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STELLINGEN

I
Het is waarschijnlijk dat de juveniel hormoon titer in de haemolymphe geduren-
de het larvale leven van insecten niet voortdurend hoog is, maar fluctuaties ver-
toont synchroon met de larvale stadia.

Dit proefschrift

1I
De hoeveelheid glad endoplasmatisch reticulum in corpus allatum cellen be-
paait zeer waarschijnlijk de secretie kapaciteit van de klier en niet, zoals vaak
wordt aangenomen, de secretie activiteit.

Dit proefschrift
OpHIAMBO, 1966

11T
De interpretatie van de activiteit van het corpus allatum tijdens de larvale ont-
wikkeling van de honingbij welke door Canetti et al. en Ritcey en Dixon
wordt gegeven, gebaseerd op histologische waarnemingen, is onjuist.
Dit proefschrift

CANETTI et al, 1964
RiTcey en Dixow, 1969

v
De veronderstelling dat bepaalde ‘lege’ vacuolen in gefixeerde vetcellen van
Drosophila larven in het levende dier vet zouden bevatten, wordt niet door be-
wijzen gestaafd.

BUTTERWORTH, BODENSTEIN, KING, 1965

vV
Bij het onderzoek naar de toepassing van juveniel hormoon als bestrijdings-
middel is tot nogtoe te weinig aandacht geschonken aan eventuele schadelijke
gevolgen voor sociale insecten.

Liv en Dixon, 1965

VI
Zoals aangenomen wordt is de evolutie van sociale insecten gepaard gegaan met
een differentiatie in kasten. In dit historisch verband bezien staat de honingbij-
koningin dichter bij het oorspronkelijke solitaire type dan de werkbij.

v
De primaire zintuigprocessen in de suikerreceptoren van insecten en veriebraten
zijn van verschillende aard.



VIII
Het kommerciéle veredelingsbedrijf richt zich vaak te veel op de — al dan niet
vermeende — smaak van de konsument. Arbeid en middelen, besteed aan de
tot monstrueuze en smakeloze producten leidende veredelingsinspanning, kun-
nen beter voor werkelijke veredeling worden aangewend.

: IX
Bij het opleiden van mensen voor het ontwikkelingswerk in de ontwikkelings-
gebieden wordt te weinig aandacht geschonken aan de kennis van de voorlich-
tingsmethodiek.

SEABORG: Natuur en Techniek 9, 1972
DE Mar1; De Telegraaf, 24-2-1973

X .
Het ter ondersteuning van politicke of andere doeleinden gebruiken van de titel
van een persoon of de naam van een instelling wekt in vele gevallen een schijn
van autoriteit waar deze, op het betreffende gebied, niet aanwezig is.

- _ X1
Stellingen dienen slechts om te kamoufleren dat de idioot die promoveert, bezig
is vak-idicot te worden.

Procfschrift P, Wirtz.
25 april 1973,
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1. INTRODUCTION

1.1, GENERAL INTRODUCTION

In many insect species individuals from one sex, or both, sexes, occur in more
than one form. This phenomenon is called polymorphism when variation is
discontinuous and so distinct as to be recognizable without morphometric
analysis (RicHARDs, 1961). In social insects the castes, although sometimes
structurally nearly indistinguishable, may show specific behavioural and
physiological differences (MICHENER, 1961).

Two different systems exist on which polymorphism can be based. When in a
population the heterozygote is fitter than thecorresponding homozygotes, in a
number of generations an equilibrium will be attained resulting in the coexisten-
ce of different forms. This situation is called balanced polymorphism. The
frequency of the different forms is a result of selective forces during a number of
generations and, as stated, based on differences in fitness. In the other system
the development of different forms in a generation is induced by the environ-
ment. : ' ‘

Differences between larvae or adults of the same species may then appear as
phase polymorphism in locusts, pteromorphism in aphids, seasonal polymor-
phism in butterflies and leafhoppers, and caste polymorphism in social insects.

Metamorphosis, differentiation and regeneration are processes which, on the
subcellular Ievel, are brought about by activation — or derepression — of groups
of genes that are involved in the development of larval, pupal and imaginal
structures and functions. There are indications that during certain sensitive
periods these nuclear processes are directly or indirecily regulated by the action
of messengers from the cellular environment such as hormones (WIGGLESWORTH,
1970). _

Caste polymorphism has developed in close relation with the division of
labour in a social insect colony. MICHENER (1961) submits that the division of
labour antedated the morphological features of polymorphism.

Queen and worker dimorphism in the honeybee is not due to genetical dif-
ferences between individuals. Differentiation is regulated via the food the young
female larvae receive from the nurse bees (PEREZ, 1889). Therefore, queen and
worker bee are to be considered as different phenotypes. The queen is the only
sexunally developed female in the colony. She is specialized in reproduction.
Another important function of the queen is the secretion of pheromones which
control processes such as building queen cells and the development of eggs in
the ovaries of worker bees. The worker bee is morphologically unfit to copulate
or store sperm and therefore cannot produce female offspring, Sometimes eggs
may develop in the worker ovary, but as these eggs remain unfertilized only
drones result. The worker bee is adapted to fulfill soctal duties such as nursing
the queen, the drones and the brood, maintaining a constant high temperature
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in the brood nest, comb building (wax secretion) and collecting nectar and pollen.
As RicHARDS (1961) remarked, the development of the worker caste allowed the
queen to evolve much further from the ancestral type than might have been
possible in the absence of the worker.

Caste dimorphism in the honeybee has attracted the attention of scientists
for a long time. The following topics related to the problem have been studied:

a. origin and composition of the food of queen and worker larva

b. postembryonic development of queen and worker bee

¢c. differences in structure and behaviour of adult queen and worker bee.

Morphogenetical and other physiological processes are governed by endo-
crine and nervous mechanisms. In the present study the role of hormones in
caste differentiation of the honeybee was investigated. With histological, electron
microscopical and physiological methods queen and worker bee were compared
during larval development. The influgnce of the endocrine system, particularly
that of the corpus allatum, on differentiation was given special attention. With
histochemical methods an atiempt was made to estimate the relative amount

of glycogen and lipids in the fat ceils of queen and worker larva during develop-
ment. .

1.2. LARVAL FOOD AND DIFFERENTIATION

. Larval food plays a crucial role in inducing caste polymorphism. Quantitative
as well as qualitative differences seem to be involved in regulating larval de-
velopment. In this Section literature on origin and composition of larval food

is reviewed. For the chemical composition the reader is referred to Haypak
(1968).

1.2.1. Broad care and larval food. :

‘Larval food is a secretion from the head glands of nurse bees: young worker
bees that during the first three weeks of their life have well-developed food
glands. Little is known about the interactions between the nurse bees and the
larvae of both castes (TowNsEND and SHUEL, 1962). -

Honeybee larvae are regularly fed in their cells. LINDAUER (1952) calculated
that a worker larva receives about 150 feeding visits during its development,
taking a total time of about two hours. One nurse bee might raise 2 to 3 worker
larvae. JUNG-HOFFMANN (1966) found that for raising a queen larva 1600

feeding visits were necessary with a total duration of 17 hours, the total amount
of food offered to one queen larva being bout 1.5 gram.
For the larval food several terms are in use:

Brood food: a general term for the food fed to bee larvae.

Bee milk: a general term for the secretion product of the head glands of
nurse bees.

Royal jelly (RJ): the food supplied to queen larvae.

Worker jelly (WJ): the food supplied to young worker larvac up to the mo-
ment of food change (during the first 3} days of larval life).
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Modified worker jelly (mixed food; MWI): the food of worker larvae more

than 3} days old.

This terminology, mainly based on the source of larval food used for feeding
experiments, will be used in this thesis.

In the food, Von RHEIN (1933) described two secretions which nurse bees
sgparately offered to worker larvae. SmiTH (1959) ascertained the same fact for
queen larvae. JUNG-HOFFMANN (1966) and REMBOLD (1969) gave some data
on the sources of bee milk. According to REMBOLD the secretion of the hypo-
rharyngeal glands forms the basis of the food. The presence or absence of
mandibular gland secretion should qualify it as RJ or WIJ, respectively. There
are indications (TowNsEND and SHUEL, 1962) that sugars in brood food originate
from the honey stomach. JuNG-HorrMaNN, following Von RHEIN, analysed the
food of queen and worker larvae. The author also distinguished two secretions:
a clear and a milky one. The clear one presumably is composed of secretion
of the hypopharyngeal glands and honey, the white one may contain secretion
of the mandibular glands in addition to secretion of the hypopharyngeal glands.
Queen larvae not only receive more food, but the ratio white component to
clear component is about 1:1 as against 1:3 to 1:4 for worker larvae.
Worker larvae of more than 3} days old receive in addition to the clear secretion
a yellowish component about every third feeding. The colour of this component
can be attributed to the presence of pollen, so that besides the clear secretion,
the content of the honey stomach is probably involved, Older worker larvae are
rarely fed white component. VoN RHEIN (1956) assumed that addition of pollen
is a way to ‘economize glandular food’ in the colony.

1.2.2. Influence of larval food on postembryonic development, :
Several investigators have been engaged in rearing honeybee larvae in vitro
mainly because to control circumstances inside the hive is very difficult, espe-
cially where feeding the larvae is concerned. VoN RHEIN (1933) investigated the
influence of larval food on development. He concluded from his experiments in
vitro that three kinds of bee milk can be distinguished:
a. Worker jelly: with this food the larva becomes a worker. When fed to older
larvae it prevents them from passing through metamorphosis.
b. ‘Royal jelly for young larvae’: with this food the young larva is induced to
become a queen. Older larvae receiving this food die prematurely.
¢. *‘Royal jelly for older larvae’: this food enables the older larvae to develop
into adult queens, provided they have been fed ‘royal jelly for young larvae’
earlier in larval life. It stimulates growth and makes metamorphosis possible.
WEAVER (1955, 1958) found that larvae reared in vitro on stored RJ develop
into queens, workers and intercastes, It was concluded that RJ contains a very
labile substance which induces caste differentiation. According to WEAVER the
amount of food did not play a role as his experimental larvae had an excess of
food at their disposal. SMITH (1959) made a detailed study of the effect of storage
on the: differentiating capacities of RJ. He concluded that the activity indeed
decreased on storage, but not to the extent WEAVER supposed. He succeeded,
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unlike Von REEIN, in raising young larvae on ‘RJ for older larvae’. SMITH
suggested that a certain amount of RJ is needed for the development of a work-
er larva into a queen. PETIT (1963) observed that larvae grew better and faster
when she added honey (up to 20%) to RJ. SHUEL and DixoN (1968) added
sugar to WJ and found that this mixture, unlike pure W1, allowed four-day-
old worker larvae to reach the adult stage. MrTsui et al. (1964) collected RJ from
queen cells of different ages and compared ovary development of larvae reared
on these samples. The authors found that feeding RJ from three-day-old queen
cells resulted in adults with about 150 ovarioles per ovary, as compared with
45 to 70 ovarioles per ovary in the other treatments. They gave no explanation
for this finding.

Since 1957 research workers from the Max Planck Inshtute of Biochemistry
in Munich have been trying to identify the ‘determining Principle’ in RJ.
Biopterin, neopterin and pantothenic acid, larger amounts of which are found
in RJ than in WJ, appeared to have no direct influence on caste differentiation
(BUTENANDT and REMBOLD, 1957; 1958). REMBOLD (1969} claimed that he found
a ‘factor’ in the dialysate of RJ. Added to larval food this very labile substance
— the structure of which is still unknown — may promote the differentiation of

worker larvae into queens. This finding is very interesting, but until now
more detailed data are lacking.

' 1.3. GROWTH OF QUEEN AND WORKER LARVA

In the colony, honeybee larvae are reared under very favourable circumstan-
ces. Temperature in the brood nest is maintained at about 35°C; food of high
quality is supplied frequenily and at regular intervals. Therefore, it is not sur-
prising that the larvae of queens and workers — with a weight of 0.1 mg only
just after hatching — attain a body weight of about 300 mg and 150 mg re-
spectively, in only six days.

STABE (1930) and WANG (1965) collected data on the weight of queen and
worker bees during larvat development. The data of WANG have been used in
Fig. 1. Worker larvae are heavier than queen Iarvae during the first days.
Differences are most pronounced during the third day. Only after the fourth day
do queen larvae become heavier than worker larvae. The authors gave no satis-
factory explanation for the difference in weight during the first three days..

Histological observations made during this study showed that in worker
laryae a considerable fraction of the fat body is occupied by liquid containing
vacuoles. In'queen larvae these large vacuoles are normally missing. The dif-
fe.rcnce in weight may be caused by a higher moisture content of worker larvae.
Biochemical analysis (STRAUS, 1911) indeed showed that young worker larvae
contain more water than older ones. MeLaMPY ¢t al. (1940) found a higher
moisture content in young worker larvae than in queen larvae of the same age.
- The duration of the developmental stages was studied by several authors at
the beginning of this century. In 1963 JAY reviewed literature concerned. There is
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Fic. 1. Growth rates of honeybee larvae (after WANG, 1963).

considerable variation in the data. Part of this variation could be attributed to
differences in temperature in the brood nest as MiLumM (1930) showed this factor
to have a pronounced influence on the duration of development.

BerTHOLF (1925) counted the number of larval moults, His data are presented
in Fig. 2. During the first four larval instars no differences in developmental rate
can be observed between queen and worker. The duration of the fifth larval
instar of the queen is one day shorter than that of the worker, and the duration of
the pupal stage is even four days less. Consequently, the total difference in time
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Fi1G. 2. Postembryonic development of queen and worker larva (after BERTHOLF, 1925).

needed for adult development of queen and worker amounts to five days. The
praepupal phase, as the name indicates, is not a clearly defined stage. It is
characterized by the pupal structures becoming visible within the larval skin
after spinning of the cocoon. BErTHOLF found that ecdysis only takes 30 minutes.

In the present study data were collected on the duration of moulting by
comparing histological preparations of larvae that were fixed at regular inter-
vals of 3 hours. About 10 hours before the next exdysis the deposition of a new
cuticle by the epidermal cells became visible. In the following hours the cuticle
increased in thickness. The process — easily followed near the outlet of the
spinning glands - can be used to correct the age of the larvae in experiments.

Observations on the duration of the larval instars were in agreement with those
of BERTHOLF.

Meded. Landbouwhogeschoo! Wageningen 73-5 (1973)



2. MATERIALS AND METHODS

2.1. EXPERIMENTAL ANIMALS

Colonies of the Dutch brown bee — an indigenous race of Apis mellifera
mellifera L. — kept in 6 or 10 frame hives were used for all experiments, unless
otherwise stated. To obtain larvae of known age a queen was restricted to one
brood frame by fitting queen excluder screens to both sides of the empty frame.
The queen was allowed to lay eggs for a certain period (normally 6 hours).
Subsequently the batch of eggs was marked with pins. After three days only
eggs that hatched within the course of 6 hours were maintained. Other eggs and
larvae were removed. Queen larvae were obtained by grafting worker larvae of
appropriate age in natural queen-cups, which were fitted under a horizontail bar
halfway up the brood frame. The larvae were dry grafted, unless otherwise stat-
ed. Immediately after grafting frames with larvae were placed in colonies which
had been queenless for about 24 hours. Variations in growth rate were more
pronounced in queen larvae than in worker larvae. In the experiments larvae
that were too retarded in development were not used. In experiments involving
mutual comparison of queen and worker, only larvae from the same batch
of eggs were used. Some of these larvae remained in the queenright colony and
were therefore raised as workers. Others were grafted in queen cups and reared
as queen larvae in queenless colonies, Preliminary trials showed that worker
larvae when 48 hours old were large enough to process histologically. They
are well suited to study changes in development upon grafting. Also, functional
queens still can be produced by raising two-day-old worker larvae in queen
cells. Queen and worker larvae were taken from the hives at regular intervals
and fixed at once,

2.2, TECHNIQUES

In Table 1 ages of larvae in the experimental series are listed as are theirnumbers
and the period they remained in queen cells. The difference in age of larvae at
the start of an experiment can be 6 hours. When the larvae grow up physio-
logical age differences may become more pronounced. As the first four larval
instars last only about 24 hours each it is important to determine the age of the
larvae as accurately as possible. As stated in Section 1.3 this can be done within
certain limits by observation of the moulting process. This method was used
to correct the ages of larvae in some of the experiments (see Fig. 2), but the ages
of the individual larvae were not corrected. In experiments in which older worker
larvae were used for transfer into queen cups ecdysis took place some hours
Iater in queen larvae than in corresponding worker larvae. This is probably due
to grafting. No corrections in age were made in that case.
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In Table 2 histological methods have been summarized. Other data on ma-
terials and methods will be given at the appropriate place elsewhere in this
thesis.
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3. FOOD PERCEPTION

It is well known that endocrine processes in the insect may be controlled by
environmental factors (DE WILDE, 1971). According to DETHIER (1963): ‘the
accomplishment of many sexual, reproductive, social and feeding activities of
insects depends to a great extent upon the detection and assessment of specific
chemical aspects of the environment’.

No information is available on the sensory information which the larva of the
honeybee receives from the food. NersoN (1924) described two small spines on
the labium, located on each side of the common opening of the silk glands,
slightly ventrally to it. Also on each maxilla the author mentioned a spine
similar to that on the labium. However no further information was given.

Histological and electron microscopical examination of these spines in 4th
instar larvae revealed that each of them is composed of a coupled pair of sensil-
la (Fig. 12). The top of each of them is formed by an infolded conical papilla
(Fig. 13a). Five dendrites can be seen running to the tip of the sensillum (Fig.
13d). However, not all of the dendrites reach the extreme tip of the papilla (Figs
13b, ¢). Possibly one of the neurons has a mechanoreceptive function. The ner-
ves of the sensillum appear to end in the suboesophageal ganglion. Sheath cells
surround the dendrites of the sensillum. It is difficult to distinghuish between
tormogen and trichogen cells (Fig. 14).

Electrophysiological recording showed that the sensilla contain sugar and
salt receptors. WANG and SHUEL (1965) and Ber-LiN CHAT and SHUEL (1970)
found that addition of sugar to the food stimulated larval development, whereas
acids often hampered this development. It is attractive to think in terms of
growth regulation by feeding stimulant c.q. deterrent action,

The ‘determining principle’ in RJ might have a pheromone function and act
on differentiation via chemoreceptors.
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4. FAT BODY

4.1. INTRODUCTION

The function of the fat body of an insect is not merely restricted to storage of
fat, as the name would suggest. The fat body plays a more complicated role in
insect metabolism, in many respects comparable with that of the liver in verte-
brates. It regulates haemolymph composition by processes like uptake, storage,
synthesis and release of proteins, carbohydrates and lipids.

In the larval honeybee, organs that are involved in intake, digestion and stor-
age of food are about the only well developed structures. The adipose tissue of
the mature larva comprises 60 9, of the body weight (BisHop, 1961). It is stuffed
with food reserves that enable the development of imaginal structures during the
late larval and pupal stage when no food is consumed. STrRAUS (1911) found that
more than 50% of the dry weight of full grown larvae consists of nutrients,
InChapter 1 the role of food in inducing caste differences was discussed. If one
congiders the importance of nutrition it is surprising how little attention has
been paid to the adipose tissue. SCHNELLE (1923, 1924) gave a morphological
description of the development of this tissue in worker larvae. But as he only
mentioned lipids as store, his findings are of little value. Bisnop (1922, 1958) was
mainly interested in the formation of protein granules in the fat cells of mature
[arvae and pupae. His observations on carlier developmental stages of the
fat cells — mainly restricted to queen larvae — were brief and incomplete. In his
biochemical research (Ronzont and BisHor, 1929) some attention was given to
the importance of glycogen as a food reserve, but no statement was made on the
site of storage. Most of the other authors (INELSON, 1924; SNODGRASS, 1956;
Boenm, 1965; HorrMANN, 1968) referred to the work of SCHNELLE and BisHoP
when reviewing the larval fat body. Therefore it was decided to include in this
study a histological and histochemical examination of the adipose tissue.

4.2, FAT BODY OF THE WORKER LARVA

In the development of larval fat-cells several phases can be distinguished
which are more or less corresponding with the larval instars. The fat body can
be subdivided into a peripheral and a central part, the latter being situated
mainly ventrally against the midgut. Both parts pass through the same phases,
but the peripheral part is earlier in development, As the ventral part is more
extensive than the peripheral part the description will be based on the former,
unless otherwise stated. The growth of the fat cells (Fig. 3} parallels larval growth
(Fig. 1). In the larva that has just hatched the cell-diameter is about 5 to 8 pm,
in the full-grown larva 60 to 80 um (SCHNELLE, 1924). In addition to light micro-
scopic photographs some electron microscopic photographs have been included.
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The reader is referred to the accompanying text (Figs 15 to 24). _

First phase: multiplication. In the first larval instar (0-20 h) the fat ce!ls lie
more or less separated or in small clusters. Mitoses can be seen which indicates
that the number of cells is still increasing. In the nuclei of non-dividing cells the
heterochromatin is found as a few granules. The amount of glycogen (PAS)
and fat (Sudan III) is very small.

Second phase: (18-36 h): Vacuolization. In this larval instar some glycogen
may be stored, though individual differences can be observed. In many cells
small vacuoles appear, one or two of which increase in size. According to
SCHNELLE (1924) and BisHor (1922) these vacuoles should contain fat. The
authors mentioned Sudan I1I as fat stain, but in their papers no concrete indica-
tion can be found that they actually applied this staining method to young work-
er larvae. It is therefore not clear how the authors came to their conclusion.
NELSON (1924) referred to the work of Bishop but distinguished between small
fat globules and large vacuoles that he assumed to contain food reserve’. No
further indication about the nature of the content was given.

In this study living larval fat tissue was dissected, fixed in formol (see Table
2) and stained with Sudan III. For the large vacuoles the result was always
negative. Unlike the few small fat gluboles present in these cells they did not
take up the stain. In this stage the large vacuoles were PAS negative as well.
Electron microscopic photographs show membranes extending into the lumen
of the vacuoles (Fig. 19). The cell nucleus contained many evenly spread granu-
les of heterochromatin. No mitoses were found in larvae of more than 24 hours
old. Increase in volume of the fat body therefore is reflected in the increase in
size of single fat cells (Fig, 3). .

Third phase: increasing vacuolization. In the third instar (30~60 h) the large
vacuoles increase in size so that in many cells the nucleus seems to be pushed
aside. In histological sections these cells have the typical appearance of a signet-
ring. During the first period some glycogen can be stored in the peripheral part
of the cell near the nucleus, Besides these ‘signet-ring’ cells another cell type can
be observed in which the large vacuole is missing. In these cells glycogen in
varying amounts can be found at the periphery. The number of small fat globules
also increases. In most larvae the second petiod —during which a new cuticle is
being formed (between 50 and 60 h) - is characterized by a remarkable decrease
in glycogen and fat stores. The plasm is spread evenly within the cells except for
the Iarge vacuoles which give the tissue a spongy appearance, The chromatin in

most nuclei is so clustered that space is formed between the chromatin and the
cell plasm.* - , : :

* This phenomenon can often be observed in ti
fixed with glutaraldehyde — 0350y, the nuclei
of nuclei; sometimes only a few cells in a tisg
indicate that shrivelling of nuclei is no
siological activity within the nucleys,

14

ssues after Bouin or Carnoy fixation. In tissues
remain unshrunk, Not all tissyes show clustering
Ue give this reaction (o fixation, These facts could
t only a fixation-artefact but also an indication of phy-
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