

Table 4.1 — Levels of RNA Detected in Fat Body

Control 475 pg Metho.
Day| Male | Female | Male |Female
Nu Cy|{Nu Cy}Nu Cy|Nu Cy
if}jo oj0 0JO0 00 O
af | 2 212 213 31| 4
M]J]o 1/0 1]0 13 3
wf{o oj0 0}J0 010 O
lay1 1)1 112 23 3
8a |0 1]2 2|12 2|4 4

The levels of staining for RNA are given as values in the range 04, ‘0’
meaning that no RNA was detected whereas ‘4’ meant that it was extremely
abundant.

Legend: Day af — Day z of the fifth instar,

Day za — Day z of the adult stadium,
Nu - Nucleus,

Cy - Cytoplasm.
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The in vivo application of 475 ug of methoprene to newly moulted fifth instar
locusts caused substantial changes in fat body morphology. These effects were
more extreme in female animals so that a marked sexual dimorphism in fat body
structure was seen throughout the developmental period which was studied. On
Day 4 of the fifth instar, fat body cells from treated males (Plate 4.2, a) were
slightly smaller than those of 4-day old control animals (see Plate 4.1, b), and
contained smaller cytoplasmic vacuoles. Cell nuclei, however, were larger in the
treated tissues with more widely spaced chromatin, and RNA was more abundant
in both cytoplasm and nuclei (see Table 4.1). Treated female tissue of the same
age (Plate 4.2, b) also showed reduced cytoplasmic vacuolation, increased nuclear
size and increased staining for RNA, but to a greater degree than was found in
male fat body, especially with regard to nuclear size. On Day 7 of the fifth instar,
treated male fat body (Plate 4.2, c) was similar to control tissue of the same
age (see Plate 4.1, c¢), the cells being extensively vacuolated and containing little
cytoplasm, with reduced levels of RNA. The nuclei, although slightly larger than
those of control fat body, were reduced in size compared with 4-day old treated
tissue (Plate 4.2, a) and contained closely packed chromatin. The morphology
of the female fat bodies was very different. In one case (Plate 4.2, d), the cells
still contained extensive cytoplasm, though the level of vacuolation was greater
than that of 4-day old tissue (Plate 4.2, b). RNA was abundant, and the cell
nuclei were extremely large with widely spaced chromatin. The fat body cells
from the other methoprene-treated, 7-day old female were much smaller and
without any cytoplasmic vacuoles (Plate 4.2 ). Most of the nuclei were large
with dispersed chromatin, and RNA was present in both cytoplasm and nuclei.
However, a sizeable proportion of the cells appeared to be undergoing mitosis.
By the tenth day of the fifth instar, treated fat body cells, both male (Plate 4.3,
a) and female (Plate 4.3, b), showed extreme vacuolation with little cytoplasm
remaining, and an absence of RNA, similar to control tissue of the same age (see
Plate 4.1, d). The nuclei of treated fat bodies had reduced in size since Day 7 of
the fifth instar (Plate 4.2, ¢, d & e) and their DNA was closely packed, but they
were still slightly larger than those of 10-day old controls, with treated female
tissue having the greatest nuclear size. Immediately after the final moult, the
fat body cells of treated male locusts were very small, about the same size as

those of newly moulted, adult controls (see Plate 4.1, e). However, in the treated
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tissues, cell cytoplasm was less vacuolated, nuclei were substantially larger, and
RNA was more abundant in both cytoplasm and nuclei. In treated female tissues
of the same age (Plate 4.3, d), these differences were more extreme, especially
with regard to nuclear size, and the cells were also enlarged. By Day 8 of the
adult stadium, trophocytes from treated male insects (Plate 4.3, ) had enlarged
and were more or less equivalent in size to the fat body cells of 8-day old control
adults (see Plate 4.1, f). The differences between control and treated fat bodies
remained essentially the same as on Day 1 of adult life, with treated tissues having
enlarged nuclei, fewer and smaller cytoplasmic vacuoles, and greater amounts of
RNA in both nucleus and cytoplasm. The fat body cells from treated females of
the same age (Plate 4.3, f) were increased in size and showed greater cytoplasmic
vacuolation compared with tissue from newly moulted adults (Plate 4.3, d), and
the cell nuclei were also slightly increased in size. Compared with fat body from
control females on Day 8 of the adult instar (see Plate 4.1, g), the treated cells
were larger and less heavily vacuolated, while the cell nuclei were much larger.
RNA was also more abundant in both cytoplasm and nuclei of treated fat bodies
(see Table 4.1).

Fat Body Ultrastructure

Apart from the basic trophocyte, locust fat bodies also contained oenocytes
and urocytes, and these two cell types, from control fat body on Day 10 of
the fifth instar, are shown in Plate 4.4. The oenocyte (Plate 4.4, a & b) had
a characteristic appearance which was very different from that of surrounding
trophocytes. The nucleus was large with very little heterochromatin, while the
cytoplasm was rich in mitochondria, polysomes and granular bodies. The cell also
contained an extensive reticular tubular system, and some elements of this system
had surrounded and apparently isolated parts of the cell cytoplasm (Plate 4.4,
b). There was no discernible smooth endoplasmic reticulum (SER) in the cell
whereas this is normally extremely abundant in oenocytes (see Introduction).
However, in oenocytes from Calpodes ethlius (LOCKE, 1969) and Culez pipiens
(GNATZY, 1970), it was seen that, at the approach of larval and pupal moults,
SER diminished and the cells underwent a phase of autophagy, with the reticular
tubular system enclosing and isolating organelles and small volumes of cytoplasm

for subsequent digestion. In the present study, the lack of SER and the presence
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Plate 4.4 — Electron Micrographs of Oenocyte and Urocyte from
Control Fat Body

a. Oenocyte on Day 10 of the fifth instar. Note the large size of the nucleus and
the presence of several lipid droplets in the cytoplasm. Also note the very
different appearance of the cytoplasm compared with that of surrounding
trophocytes. Scale = 2 pym.

b. Detail of oenocyte. Note the presence of an extensive reticular tubular sys-
tem running throughout the cytoplasm. Also note the presence of numerous
mitochondria, polysomes and granular bodies within the cytoplasm. Several
isolation bodies were also present, small areas of cytoplasm which appeared
to be completely enclosed by elements of the tubular system. Scale = 1 pm.

c. Urocyte on Day 10 of the fifth instar. Note the typically slender and elongate
profile of the cell. Apart from the nucleus, the only other easily recognisable
contents of the cell were urate spherules. Scale = 2 um.

d & e. Detail of urocyte. Note the large variety of forms of urate spherules.
Usually, these were composed of an electron-dense core surrounded by one
or two rings of granular or fibrous material. Occasionally, organelles such as
mitochondria were also seen in the cells. Scale = 0.5 pm.

Key: G- granular body; Hc— heterochromatin; IB- isolation body; L- lipid
droplet; M- mitochondrion; N—- nucleus; Oc— oenocyte; P- polysome; Tc-

trophocyte; TE- tubular element; Uc— urocyte; US— urate spherule.
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Plate 4.5 — Electron Micrographs of Control Fat Body, Day 1 of the
Fifth Instar

a & b. Trophocytes from newly moulted fifth instar locusts. The majority of
trophocytes were similar to those shown in micrograph a. Note the small
size of the cells, mainly taken up by lipid droplets. Also note the large
amounts of heterochromatin packed in the cell nuclei, and numerous granular
bodies in the cytoplasm. A sizeable minority of fat body cells were similar
to that shown in micrograph b. Note the presence of extremely abundant
RER in the cytoplasm, and the scarcity of lipid droplets compared with
micrograph a. Also note the presence of numerous, large mitochondria, some
of which appeared to be dividing (arrow). Scale = 2 pm.

c. Detail of cytoplasm from micrograph a. Note the presence of numerous, large
mitochondria, and of short scattersd strands of RER. Scale = 0.5 ym.

d. Detail of cytoplasm from micrograph b. Note the presence of large amounts
of RER, and the swollen nature of both RER and the nuclear membranes.
Also note the large size of the mitochondria, some of which appeared to
be dividing (arrow). Granular bodies and Golgi complexes were common.
Scale = 0.5 pm.

e. Detail of cytoplasm showing the irregular, speckled appearance of granular
bodies. Scale = 0.5 pym.

Key: G- granular body; Go— Golgi complex; Hc— heterochromatin; L- lipid
droplet; M— mitochondrion; N- nucleus; NM- nuclear membrane; RER-

rough endoplasmic reticulum.
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Plate 4.6 — Electron Micrographs of Control Fat Body, Day 4 of the
Fifth Instar

a, b & c. Trophocytes from 4-day old fifth instar locusts. Note the small size
and numbers of lipid droplets compared with Day 1 of the fifth instar (see
Plate 4.5, a & b). Also note the presence of numerous mitochondria and
Golgi complexes, and the well-developed RER. Inclusion bodies were oc-
casionally seen (b), and the cell nuclei were large with scattered bodies of
heterochromatin (c). Scale = 2 pm.

d & e. Detail of cytoplasm from micrograph b. Note the slightly swollen nature
of the extensive RER. Also note the large numbers of secretory vesicles
around the Golgi complexes, indicating high levels of synthetic activity. Note
the appearance of the inclusion body in micrograph d, which seemed to
contain layered, electron-dense lamellae. Also note the very close association
between an inclusion body and a Golgi complex in micrograph e (arrow).
Scale = 1 pm.

f. Detail of cytoplasm showing various forms of inclusion body that were seen in
4-day old fifth instar fat body. Scale = 1 pm.

Key: Go— Golgi bodies; Hc— heterochromatin; In— inclusion body; L- lipid
droplet; M— mitochondrion; N— nucleus; RER- rough endoplasmic reticu-

lum; SV- secretory vesicle; Uc— urocyte.
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Plate 4.7 — Electron Micrographs of Control Fat Body, Day 7 of the
Fifth Instar

a, b & c. Trophocytes from 7-day old fifth instar locusts. Note the large variation
in the amount of stored lipid and glycogen within different cells, with some
cells having relatively little reserve material (a). Other cells contained more
lipid and glycogen so that the stored material occupied most of the cell
volume and the cell cytoplasm became restricted to areas around the nucleus
and along the plasma membrane (b & c). Scale = 2 ym.

d. Detail of cytoplasm from micrograph a. Note the presence of extensive,
swollen RER and active Golgi complexes. Scale = 0.5 pym.

e. Detail of cytoplasm from micrograph b. Note the presence of numerous
mitochondria and RER in the remaining cytoplasm, and of electron-dense
inclusion bodies. Scale = 1 pm.

f. Detail of cytoplasm from micrograph c. Note the presence of numerous mito-
chondria and RER in the remaining cytoplasm, and of electron-dense inclu-
sion bodies. Scale = 0.5 um.

Key: GIl- glycogen; Go- Golgi complex; In— inclusion body; L- lipid droplet; M-
mitochondrion; N-— nucleus; Nu~- nucleolus; PM- plasma membrane; RER~-

rough endoplasmic reticulum.

44






Plate 4.8 — Electron Micrographs of Control Fat Body, Day 10 of the
Fifth Instar

a & b. Trophocytes from 10-day old fifth instar locusts. Note the large amounts
of lipid and, especially, glycogen stored within the cells and occupying nearly
all of the cell volume. Also note the presence of large vacuoles within the
glycogen stores of many cells (b). Note the presence of numerous large,
electron-dense inclusion bodies. The remaining cytoplasm was limited to
thin strands along the plasma membrane and in the perinuclear region.
Scale = 2 pm.

c. Detail of cytoplasm from micrograph a. Note the large and active Golgi
complexes, their secretory vesicles being filled with electron-dense material.
Also note the numerous mitochondria and RER in the residual cytoplasm.
Scale = 0.5 pm.

d. Details of cytoplasmic inclusion bodies seen in 10-day old fifth instar fat body.
Note the presence of multiple, layered lamellae in many of the inclusion bodies
(solid arrow). Also note the presence of what appeared to be small bodies of
cytoplasm within certain inclusion bodies (open arrow). Scale = 0.5 um.

Key: Gl- glycogen; Go— Golgi complex; Hc— heterochromatin; In— inclusion
body; L- lipid droplet; M— mitochondrion; N- nucleus; Nu- nucleolus; PM-
plasma membrane; RER- rough endoplasmic reticulum; SV- secretory vesi-

cle; V- vacuole.
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Plate 4.9 — Electron Micrographs of Control Fat Body, Day 1 of the
Adult Stadium

a & b. Trophocytes from 1-day old adult locusts. Note the presence of numerous,
small lipid droplets in the cytoplasm. In some cells (b), deposits of glycogen
were also in evidence. Also note the presence of numerous granular bodies
(a) and inclusion bodies (b). Scale = 2 pm.

¢ & d. Details of cytoplasm from micrographs a and b, respectively. Note
that the RER was generally present as short, isolated strands (c), but was
occasionally more extensive (d). Note the presence of numerous mitochondria
and of large, active Golgi complexes. Also note the appearance of the granular
bodies, similar to those seen in trophocytes from 1-day old fifth instar locusts
(see Plate 4.5). Scale = 0.5 ym.

e. Typical nucleus of trophocytes from 1-day old adult locusts. Note the
presence of numerous bodies of heterochromatin and of multiple nucleoli.
Scale = 2 pm.

Key: G- granular body; GIl- glycogen; Go— Golgi complex; Hc— heterochro-
matin; In— inclusion body; L- lipid droplet; M— mitochondrion; N— nucleus;
Nu- nucleolus; RER- rough endoplasmic reticulum; Uc— urocyte, US— urate

spherule.
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Plate 4.10 — Electron Micrographs of Control Fat Body, Day 8 of the
Adult Stadium

a & b. Trophocytes from 8-day old adult female locusts. Note the extensive
RER and numerous mitochondria in the abundant cytoplasm of the cells.
Many cells contained moderate amounts of stored lipid and glycogen (a) but
in others there was almost no reserve material (b). Also note the presence of
many large, electron-dense inclusion bodies. Scale = 2 pm.

c. Detail of cytoplasm from micrograph a. Note the extensive, slightly swollen
RER. Scale = 0.5 pm.

d. Detail of cytoplasm from micrograph a. Note the large size and electron-
dense nature of the inclusion bodies. Also note the multivesicular appear-
ance of many of the inclusion bodies, especially the smaller ones (arrow).
Scale = 0.5 pm.

e. Trophocytes from 8-day old adult male locusts. Note the large amounts
of stored lipid and glycogen, occupying the greater part of the cells. The
cytoplasm contained numerous mitochondria and extensive RER but was
limited to thin strands at the perimeter of the cells. Scale = 2 pm.

Key: Gl- glycogen; Go— Golgi complex; Hc— heterochromatin; In- inclusion
body; L— lipid droplet; M— mitochondrion; N—- nucleus; RER- rough endo-

plasmic reticulum; Uc— urocyte.

47






of isolation bodies formed from the tubular reticular system suggest that a similar
autophagic phase may take place in locust oenocytes at the end of the fifth instar.
However, oenocytes were only very rarely encountered in locust fat bodies and
no attempt was made to follow their structural changes during development nor
to determine their responses, if any, to the application of methoprene. Urocytes
were found more frequently in locust fat bodies and a typical cell is shown in
Plate 4.4 (c). The cells were usually thin and elongate, and so were most often
encountered as small transverse sections. The nucleus contained large patches
of heterochromatin and was similar in appearance to trophocyte nuclei (e.g. see
Plate 4.6, c). The cytoplasm was mainly taken up by urate spherules which were
very heterogeneous in appearance but generally consisted of an electron-dense
core surrounded by one or two rings of fibrous or granular structure (Plate 4.4,
d & e). Preliminary observations revealed no obvious changes in their structure
during development nor after the application of methoprene, and a more detailed
examination was not attempted.

The trophocytes from newly moulted fifth instar Locusta were small and the
majority appeared to be metabolically quiescent, most of the cells’ volume being
taken up by lipid stores (Plate 4.5, a) while only short, scattered strands of RER
were present in the cytoplasm and Golgi complexes were infrequent (Plate 4.5,
c). However, a number of trophocytes seemed to show greater synthetic activity
(Plate 4.5, b & d), having much less stored lipid and extremely abundant RER
which was also very swollen, indicative of intense synthetic activity (COUBLE
et al., 1979). Golgi complexes were also abundant, as were the mitochondria,
several of which appeared to be dividing. The newly moulted fat body cells also
contained numerous bodies with a granular structure (Plate 4.5, €) whose possible
function is considered in the Discussion. By Day 4 of the fifth instar, fat body cell
cytoplasm was much more abundant and stored lipid was limited to relatively
few, small droplets (Plate 4.6, a & b). The RER was extensive and slightly
swollen while Golgi complexes were large with many secretory vesicles, suggesting
a high level of synthetic activity in the cells (Plate 4.6, d & e). Granular bodies
were no longer in evidence but the cells now contained a variety of inclusion
bodies, many of which contained layered or whorled lamellae (Plate 4.6, d, e &
f). By the seventh day of the fifth instar, fat body cells had accumulated larger

amounts of reserve material (Plate 4.7, a, b & c). Lipid droplets had increased
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in both size and number, and for the first time substantial stores of glycogen
granules were detectable in most cells. Inclusion bodies were also more common
within the trophocytes. As the levels of stored material increased, the amount
of cytoplasm within the cells was reduced and, in some cases, was restricted to
thin strands around the nucleus and along the plasma membranes (Plate 4.7,
c). However, many cells still contained extensive, swollen RER and large Golgi
complexes, indicating that the fat body was still synthetically active (Plate 4.7,
d). On Day 10 of the fifth instar, fat body cells were filled with lipid droplets
and glycogen granules (Plate 4.8, a & b). Within the deposits of glycogen,
large vacuoles were often present which did not seem to be merely lipid vacuoles
that had been emptied of their contents during the fixation process (Plate 4.8, b).
LOCKE (1985) noted that similar vacuoles appeared within the glycogen stores of
both fat body and epidermal tissues of Calpodes ethlius as carbohydrate reserves
reached their maximal extent towards the end of each larval instar. He suggested
that the glycogen might be converted to soluble precursors in order to allow
rapid mobilisation during its redeployment, but this has yet to be confirmed.
The residual cytoplasm of the cells was packed with RER, and numerous Golgi
bodies were producing secretory vesicles, indicating that active syntheses were
still taking place (Plate 4.8, ¢). Many large inclusion bodies were present in
the cells. A number of different forms were seen (Plate 4.8, d) but the fact
that many contained layered or whorled lamellae suggested that they could be
of similar origin. The trophocytes of newly moulted adults were much depleted
of lipid and especially glycogen (Plate 4.9, a & b), suggesting that most of the
fat bodies’ reserve materials stores were mobilised during the final moult. The
tissue was similar in many ways to that of newly moulted fifth instar locusts (see
Plate 4.5), containing numerous granular bodies (Plate 4.9, a) and the cytoplasm
seeming to be metabolically quiescent, with short, scattered strands of RER and
few Golgi complexes (Plate 4.9, ¢ & d). Occasionally, trophocyte nuclei were
seen to contain multiple nucleoli (Plate 4.9, e), suggesting that the cells were
polyploid (LOCKE, 1980, 1985). Fat bodies from 8-day old adults showed, for the
first time, sexual dimorphism in their ultrastructure. Trophocytes from female
insects contained little reserve material, and cell cytoplasm was very abundant
(Plate 4.10, a & b). The cells appeared synthetically active, having extensive and
often swollen RER, and numerous Golgi complexes (Plate 4.10, ¢ & d). Large,
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electron-dense inclusion bodies were also abundant in the tissue (Plate 4.10, a),
many of which had a multivesicular appearance (Plate 4.10, d). In contrast,
male fat body had a metabolically quiescent appearance, with ample stores of
lipid and glycogen and little sign of synthetic activity in the residual cytoplasm
(Plate 4.10, e).

The in vivo application of methoprene to newly moulted fifth instar locusts
caused substantial changes in the ultrastructure of the fat body during the in-
sects’ subsequent development. However, the effects were generally less extreme
than those seen under the light microscope and, although changes were slightly
more marked in female fat bodies, there was little sexual dimorphism in the re-
sponse of the tissue to methoprene treatment. Also, both concentrations of the
JHA that were used, 475 pg and 95 pg per insect, usually had similar effects on
the tissue. On Day 4 of the fifth instar, trophocytes from methoprene-treated
insects contained abundant cell cytoplasm whereas stored material was limited
to relatively few, small lipid droplets (Plate 4.11, a & b). RER was swollen and
very extensive, and Golgi complexes were numerous and prominent, with many
secretory vesicles, (Plate 4.11, ¢ & d). In the nuclei of 475 ug-treated fat body,
nucleoli were especially large and multilobed (Plate 4.11, a), while in the cyto-
plasm, the RER was particularly abundant and swollen (Plate 4.11, ¢). Inclusion
bodies were also seen in the trophocytes (Plate 4.11, ¢ & d), and occasionally
isolation bodies were seen as well, some of which seemed to contain fragments of
RER (Plate 4.11, e). The tissue was similar in appearance to control fat body
of the same age (see Plate 4.6) except that RER was slightly more extensive and
swollen in methoprene-treated cells. By the seventh day of the fifth instar, the
levels of stored lipid in treated fat body cells had slightly increased (Plate 4.12,
a & d), but were lower than those found in control tissue of the same age (see
Plate 4.7), and there were no visible deposits of glycogen. The cytoplasm still
contained extensive RER and numerous, large Golgi complexes, especially the
475 pg-treated fat bodies (compare b & ¢ with e, Plate 4.12). Occasionally, dis-
crete bodies were seen within trophocyte nuclei (Plate 4.12, f) which were similar
in appearance to the nuclear bodies described by JENSEN and BRASCH (1985) in
the fat body of adult Locusta. On Day 10 of the fifth instar, treated fat body cells
were filled with deposits of lipid and glycogen while cell cytoplasm was reduced to
peripheral strands (Plate 4.13, a & b), similar to control fat body of equivalent
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Plate 4.11 — Electron Micrographs of Methoprene-Treated Fat Body,
Day 4 of the Fifth Instar

a. Trophocyte from 4-day old fifth instar locust previously treated with 475 ug of
methoprene. Note the presence of scattered bodies of heterochromatin and
multiple, multilobed nucleoli within the nucleus. Note the extreme abun-
dance of RER in the cytoplasm, more extensive than that of control tissue
of the same age (see Plate 4.6). Numerous mitochondria and small lipid
droplets were also present in the cyi.lqplasm. Scale = 2 pm.

b. Trophocyte from 4-day old fifth instar locust previously treated with 95 pug
of methoprene. Note the presence of very extensive RER, numerous mito-
chondria and small lipid droplets, similar in appearance to micrograph a.
Scale = 2 pm.

c. Detail of cytoplasm from micrograph a. Note the slightly swollen nature of
the extensive RER and the large numbers of secretory vesicles around the
large Golgi complexes. Also note the presence of occasional inclusion bodies.
Scale = 0.5 pm.

d. Detail of cytoplasm from micrograph b. Note the similarity in general ap-
pearance with micrograph c except that the RER seemed to be less swollen.
Scale = 0.5 pm.

e. Detail of cytoplasm from 95 ug methoprene-treated tissue. Occasional iso-
lation bodies were seen in the cytoplasm. Where the contents were dis-
cernible, these structures seemed to contain fragments of RER (open arrow).
Scale = 0.5 pm.

Key: Go— Golgi complex; Hc— heterochromatin; IB- isolation body; In— inclusion
body; L- lipid droplet; M— mitochondrion; N- nucleus; Nu— nucleolus; RER-

rough endoplasmic reticulum; SV- secretory vesicle.
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Plate 4.12 — Electron Micrographs of Methoprene-Treated Fat Body,
Day 7 of the Fifth Instar

a. Trophocytes of 7-day old fifth instar locust previously treated with 475 ug
of methoprene. Note the presence of moderate amounts of stored lipid, less
than was normally found in control tissue of the same age (see Plate 4.7).
Also note the presence of numerous, large inclusion bodies in the cytoplasm.
Scale = 2 pm.

b & c. Details of cytoplasm from 7-day old, 475 ug-treated trophocytes. Note the
presence of extensive RER which was often found in closely packed layers (b)
although it was usually more scattered (c). Also note the presence of active
Golgi complexes and numerous mitochondria. Scale = 0.5 um.

d. Trophocytes of 7-day old fifth instar locusts previously treated with 95 ug of
methoprene. Note the presence of moderate amounts of stored lipid, extensive
RER and large, electron-dense inclusion bodies. The cells were similar in
appearance to those from 475 ug-treated insects (a). Scale = 2 pum.

e. Detail of cytoplasm from micrograph d. Note the presence of active Golgi
complexes, numerous mitochondria and extensive, scattered RER, similar to
the appearance of the cytoplasm in micrograph c. Scale = 0.5 ym.

f. Detail of nucleus from 7-day old, 475 ug-treated trophocyte. Note the char-
acteristic appearance of a nuclear body. Such structures were occasionally
seen in the trophocyte nuclei of both 475 ug- and 95 ug-treated insects.
Scale = 0.5 pm.

Key: -Go— Golgi complex; Hc— heterochromatin; In- inclusion body; L~ lipid
droplet; M- mitochondrion; N- nucleus; NB— nuclear body; RER- rough

endoplasmic reticulum.
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Plate 4.13 — Electron Micrographs of Methoprene-Treated Fat Body,
Day 10 of the Fifth Instar and Day 1 of the Adult Stadium

a. Trophocytes of 10-day old fifth instar locust previously treated with 475 ug
of methoprene. Note the extensive lipid and glycogen deposits nearly filling
the cells. Also note the presence of several large inclusion bodies. Cytoplasm
was reduced to a thin layer lying against the plasma membrane, mainly filled
with closely packed RER. Scale = 2 um.

b. Trophocytes of 10-day old fifth instar locust previously treated with 95 ug
of methoprene. Note their similarity with the cells in micrograph a. Cells
were mainly taken up by lipid and glycogen deposits. Note the presence of
vacuoles within the stored glycogen, similar to control tissue of the same age
(see Plate 4.8). Also note the presence of numerous inclusion bodies, smaller
than those in micrograph a. Residual cytoplasm lay along the periphery of
the cells mainly taken up by closely packed RER. Scale = 2 pm.

c. Details of cytoplasm from 10-day old, 475 pg-treated trophocytes. Note the

“presence of multilamellar structures, composed of multiple, whorled mem-
branes. Also note the presence of numerous mitochondria, active Golgi com-
plexes and RER in the residual cytoplasm. Scale = 0.5 pm.

d. Trophocytes of 1-day old adult locust previously treated with 475 ug of metho-
prene. Note the presence of small lipid droplets, numerous mitochondria and
extensive RER in the cytoplasm. Also note the absence of glycogen deposits
and granular bodies, unlike control tissue of the same age (see Plate 4.9).
Scale = 2 um.

e. Trophocytes of 1-day old adult locust previously treated with 95 ug of metho-
prene. Note the very small amount of lipid stored in the cells. The cytoplasm
contained numerous mitochondria and extensive RER . Also note the pres-
ence of occasional inclusion bodies and granular bodies. Scale = 2 pm.

f. Detail of cytoplasm from micrograph e. Note the slightly swollen nature of
the RER and the active appearance of Golgi complexes. Scale = 0.5 pm.
Key: G- granular body; Gl- glycogen; Go— Golgi complex; In— inclusion body;

L- lipid droplet; M— mitochondrion; ML— multilamellar body; N- nucleus;

PM- plasma membrane; RER- rough endoplasmic reticulum; V- vacuole.
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Plate 4.14 — Electron Micrographs of Methoprene-Treated Fat Body,
Day 8 of the Adult Stadium

a & b. Trophocytes from 8-day old, adult female locusts previously treated with
475 pg of methoprene. Note the presence of moderate deposits of lipid and
glycogen. Also note the presence of numerous mitochondria and inclusion
bodies in the cytoplasm, and the abundant nature of the RER. In most cells,
the nuclei contained large, multilobed nucleoli and small, scattered bodies
of heterochromatin (a). However, in a number of nuclei, heterochromatin
seemed to be completely lacking (b). Scale = 2 pm.

c. Trophocytes from 8-day old, adult female locusts previously treated with 95 ug
of methoprene. Note the similarity in the appearance of the cell cytoplasm
with that of 475 ug-treated tissue (a), there being numerous mitochondria
and inclusion bodies, and extensive RER. Also note the slightly more exten-
sive lipid deposits in the 95 pg-treated fat body. Scale = 2 pm.

d. Detail of cytoplasm from micrograph ¢. Note the slightly swollen nature of
the RER. Also note the very large size of the Golgi complexes and their
electron-dense secretory bodies. Scale = 0.5 pm.

e. Trophocytes from 8-day old, adult male locusts previously treated with 475 ug
of methoprene. Note the presence of abundant lipid and glycogen stores
occupying most of the cells’ volume. The remaining cytoplasm contained
numerous mitochondria and extensive RER, and seemed to be slightly more
substantial than that in male control fat body of the same age (see Plate 4.10,
e). Scale = 2 ym.

Key: GIl- glycogen; Go— Golgi complex; Hc— heterochromatin; In- inclusion
body; L- lipid droplet; M— mitochondria; N- nucleus; Nu— nucleolus; RER-

rough endoplasmic reticulum; SB— secretory body; Uc— urocyte.
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4.4

age (see Plate 4.8). Fat body treated with 475 pg of methoprene was distin-
guished by the large size of its inclusion bodies and the presence of occasional
multilamellar bodies, composed of numerous whorled membranes (Plate 4.13, a
& c). Fat bodies from newly moulted adult locusts contained very little stored
lipid and no deposits of glycogen (Plate 4.13, d & e), less reserve material than
was seen in control tissue of the same age (see Plate 4.9). Methoprene-treated fat
bodies were also distinguished by the lack of granular bodies in the cytoplasm,
very few in 95 pg-treated tissue (Plate 4.13, e) and none at all in 475 pg-treated
cells (Plate 4.13, d). The presence of abundant, slightly swollen RER and numer-
ous Golgi complexes in the cytoplasm (Plate 4.13, f) suggested that fat bodies
from 1-day old, methoprene-treated adults were synthetically active. The fat
bodies from 8-day old, treated adults displayed a sexual dimorphism in their
ultrastructure (Plate 4.14) which was similar to that found in control animals of
the same age (see Plate 4.10). Trophocytes from 475 ug-treated female insects
contained little reserve material (Plate 4.14, a), while lipid stores were slightly
more abundant in tissue from 95 pg-treated females (Plate 4.14, ¢). However, in
both cases, cell cytoplasm was very extensive. Trophocyte nuclei from animals
dosed with 475 ug of methoprene usually contained large, multilobed nucleoli
and small, scattered bodies of heterochromatin (Plate 4.14, a), but several nuclei
appeared to be completely devoid of heterochromatic material (Plate 4.14, b).
The methoprene-treated fat bodies showed signs of greater synthetic activity than
that of tissue from control females of the same age (see Plate 4.10) since RER was
slightly more extensive and swollen, and Golgi complexes were extremely large
and active, producing large, electron-dense secretory bodies (Plate 4.14, d). Fat
body cells from male animals were mainly taken up by lipid and glycogen stores
(Plate 4.14, e). However, the residual cytoplasm, containing numerous mito-
chondria and extensive RER, seemed more substantial than that in male control

fat body of the same age (see Plate 4.10, e).

Discussion
During the present study, fat bodies of control insects seemed to follow the

same pattern of development during the last larval instar that has been de-
scribed in other insect species (see Introduction for details). In newly moulted

larval locusts, trophocytes were small and mainly appeared to be metabolically
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quiescent. The cells rapidly increased in size, and by Day 4 were adapted for
intense synthetic activity, with extensive RER and numerous mitochondria and
golgi complexes. The cells progressively accumulated reserve material during the
instar so that, by Day 10, they were filled with stored lipid and carbohydrate. At
the same time, RER and mitochondria were greatly diminished in extent, while
numerous inclusion bodies arose. In the adult stadium, the 8-day old locusts
of the present study showed a marked sexual dimorphism in the fine structure
of their fat bodies, similar to that reported by other workers in adult locusts
(see Introduction). Male fat body cells were predominantly concerned with the
storage of reserve material whereas female trophocytes seemed to be adapted for
the high levels of synthetic activity required for vitellogenesis, having extensive
RER, active golgi complexes and many mitochondria. However, the fat bodies
from newly emerged adults in the present study seemed to be unusual in con-
taining relatively little stored material. In the literature, fat body from newly
moulted adult locust is usually described as being filled with lipid and glycogen
deposits so that the cell nuclei are indented by lipid droplets (COUBLE et al.,
1979; IRVINE and BRASCH, 1981; JENSEN and BRASCH, 1985). These differ-
ences might be due to discrepancies in the insects’ diets since, unlike those kept
in the present study, the locusts maintained by the above authors were given a
mixture of bran, skimmed milk and brewer’s yeast in addition to daily supplies
of grass or wheat seedlings (CHEN et al., 1978). Such dietary supplements might
allow larger amounts of reserve material to be stored during the final moult than
would be possible if fed on grass alone as was done in the present study (see
General Materials and Methods).

Numerous granular bodies were found in trophocytes from newly moulted
control locusts of the present study, both fifth instar and adult insects. Whether
these bodies were present during the rest of the stadia is unknown, but they were
certainly far more scarce. In view of their structure, these bodies were probably
peroxisomes. These are vacuoles containing various oxidases, usually with cata-
lase, which are bounded by a single unit membrane (see reviews by LOCKE, 1984,
1985). CASSIER and FAIN-MAUREL (1972) identified peroxisomes in oenocytes
of Locusta migratoria and these were very similar in appearance to the granular
bodies of the present study. In the fat body of Calpodes ethlius, peroxisomes were

formed at the beginning of the fourth instar and were destroyed after ecdysis to



the fifth (final) larval instar when a new population arose which was lost prior
to pupation (LOCKE and MCMAHON, 1971). Thus, the peroxisomes seemed to
‘develop only for use in a particular stadium and undergo repeating cycles of
formation and destruction’ (LOCKE, 1984). The organelles also became progres-
sively smaller during the phase of intermoult synthetic activity which, together
with the growing size of the trophocytes, caused them to become increasingly
scarce during each stadium (LOCKE and MCMAHON, 1971). If a similar pattern
of development occurs in locust fat body, this would explain the present observa-
tion of numerous granular bodies only in tissue from newly moulted insects. In
methoprene-treated insects, the numbers of granular bodies in trophocytes from
1-day old adults were greatly reduced, there being very few in tissue from insects
dosed with 95 pg of methoprene while none were seen in the fat bodies of 475 ug-
treated insects. Unfortunately, very little work has been done on the function of
peroxisomes in insect cells (see review by LOCKE, 1985), so the significance of
their non-appearance cannot be assessed.

In the present study, locust fat body cells contained numbers of inclusion bod-
ies which, in their structure and in the timing of their greatest abundance (the end
of the fifth instar), were similar to the ‘proteinaceous spheres’ described in earlier
studies of insect fat body (see Introduction for details). These were thought to be
autophagic vacuoles formed by the digestion of RER and mitochondria towards
the end of a larval instar (see reviews by PRICE, 1973; LOCKE, 1985). The
multilamellar nature of many of the inclusion bodies found in the present study
was akin to that of autophagic vacuoles seen in the fat body of Calpodes ethlius
(LoCKE and SYKES, 1975), and in the reviews of lysosome structure by DE DUVE
and WATTIAUX (1966) and PITT (1975). Similar structures were also found in
fat bodies of adult female Locusta during the post-vitellogenic, lysosomal phase
(LAUVERJAT, 1977; COUBLE et al., 1979). However, inclusion bodies were seen
in locust fat bodies at every age that was examined in the present study, which
suggests either that many of the structures labelled as inclusion bodies had dif-
ferent functions to that proposed above, or that the timing of autophagic activity
in locust fat body is less closely regulated than that which seems to be the case
in holometabolous insects (see DEAN et al., 1985; LOCKE, 1985). The inclusion
bodies seen in methoprene-treated fat bodies in the present study were similar

to those seen in control insects. However, on Day 10 of the fifth instar, tropho-
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cytes from locusts treated with 475 pug of methoprene also contained a number
of multilamellar bodies (Plate 4.13). Their arrangement of whorled membranes
was very similar to that of the residual bodies described by PITT (1975). These
are post-lytic structures which have little or no hydrolase activity and contain
the indigestible remains of autophagy. The multilamellar bodies of the present
study lacked the electron-dense matrix that was typical of many of the inclusion
bodies (presumably autophagic vacuoles). This may be indicative of a lack of
hydrolytic enzymes since LOCKE and SYKES (1975) found that in sections of fat
body from Calpodes ethlius prepared for electron microscopy, the phosphatase
enzymes of autolytic bodies would react with lead stains (such as lead citrate as
used in the present study) to form electron-dense precipitates. Large numbers
of residual bodies may accumulate in tissues where there is an abnormality in
lysosome metabolism preventing the normal degradation of material (see reviews
by DE DUVE and WATTIAUX, 1966; PITT, 1975), and there is some evidence that
juvenoids can disrupt hydrolytic activity in insect fat bodies. SASS and KOVACS
(1977, 1980) found that treatment of larval Mamestra brassicae with ecdysone
accelerated the appearance of autophagic bodies within the fat body, but that
the application of a JHA to young, last instar larvae prevented later induction
of autophagy by ecdysone. Also, in the penultimate larval instar of Mamestra,
fat body showed no autophagic response to exogenous ecdysone until 24 hours
before ecdysis, the time at which the previously high haemolymph titre of JH
declined (SAss and KovAcs, 1977). In pupal Spodoptera mauritia, MATHAI and
NAIR (1984) measured the levels of acid and alkaline phosphatases, which can
be used as cytochemical markers for hydrolytic activity (LOCKE and SYKES,
1975; LARSEN, 1976; DINGLE, 1977). They reported a significant reduction in
the enzymes’ activities following topical application of the JHA hydroprene to
newly moulted pupae. Thus, the present detection of multilamellar bodies in fat
bodies from locusts treated with 475 ug of methoprene at the time of greatest
hydrolytic activity may be an indication of disrupted lysosome metabolism in
the tissue. However, WALKER (1965) found ‘myelin bodies’ in the fat body of
Philosamia cynthia towards the end of the last larval instar which were similar in
form to the multilamellar bodies of the present study. Therefore, the appearance
of such structures in locust trophocytes could be a normal occurrence at the end

of the last larval instar. Their presence only in tissue from methoprene-treated
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animals on Day 10 of the fifth instar might simply be due to these insects being
at a slightly more advanced stage of development since it was seen in Chapter 3
that treatment with 475 ug of methoprene shortened the length of the fifth instar
and induced early moulting.

The present study of fat body histology showed that the application of 475 ug
of methoprene leads to a reduction in the vacuolation of trophocytes at most of
the ages that were examined, suggesting a decrease in the amount of reserve
material accumulated by the fat body. This was corroborated by ultrastruc-
tural analysis of the tissue which generally revealed lower levels of stored lipid
and glycogen in the fat body cells of methoprene-treated animals. Such a re-
sult would be compatible with the reports of LAUVERJAT (1977) and COUBLE
et al. (1979) who found that allatectomy of adult Locusta resulted in abnormal
accumulations of lipid and glycogen in fat body cells. Numerous other studies
have also demonstrated excessive levels of fat body lipid following allatectomy
(see reviews by STEELE, 1976, 1985; BEENAKKERS et al., 1981), while HILL
and IZATT (1974) reported that implantation of extra corpora allata into intact
female Schistocerca gregaria reduced fat body lipid to less than one third of that
in normal adults by ten days after the operation. In addition, ROSELER and
ROSELER (1988) found that topical applications of JH to newly emerged queens
of Bombus terrestris reduced the lipid and glycogen content of their fat bod-
ies. The present study of locust fat body showed that methoprene treatment
also increased the amount of material staining for RNA and the proliferation
of RER in both fifth instar and adult locusts, indicating a stimulation of RNA
and protein synthesis. Several investigations have shown that protein synthe-
sis in insects is inhibited by allatectomy and stimulated by application of JH
or implantation of CA (see review by STEELE, 1976). THOMAS and NATION
(1966a, 1966b) found that allatectomy of adult female Periplaneta americana
lead to a marked reduction in the incorporation of radiolabelled amino acids
into haemolymph proteins and an abnormal decrease in whole body protein lev-
els. Similarly, the rate of incorporation of 4C-labelled protein hydrolysate into
proteins of the fat body haemolymph and ovary was reduced in female Locusta
after removal of the CA (MINKS, 1967). In allatectomised females of Leucophaea
maderae, both implantation of CA and application of synthetic JH increased the
incorporation of [*C]leucine into serum proteins by 100% (ENGELMANN, 1971).
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Implantation of CA into decapitated females of Nauphoeta cinerea tripled the
incorporation of [1“C]alanine into fat body proteins (LUSCHER, 1968) and the
injection of JH into fifth instar Oncopeltus fasctatus doubled [3C]leucine incor-
poration (BAssI and FEIR, 1971). Under the light microscope, it was seen that
the response to methoprene treatment in the present study was more extreme
in fat bodies from female insects than in male tissue. This would suggest that
the application of methoprene stimulated the production of female-specific ma-
terial. In view of the role of JH in the manufacture of yolk protein precursors
by female fat body (see Introduction for details), the most obvious candidate for
such a methoprene-inducible product would be vitellogenin. This suggestion is
consistent with the results of DHADIALLA and WYATT (1981, 1983) who caused
precocious vitellogenin production in fat bodies from fifth instar Locusta by the
prior injection of methoprene, and found that the response was greater in tissue
from female animals than in fat bodies from males (see Introduction for further
details). However, some of the apparent increase in fat body protein synthesis
seen in the methoprene-treated locusts of the present study could have been due
to enhanced production of larval proteins. GOLTZENE-BENTZ et al. (1972) re-
ported a reduction in the rate of increase in total body protein during the fifth
instar of Locusta migratoria following allatectomy of the insects, while PRICE
(1968) found that ligaturing of third instar Calliphora erythrocephala to isolate
the CA from the fat body accelerated the normal decline in fat body protein
synthesis prior to pupation. These results suggest that JH, presumably at very
low concentrations, may regulate the manufacture of larval proteins by the fat
body as well as vitellogenin in adult females. Furthermore, GELLISSEN and WY-
ATT (1981) found that inactivation of the CA (by the application of precocene)
in adult Locusta not only prevented vitellogenin synthesis in females but also
diminished the production of other fat body proteins in both sexes.

The present study showed changes in the structure of trophocyte nuclei fol-
lowing the application of methoprene. Under the light microscope, it was seen
that methoprene treatment caused an enlargement of fat body cell nuclei, espe-
cially in tissue from female insects. In control insects, trophocyte nuclei were at
their largest on Day 4 of the fifth instar and Day 8 of adult life, especially in
female tissue. Since these were the times of maximal staining for RNA in the

cells, it would appear that nuclear size is related to transcription rates. Thus,
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the increased nuclear size of methoprene-treated fat bodies may be another in-
dication of heightened RNA synthesis. However, nuclear enlargement may also
be indicative of increased ploidy levels in the fat body cells. In common with
several other insect species (see reviews by NAGL, 1978; DEAN et al., 1985),
locust fat body cells become increasingly polyploid during the fifth instar and
adult stadium. KOOMAN and NAIR (1982) found that fat body cells from female
Schistocerca gregaria were predominantly tetraploid in the fifth (final) larval in-
star, but that there was a gradual increase in octaploid nuclei during the instar
(from 8% to 20% of total nuclei). In the adult locust, there were further in-
creases in fat body cell ploidy levels, from mostly tetraploid (4N) in 1-day old
and 3-day old adults, to mainly 8N nuclei on the fifth day, and a marked rise
in the number of 16N nuclei by Day 8 (KOOMAN and NAIR, 1982). Fat body
cells of Locusta migratoria also became increasingly polyploid during adult life
(IRVINE and BRASCH, 1981; NAIR et al., 1981). In female Locusta, trophocytes
were chiefly 4N, 8N and 16N on the first, seventh and fifteenth days of adult
life, respectively. Male fat body was also predominantly 4N on Day 1 but under-
went less replication to become mainly octaploid by Day 15. As the trophocytes
increased in ploidy levels, IRVINE and BRASCH (1981) noted a corresponding in-
crease in nuclear size, while KOOMAN and NAIR (1982) found that the total area
of nuclei in locust fat body squashes increased linearly with ploidy level. Also,
the normal polyploidisation of adult fat body cells was shown to be JH dependent
since it was prevented by allatectomy but could be restored by injection or top-
ical application of methoprene (IRVINE and BRASCH, 1981; NAIR et al., 1981).
The present observation of enlarged trophocyte nuclei in methoprene-treated lo-
custs may therefore be an indication of increased polyploidisation. Since growth
by DNA replication and cell enlargement to form polyploid cells is especially
common in tissues that are adapted for the rapid synthesis of large amounts of
particular proteins (BRODSKY and URYVAEVA, 1977; NAGL, 1978), increased
ploidy levels in methoprene-treated trophocytes may be another indication of
stimulated protein syntheses. Also, the greater size, and possibly ploidy level, of
fat body cell nuclei in female methoprene-treated locusts compared with males
is similar to the situation normally found in adult locusts (see above), suggesting
that methoprene treatment may be causing precocious nuclear development. Fur-

ther support for this hypothesis may come from the observation of nuclear bodies
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within trophocytes from methoprene-treated, fifth instar locusts of the present
study (see Plate 4.12, f). These structures were very similar in appearance to the
nuclear bodies described by JENSEN and BRASCH (1985) in fat body nuclei of
adult Locusta, which were seen to increase in number during sexual maturation.
Their normal proliferation was prevented by allatectomy and restored by the
application of methoprene, indicating a dependence on the presence of JH or its
analogues (JENSEN and BRASCH, 1985). Such premature nuclear development
would lend credence to the suggestion made above that methoprene treatment
stimulated vitellogenesis in fifth instar, female locusts.

The present investigation also occasionally revealed further abnormalities in
fat body structure as a result of methoprene treatment. In the histological study,
one of the fat bodies taken from treated females on Day 7 of the fifth instar was
seen to contain mitotic bodies (see Plate 4.2, e). Since fat body cells are thought
to undergo mitotic division only at the time of moulting (see reviews by LOCKE,
1980; DEAN et al., 1985), it would appear that this particular insect was about
to moult to the adult. This would agree with the lack of cytoplasmic vacuolation
in the trophocytes since the present study showed that stored material was lost
from the fat body at the time of metamorphosis. However, in Chapter 3 it was
seen that, although the application of 475 pug of methoprene to 1-day old fifth
instar locusts shortened the length of the instar and induced early moulting, less
than 5% of such treated insects had moulted to adults by six days after treat-
ment. An alternative explanation for the presence of the mitotic bodies could
be that the cells were undergoing endomitosis to attain a higher ploidy level, as
was discussed earlier. According to BRODSKY and URYVAEVA (1977), however,
endomitosis in insect cells is characterised by the retention of an intact nuclear
membrane throughout the process of DNA replication. In the present study, no
nuclear membranes were visible around the mitotic bodies. Under the electron
microscope, it was seen that the application of 475 ug of methoprene leads to
a noticeable, and occasionally extremely marked, reduction in the amount of
heterochromatin present in trophocyte nuclei of 8-day old adults. Heterochro-
matin is considered to be transcriptionally-inactive DNA condensed with protein
(KRSTIC, 1979; DEAN et al., 1985) so that the apparent lack of heterochromatin
could be the result of extremely high rates of RNA synthesis. However, the his-

tochemical analysis of comparable fat body tissue did not reveal the exceptional

62



levels of RNA which would be expected. There have been so few attempts to cor-
relate nuclear ultrastructure with function that no firm conclusion can be drawn

from the appearance of these nuclei other than to state their abnormality.
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Chapter V

Effects of Methoprene upon Lipid, Carbohydrate and Protein
Metabolism

5.1 Introduction

The fat body is the principal storage site of lipid and carbohydrate (see
previous chapter for details), which are mainly deposited as triglyceride (triacyl-
glycerol) and glycogen, respectively (see review by KEELEY, 1985). In the ha-
emolymph, carbohydrate is chiefly transported as the non-reducing disaccharide
trehalose (STEELE, 1985; FRIEDMAN, 1985), while diglyceride (diacylglycerol)
is the major lipid component, most of this being bound to the carrier protein
lipophorin, although a large proportion may be taken up by vitellogenin in re-
productive females (STEELE, 1985; DOWNER, 1985). The exact pathway by
which triglyceride is broken down to diglyceride has not yet been established
(see review by FRIEDMAN, 1985). Glycogen is broken down to free or phospho-
rylated glucose before being either further metabolised or converted to trehalose
for transport. The rate-limiting enzyme controlling glycogen breakdown is glyco-
gen phosphorylase which cleaves the terminal glucosyl residue from the parent

glycogen according to the following scheme:
Glycogen(Glucose,,) + Pi = Glycogen,_1) + Glucose-1-P.

Although the reaction is reversible, in practice it is unidirectional towards glu-
cose-1-P synthesis because of the high concentration of inorganic phosphate in
the cell (see review of insect phosphorylase by STEELE, 1982). Glycogen phos-
phorylase occurs in two interconvertible forms within the same cell, one active
(a) and the other inactive (b). In fact, phosphorylase b can be made to show
full activity in vitro by the addition of AMP to the assay medium. However,
the activity of the b form in vivo is negligible and the physiological activity of
phosphorylase is dependent on the absolute amount of the a form.

As mentioned in the previous chapter, HILL and IZATT (1974) found that

the implantation of extra corpora allata into adult female Schistocerca gregaria
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reduced the levels of fat body lipid, while topical applications of JH to newly
moulted female Bombus terrestris reduced both the lipid and glycogen content
of their fat bodies (ROSELER and ROSELER, 1988). Also, numerous studies have
shown excessive accumulations of lipid in the fat bodies of allatectomised in-
sects (see reviews by STEELE, 1976, 1985, BEENAKKERS et al, 1981). For
example, BAILEY et al. (1975) found that the average lipid content of fat body
from male Locusta migratoria rose from 30.2 mg to 68.9 mg by 25 days after
allatectomy, while lipid levels rose from 46.1 mg to 69.5 mg in female locusts.
Similar elevations in fat body lipid stores have been reported for allatectomised
Schistocerca, both male (WALKER and BAILEY, 1971b) and female (HILL and
IzZATT, 1974), and the operation increased total body lipid in Melanoplus dif-
ferentialis (PFEIFFER, 1945), Locusta (STRONG, 1968a, 1968b) and Schistocerca
(ODHIAMBO, 1966). MINKS (1967) also found increased levels of fat body lipid
by 20 days after allatectomy of adult female Locusta but found no extra accumu-
lation of fat deposits in operated males. The effect is not due to injury from the
operation since reimplantation of corpora allata can restore elevated fat body
lipid deposits to normal levels (ODHIAMBO, 1966; BEENAKKERS, 1969; HILL
and IZATT, 1974). In addition, allatectomy has been shown to affect carbohy-
drate storage in the fat body, causing increased glycogen accumulation in fat
bodies of both male and female Locusta (MINKS, 1967), and in females of var-
ious dipterans (see review by STEELE, 1976). Similar results were found with
whole body extracts from larval and adult Carausius morosus (L’HELIAS, 1953)
and adult female Pyrrhocoris apterus (JANDA and SLAMA, 1965). The only
exceptions to this pattern that have been reported are adult female Aedes tae-
niorhyncus (VAN HANDEL and LEA, 1970) and adult male Blaberus discoidalis
(MANNIX and KEELEY, 1980). In both cases, allatectomy was reported to have
no effect on the levels of fat body lipid and glycogen. However, VAN HANDEL and
LEA (1970) only examined the mosquitoes for three days following the operation,
which may have been insufficient time to see any effects. Furthermore, in pupal
Aedes aegypti, DOWNER et al. (1975) reported a substantial decrease in lipid and
glycogen levels following the application of methoprene. BUTTERWORTH and
BODENSTEIN (1969) found that implantation of CA or injection of synthetic JH
into adult male Drosophila melanogaster increased the lipid and glycogen con-

tent of the animals’ fat bodies, opposite to the expected result. Nevertheless,
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allatectomy of adult female Drosophila resulted in the accumulation of excess
fat body lipid (VOGT, 1949), and in sterile mutants of Drosophila CA inactivity
was found to be accompanied by fat body hypertrophy (DOANE, 1961). Thus,
it would appear that accumulation of lipid and carbohydrate in the fat body is
increased by low JH levels and reduced by high titres of juvenile hormone, and
the ultrastructural examination described in Chapter 4 suggests that methoprene
treatment may have had a comparable effect upon locust fat body in the present
study.

The JH-dependent changes in fat body lipid and carbohydrate levels reported
above must be due to changes in either the synthetic and/or metabolic rates of the
reserve materials. The effect does not seem to be due to changes in food consump-
tion since allatectomy has no effect on the feeding activity of Locusta (STRONG,
1968a; BEENAKKERS and VAN DEN BROEK, 1974) and Schistocerca (ODHIAMBO,
1966; HiLL and IzATT, 1974). Observations that allatectomised locusts still
showed normal hyperlipaemia following flight activity (LEE and GOLDSWOR-
THY, 1975, 1976) or the injection of adipokinetic hormone (GOLDSWORTHY et
al., 1972; MWANGI and GOLDSWORTHY, 1980) indicate that lipid mobilisation
is not impaired. This conclusion is further supported by the reports of haem-
olymph lipid concentrations remaining unchanged after removal of CA from Lo-
custa (BEENAKKERS, 1969; BAILEY et al., 1975) and Schistocerca (WALKER and
BAILEY, 1971b; HILL and IZATT, 1974). There is evidence that JH levels may af-
fect the de novo synthesis of fat body lipid. VROMAN et al. (1965) measured the
incorporation of radiolabelled acetate into total body lipid of adult female Peri-
planeta americana and demonstrated that allatectomy significantly increased the
incorporation into both fatty acids and triglyceride. Allatectomy also increased
incorporation of [14CJacetate into total fat body lipid of adult Schistocerca gre-
garia (WALKER and BAILEY, 1971a; HILL and IZATT, 1974), and increased the
activities of a number of fat body enzymes which are involved in lipogenesis
(WALKER and BAILEY, 1971c). Furthermore, GILBERT (1967) showed that in
vitro additions of CA extract to fat body from Leucophaea maderae inhibited the
incorporation of [*C]palmitate into lipids. Less work has been done with regard
to the effects of JH upon carbohydrate metabolism. ROSELER and ROSELER
(1988) found that application of JH to newly moulted queens of Bombus ter-
restris resulted in a lower fat body glycogen content 4 days later and a reduction
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in the incorporation of [14C]UDP-glucose into glycogen, indicating a lower spe-
- cific activity of glycogen synthase. WRIGHT and RUSHING (1973) reported that
the utilisation of fat body glycogen in pupal Stomozys calcitrans was inhibited
by the application of a JHA, but glycogen phosphorylase activity was found to
be unaffected by the treatment (WRIGHT et al., 1975). In contrast, exposure
of newly moulted, last-instar larvae of Aedes aegypti to methoprene reduced the
level of fat body glycogen phosphorylase, both active and inactive, in 3-day old
larvae, while in pupae the ratio of active to inactive phosphorylase was lowered
(GORDON and BURFORD, 1984).

STEELE (1976) proposed that the excess accumulation of lipid and carbohy-
drate in the fat bodies of allatectomised insects was possibly a secondary effect
resulting from reduced metabolic demand due to inhibition of protein synthe-
sis in the fat body. Several investigations have shown that protein synthesis in
insects is decreased by allatectomy and increased by injection of JH or implan-
tation of active corpora allata (for details, see Chapter 4 and STEELE, 1976).
The majority of these experiments were performed on adult female insects and
involved the production of a female-specific protein which was considered to be
the yolk protein precursor, vitellogenin (STEELE, 1976). The cytological study of
fat body structure described in Chapter 4 indicated that treatment with metho-
prene also stimulated the synthesis of fat body proteins, with tissue from female
animals showing greater stimulation. Vitellogenin (Vg) is not normally stored in
fat body but is immediately released into haemolymph and carried to the ovaries
where it is taken up by developing oocytes (see review by KEELEY, 1985). In
view of this, it would seem most likely to find further evidence for stimulation
of Vg synthesis in the haemolymph of methoprene-treated locusts rather than
in the fat body. A large body of information on insect haemolymph proteins
has built up (see reviews by WYATT and PaAN, 1978; ToMINO, 1985) and certain
generalities can be made which are also applicable to Locusta (e.g. MINKS, 1967;
ToOBE and LOUGHTON, 1967). In immature insects, the concentration of total
haemolymph protein undergoes cyclical fluctuations, increasing steadily during
each larval instar, falling dramatically at the time of the moult and then rising
again in the next instar. In adults, blood protein concentrations increase until
the animals reach sexual maturity, at which point protein concentration tends

to remain constant in males, while in females it exhibits periodic changes which
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coincide with the reproductive cycles. Usually only a few major proteins are
present in the haemolymph, although the number of proteins that can be sepa-
rated varies with the species and the sensitivity of the detection method. The
protein pattern may alter both qualitatively and quantitatively depending on the
animal’s stage of development and, in some cases, its sex. Relatively little work
has been done to determine developmental changes in the blood protein patterns
of Locusta and the various attempts to separate haemolymph proteins by gel
electrophoresis have yielded very different results, with between 7 and 19 protein
bands being found (DUKE, 1966; MCCORMICK and SCOTT, 1966; MINKS, 1967;
TOBE and LOUGHTON, 1967; BENTZ, 1969; BENTZ et al., 1970; EMMERICH and
HARTMANN, 1973; PELED and TiIETZ, 1973; TURNER and LOUGHTON, 1975;
WHEELER and GOLDSWORTHY, 1983). Some of the reports on locust blood
proteins suggested that there was little qualitative difference between the pro-
tein patterns of fifth instar animals and adults, and between males and females
(DUKE, 1966; TOBE and LOUGHTON, 1967; BENTZ et al., 1970). In contrast,
MINKS (1967) found an extra protein band in the haemolymph of mature adult
females. A similar sex-specific protein band was seen to arise in the blood of
adult female locusts during sexual maturation by EMMERICH and HARTMANN
(1973). Such female-specific proteins have been detected in many other insect
species and have been identified as vitellogenins (see reviews by WYATT and
PAN, 1978; ENGELMANN, 1979). In Locusta, vitellogenin normally first appears
in the haemolymph of adult females seven or eight days after the final moult
(GELLISSEN and EMMERICH, 1978) but, except for Vg, the blood protein pat-
terns of male and female locusts appear to be similar (MINKS, 1967; EMMERICH
- and HARTMANN, 1973).

Apart from vitellogenin, there have been very few reports on the effects of
JH upon individual haemolymph proteins. However, there is some evidence that
JH and its analogues may affect esterase activity in insect haemolymph. Two
classes of esterase can be detected in the haemolymph and they are thought to
play a major role in JH metabolism since the main pathway for JH degradation
seems to be via ester hydrolysis (see reviews by DE KORT and GRANGER, 1981,
HaMMOCK, 1985). The major group of non-specific carboxylesterases readily
hydrolyses free juvenile hormone but cannot hydrolyse JH which is bound to

its carrier protein, whereas the smaller class of JH-specific esterases efficiently
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5.2

metabolises both free and protein-bound JH. In Trichoplusia ni, the applica-
tion of JH-active compounds late in the final larval instar lead to an increase
in the normal prepupal esterase peak, whereas allatectomy caused a decrease in
esterase activity (SPARKS and HAMMOCK, 1979; JONES and HAMMOCK, 1983;
SPARKS, 1984). Similar results have been reported with late last instar larvae
and pupae of other Lepidopteran species such as Manduca sexta (SPARKS et al.,
1983), Galleria mellonella (REDDY et al., 1979; MCCALEB and KUMARAN, 1980)
and Hyalophora cecropia (WHITMORE et al., 1972). Among other insect orders,
ROTIN et al. (1982) found that allatectomy of adult females of the viviparous
cockroach Diploptera punctata caused a decline in JH esterase activity and that
this was restored in a dose-dependent manner by the application of the JH ana-
logue hydroprene. Similarly, the application of JH I and three JH analogues
to Colorado beetle increased JH-specific esterase activity in diapausing adults
(KRAMER, 1978). A number of exceptions to this pattern have been found, how-
ever, and treatment with methoprene had no effect on esterase levels in adult
Trichoplusia ni (VENKATESH et al., 1988). The application of JH to young last
instar larvae of Galleria mellonella actually reduced esterase activity, opposite
to the result found with prepupal larvae (REDDY et al., 1979). Both allatectomy
and treatment with JH-active compounds decreased the naturally high esterase
levels of adult Colorado beetles reared in a short daylength regime (KRAMER,
1978), and DOWNER et al. (1975) reported that the levels of non-specific es-
terases in pupal Aedes aegypti were reduced by prior treatment of larvae with
methoprene.

The purpose of the experiments described in the present chapter was to
clarify the effects of methoprene treatment upon lipid, carbohydrate and protein

metabolism which were suggested by the results of Chapter 4.

Materials and Methods

The experimental animals used in this study were topically treated with
475 pg of methoprene in the manner described in General Materials and Methods.
Unless otherwise stated, they were also subsequently maintained and sampled

according to the procedures in General Materials and Methods. All reagents

used were Anala R grade or purest available.
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5.2.1 Extraction of Lipid and Carbohydrate -

Haemolymph was collected from animals by the method described by STERN-
BURG and CORRIGAN (1959). A small hole was cut in the vertex of the insect’s
head and the exposed air sacs and brain were removed. The tarsi were cut from
each hind leg to create an ‘open system’ through the animal. The insect was
fixed over a centrifuge tube with plasticine so that the hole in the vertex was
directly over the top of the tube. The insect’s mouth was shielded from the tube
with cotton wool to prevent contamination of the haemolymph by regurgitated
gut contents. Animals so prepared were placed in a MSE ‘Centaur 2’ bench
centrifuge and spun at 500 r.p.m. for 5 minutes. The haemolymph was thrown
down as a clear serum with most of the haemocytes massed at the bottom of the
tube. A Gilson micro-pipette was used to transfer the haemolymph to a glass
homogenisation tube. To remove the animal’s fat body, the posterior tip of the
abdomen was cut off and the head, with the gut attached, was pulled away. The
carcase was cut open ventrally and all readily visible fat body was taken from
the thorax and abdomen. This was gently blotted on tissue paper before being
weighed.

Lipid and carbohydrate were extracted using the method described by VAN
HANDEL (1965). Tissue from equal numbers of male and female animals was
pooled to give 250 ul of haemolymph and 30 mg of fat body. Immediately after
removal from the insect, each tissue was placed in a glass homogenisation tube
containing 4 ml of ice-cold chloroform/methanol (1:1 v/v) with two drops of
saturated sodium sulphate. This was homogenised for 2 minutes with a Teflon
pestle rotating at 3,000 r.p.m. on a Tri-R ‘Stir-R’ homogeniser. The homogenate
was centrifuged for 10 minutes at 1,000 r.p.m. in a MSE ‘Coolspin’ centrifuge
at 0—4°C and the supernatant was decanted into a boiling tube. The residual
pellet was resuspended in 4 ml of ice-cold chloroform/methanol (1:1) and then
homogenised and centrifuged as before. The supernatants were pooled and, after
the addition of 4 ml of chloroform and 2.75 ml of distilled water, were mixed on
a Fisons ‘Whirlimix’ vortex mixer. The aqueous and lipid phases were separated
by centrifugation at 1,500 r.p.m. for 1 hour in a ‘Coolspin’ centrifuge at 0-4°C.
The aqueous phase was removed to a separate tube with a Pasteur pipette and
then 4 ml of chloroform and 2.75 ml of distilled water were added to the organic

phase which was mixed and centrifuged as before. The aqueous phase was again
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5.2.2

removed and pooled with the previous one. The washed lipid extract was then
placed in a Techne ‘DG-1 Block Digestor’ set at 40°C and evaporated to dryness
by passing pure, dry nitrogen over it. The lipid extract was redissolved in 2 ml
of chloroform and was sealed in a glass vial under a nitrogen atmosphere. The
vials were stored in the dark at —20°C until required.

The pellet which had been formed earlier was resuspended in 4 m! of 66%
ethanol saturated with sodium sulphate. This suspension was homogenised
in a glass homogenisation tube for 2 minutes with a Teflon pestle rotating at
2,000 r.p.m., and was then centrifuged for 10 minutes at 1,000 r.p.m. in a MSE
‘Centaur 2’ bench centrifuge. The supernatant, containing the non-glycogen car-
bohydrate, was added to the aqueous washings from the lipid extraction. The
pellet was resuspended in 2 ml of 66% ethanol by mixing on a vortex mixer. The
suspension was centrifuged as before and the supernatant was pooled with the
washings from the lipid extraction. The pellet was heated in a water bath at
100°C to drive off residual ethanol and so prevent foaming at the next step. The
pellet was dissolved in 1 ml of 30% KOH and heated to 100°C for 15 minutes
in a water bath. The digest was allowed to cool and 4 ml of absolute ethanol
was added in order to precipitate glycogen adsorbed on the sodium sulphate.
This was spun down by centrifugation at 1,000 r.p.m. for 10 minutes in a bench
centrifuge. The supernatant was carefully removed with a Pasteur pipette and
the glycogen was dissolved in an appropriate volume of distilled water. The car-
bohydrate extracts prepared above were stored at 4°C in Parafilm-sealed tubes

for up to 4 days before being quantified.

Quantification of Total Lipid

The method used to quantify lipid in the tissue extracts was essentially that
described by ZOLLNER and KIRSCH (1962). It was performed on lipid extracts
from fat body, as prepared above, and on haemolymph without prior extraction.
Aliquots containing 30-120 ug of lipid were digested with 1 ml of concentrated
sulphuric acid at 100°C for 10 minutes in a Techne ‘DG-1 Block Digestor’. The
tubes were cooled and 5 ml of sulphosphovanillin reagent (4 parts orthophos-
phoric acid to 1 part 0.6% aqueous vanillin solution) was added to the digest.
After standing at room temperature for 40 minutes, the absorbance was mea-

sured at 530 nm in a LKB Biochrom ‘Ultrospec 4050’ spectrophotometer. The
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Figure 5.1 — Quantification and Separation of Lipid Standards

a. Quantification of Lipid with Sulphosphovanillin Reagent
Legend: ordinate — absorbance at 530 nm,

abscissa — lipid concentration (pg/ml).

b. A Typical Separation of Neutral Lipids by HPLC
Legend: ordinate — absorbance at 206 nm,
abscissa — time after injection of sample (minutes).
The retention times of the various lipid classes were as follows: cholesteryl
esters, 3.03 min.; triglycerides, 3.53 min.; free fatty acids, 7.20 min.; diglycerides,

8.73 min.; cholesterol, 9.02 min.; monoglycerides, 11.55 min.
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Standard Curve for Lipid Quantification
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5.2.3

reaction was linear up to 150 ug of lipid (see Figure 5.1, a) and a standard curve
was estimated at each determination using cholesterol (Sigma Co.) as the lipid

standard.

Separation and Quantification of Neutral Lipids

Initially, the lipid extracts were separated by thin layer chromatography
(TLC) using the method of SKIPSKI et al. (1965). The solvent system con-
sisted of petroleum ether/diethyl ether/ acetic acid (80:20:1) and the separated
lipid fractions were detected by means of iodine vapour (MANGOLD and MALINS,
1960). This method is fully described below. The lipid fractions were scraped
into centrifuge tubes and quantified by ‘charring’ with concentrated sulphuric
acid as described by MARSH and WEINSTEIN (1966) and KRITCHEVSKY et al.
(1973). However, when lipid standards were processed in the above manner,
highly variable results were obtained. Therefore, when high performance liquid
chromatography (HPLC) became available, it was decided to use this method for
all future lipid separation and quantification.

HPLC analyses were made with a Gilson apparatus (two Model 303 pumps,
a Model 802c manometric module, Model 811 dynamic mixer, ‘HM Holochrome’
variable wavelength UV detector and a Model 702 solvent programmer software)
linked to a Rheodyne sample injection valve (Model 7125) and a Trivector ‘Trio’
chromatographic data processor. The method used was a modification of that
described by HAMILTON and COMATI (1984) and was carried out on 20 ul aliquots
of the lipid extracts of fat body and haemolymph prepared above. Before anal-
ysis by HPLC, the lipid extracts were evaporated to dryness and redissolved
in an appropriate volume of Solvent A (see below). The lipids were separated
on a 250 X 4.6 mm stainless-steel column prepacked with 5 pm particles of
‘Spherisorb ODS2’ (Anachem Ltd.) and eluted with a linear gradient of hexane-
propanol at a flow rate of 1.0 ml/min. Solvent A consisted of hexane/conc. HySO4
(100:0.01 v/v) and Solvent B contained isopropanol/conc. H2504 (100:0.01 v/v).
The solvent gradient programme used was according to the following scheme:

Time (minutes) 0 3 7 9 15

Solvent A 99.5% 99.5% 75% 70% 70%
Solvent B 0.5% 0.5% 25% 30% 30% .

To equilibrate the column, the system was run at 99.5% Solvent A for 5 min-
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utes before each separation, the sample being injected at time 0. The UV detector
was set at 206 nm and the lipid peaks were quantified using the integrator. This
was calibrated at the start of each day with samples of standard lipids dissolved
in suitable volumes of Solvent A. The absorbance of low wavelength UV by lipids
arises primarily from double bonds in the molecule (JUNGALWALA et al., 1976).
Therefore, the standards used for calibration contained only mono-unsaturated
fatty acid moieties. Initially, the standards used were cholesterol and the mono-
glycerides, diglycerides, triglycerides, free fatty acids and cholesteryl esters based
upon either oleic acid (18-carbon chain) or eicosenoic acid (20-carbon chain), all
obtained from Sigma Co. When it was established that lipids of the same class
eluted as a single peak, later calibrations were carried out with just the stan-
dards derived from oleic acid. A chromatogram of a typical separation of the

lipid standards is shown in Figure 5.1 (b).

Quantification of the Carbohydrate Extracts

Carbohydrate extracts were quantified according to the method described by
ROE (1955) using anthrone reagent. This was composed of 0.05% (w/v) anthrone
and 1% (w/v) thiourea dissolved in 66% (v/v) sulphuric acid. Thiourea acted as
an anti-oxidant to inhibit the oxidation of anthrone in H9SO4 and the solution
was made up fresh each week. Aliquots of extract containing less than 150 ug of
carbohydrate were made up to 0.5 ml with distilled water and 5 ml of anthrone
reagent was then added. After mixing on a vortex mixer, the tubes were heated
to 90°C for 15 minutes in a Techne ‘DG-1 Block Digestor’. They were rapidly
cooled in an ice-water bath and then stored in the dark at room temperature for
30 minutes. The absorbance was read at 620 nm in a ‘Ultrospec 4050’ spectropho-
tometer. The reaction was linear up to 150 pg of carbohydrate (see Figure 5.2)
and a standard curve was estimated at each determination using Anala R grade
glucose as the standard.

Isolation of trehalose from other non-glycogen carbohydrates was made possi-
ble by its extreme stability to acid and alkali (WYATT and KALF, 1957). Appro-
priate aliquots of non-glycogen carbohydrate extract were evaporated to dryness
and redissolved in 0.2 ml of 0.1 M sulphuric acid. The tubes were capped with
foil and placed in a water bath at 100°C for 10 minutes to hydrolyse sucrose. In

order to destroy reducing sugars, the extracts were then made alkaline by the
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Figure 5.2 — Quantification of Carbohydrate with Anthrone Reagent

Legend: ordinate — absorbance at 620 nm,

abscissa — concentration of glucose (ug/ml).
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Standard Curve for Carbohydrate Quantification
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