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To my Mother.,

"There are more things in heaven and earth, Horatio,

than are dreamt of in our philosophy”.
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CASTE REGULATION AND DETERMINATION IN THE PHARAOH'S
ANT MONOMORIUM PHARAONIS (L.).
by John Patrick Edwards,

The presence of fertile queens in M. pharaonis colonies inhibits

the appearance of new sexual forms (males and queens). This
inhibitory effect is maximal in mature fertile queens, less in
young (newly-fertilized) queens, and absent in young alate (virgin)
queens. To exert their inhibitory action, queens must have physical
contact with other members of the colony. Dead queens and queens
rinsed in organic solvents lose their ability to inhibit the pro-
duction of sexuals.

The Dufour's gland of fertile queen M. pharaonis contains a
cast specific chemical which has been identified as l-isopropenyl-
4,8,12-trimethylcyclotetradeca~3,7,11~triene (neocembrene). This
material is not responsible for the ability of fertile queens to
inhibit the production of sexuals, but may serve as a queen-—
recognition pheromone.

Mature fertile queens of M. pharaonis lay about 24 eggs/day,
but egg-production is markedly less in young queens and in senile
queens. Virgin queens lay few eggs and spend less time on the
brood pile than fertile queens. The inhibitory effect of the
presence of fertile queens on the production of new sexual forms
can be substituted by the artificial introduction of eggs. More-
over, queens sterilized by exposure to a juvenile hormone analogue
lose their ability to inhibit the production of sexuals. This
suggests that workers recognise the presence of eggs as a signal of
the presence, and fecundity, of queens.

Eggs with the potential to form sexuals are always present
in the nest. The caste of female M. pharaonis is determined at an
early stage in development, probably in the egg. Workers of M.
pharaonis show age-polyethism, and probably use topographical,
rather than chemical, cues to recognise the brood stages. Sexual
larvae are almost hairless, but worker larvae are covered with rows
of bifurcate setae. Workers may use these morphological differences
to distinguish between worker and sexual larvae.

In queenright colonies of M. pharaonis workers will canniba-—
lise introduced sexual larvae. By contrast workers in queenless
colonies will accept and rear sexual larvae. Thus, in the presence
of fertile queens (signalled by the presence of their eggs) workers
prevent the appearance of new sexuals by destroying them as eggs or
newly-hatched larvae. However, as the egg-producing capacity of
the colony declines (e.g. as older queens die), workers will rear,
rather than destroy, sexual brood to produce the next generation of
sexuals. '
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CHAPTER 1 ~ INTRODUCTION,

1.1.  Monomorium pharaonis (L.) — the Pharaoh's ant.

Pharaoh's ant (Monomorium pharaonis) is probably the most widely
distributed of all the ant pest species. The three adult forms
(male, queen and worker) are shown in Figure 1. The monomorphic,
wingless workers are small yellow-brown ants (2 mm) with a notice-
able lightening of an area at the dorsal, anterior part of the
gaster. The gastral portion of the body is smooth but the rest of
the body is finely reticulate-rugose. Queens are larger than workers
(4mm) but are otherwise similar in general shape and colouration.
Queens and males have 3 light—-sensitive organs (ocelli) at the post-
erior apex of the head but these organs are absent in workers.

Queens are winged when they emerge from the pupal stage but the wings
are lost soon after mating. It is not clear whether the wings are
shed by queens or bitten off by workers. The distinctive, black,
winged, males (Figure 1) are only rarely present in a colony and are

seldom seen in natural infestations,

Within the family Formicidae (ants) the genus Monomorium is placed in
the sub~family Myrmicinae (tribe Solenopsidini) along with closely
related genera like Solenopsis (BOLTON and COLLINGWOOD, 1975). Many
species within the tribe Solenopsidini are lestobiotic (i.e. feed on
the brood of other ant species) and DUMPERT (1981) states that X.
pharaonie lived originally as a thieving ant species in its natural
habitat. The taxonomy of the genus Monomoriwum is rather poorly
studied. ETTERSHANK (1966) recorded about 300 named forms, but it

is likely that there are only about 250 valid species of Monomorium
world-wide (B. BOLTON, pers. comm.) Within the genus, very few
species have been studied and M. pharaonise is certainly the best

known and most economically important species.

The type specimen described by LINNAEUS (1758) was from Egypt and it
is probable that the species originated in the North African region.

However, in the last 200 years, with increasing world trade, the

- 17 =-



species has been distributed worldwide and is now a truly cosmo-
politan species. The ant is widespread in Europe including the
USSR, (EICHLER, 1978) is found in the USA, Canada, South America,
Africa, Australia and Japan, and is probably endemic throughout
the tropics. 1In tropical regions, the species lives both outdoors
and in human dwellings (SUDD 1962). In temperate regions, where
the species is dependant on artificial heating to survive the
winters, infestations are invariably associated with human habita-
tion. In Europe and North America infestations are frequently
associated with hospitals, bakeries, factories, offices and

large domestic apartment blocks, and the insect is more common in
urban than in rural regions. In the U.K. the species was first
recorded, in London, in 1828 (DONISTHORPE, 1927) and since that
time has become widely distributed throughout the country. In a
recent survey it was estimated that more than 10% of English
hospitals were infested by this ant, and that in urban areas

(e.g. London) the figure was closer to 20% (EDWARDS and BAKER,
1981).

Before 1972, infestations of M. pharaonie were regarded mainly

as a nuisance. However, BEATSON (1972) demonstrated that the
species was able to transmit a variety of pathogenic organisms
including Salmonella, Pseudomonas, Staphylococcus, Streptococcus,
Klebsiella and Clostridium spp., and ALEKSEEV et al. (1972) demon~
strated the mechanical transmission of the plague organism,
Pasteurella pestis, by M. pharaonis after ants had fed on car-
casses of animals which had died of the disease. Although other
insects (e.g. houseflies and cockroaches) are able to carry and
transmit pathogens, pharaoh's ants present a particularly serious
infection hazard., The small size of foraging workers enables
them to pass through the smallest gaps to invade wounds and
sealed chamberé, and they readily chew through paper, plastic and
rubber to gain entry into packages (Figure 2). Foraging workers
have been found in sterile supplies, in equipment for giving
intravenous fluids and under wound-dressings on post—operative
patients (ANON, 1974; BEATSON, 1973; CARTWRIGHT and CLIFFORD,
1973). Often the presence of these small insects goes undetected
and, once a food source has been located by a foraging ant, many

others will be recruited to feed at the site, thus increasing the

_18_.



chance of disease transmission. Because the species has a high
requirement for moisture (SUDD, 1962) ants are often found feeding
at sluices, drains, toilets and other areas likely to harbour dis-
ease organisms. Thus, it is clear that infestations of M. pharaonis

in hospitals and domestic residences constitute a serious threat

to health.

Colonies of M. pharaonis are generally polydomic (i.e. comprise of
several nests) and there is free interchange of all stages between
nests., In indoor infestations, nests are often located in inacces-
sible sites like foundations, wall-cavities and underground ducting
systems. Nests are unstructured (i.e. not built) and occupy any
suitable crack or crevice. 1In the laboratory, the size of nests
appears to be limited only by the space provided (PEACOCK et al.,
1955). Within the nests there are the developing brood stages
(eggs, larvae, pre-pupae and pupae) numerous workers and several
queens. In laboratory colonies the number of queens per nest is
variable, ranging from a few individuals to several hundreds.
Queens generally remain inside the nest and are solely responsible
for egg—-laying since the workers are sterile. Workers perform

the 'housekeeping' duties within the nest (feeding and rearing

brood stages and queens) and forage outside the nest for foed and

water.

As in the majority of the social Hymenoptera, eggs laid by Monomorium
queens may give rise to males or queens or workers. Males are pro-
duced from haploid (unfertilized) eggs, but both queens and workers
are produced from diploid (fertilized) eggs (SMITH and PEACOCK,
1957). As a result, unmated queens can lay eggs which can, under
appropriate circumstances, give rise to males (PEACOCK et al., 1954).
The majority of eggs laid by fertilized queens give rise to the

most numerous morph, the workers. The small, translucent, spheroid
eggs (Figure 3) hatch after about 7 days {(PEACOCK and BAXTER,

1950). Eggs tend to be placed together in bunches and newly-hatched
larvae probably obtain much of their nourishment by feeding on un-
hatched eggs in their immediate vicinity. As the larvae grow they
are moved by workers to a separate 'larval’ part of the nest. This

tendency to segregate brood at different stages of development

- 19 -



Figure 1. Monomorium pharaonis (L.). Male (left)

queen (centre) and worker (right). (Mag. x 20).

Figure 2. Workers of Monomorium pharaonis

entering a cellophane biscuit packet.
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into distinct areas of the brood pile is clearly seen in Figure 4.
The number of larval instars in M. pharaonis is not known, but by
analogy with other Myrmicine species, it is probably 3 or 4. The
larvae are typical soft-bodied, apodous grubs (Figure 3) similar

to many other ant larvae. The larval stage takes about 17 days
(PEACOCK and BAXTER, 1950) and at the end of larval development a
distinct pre-pupal (pharate pupa) stage is formed (Figure 3).
Workers appear to be essential for the formation of the pre-pupal
stage as they are responsible for removing the sac containing the
larval 'meconium' which they grasp with their mandibles and pull
away from the larva, depositing it on a rubbish pile outside the
nest. This is necessary because the passage between the larval
midgut and hind gut is occluded until the end of larval development,
and solid faecal material is excreted by larvae only at that time.
This is an adaptation to social life, and precludes the constant
fouling of the nest area by developing larvae. The pre~pupa1

stage lasts for about 3 days and is followed by the pupal stage
(approx. 9 days) from which the adults emerge (PEACOCK and BAXTER,
1950). Newly—-formed pupae are white and not enclosed in a silken
cocoon, but as they age they become brown as the adult cuticle is
laid down beneath the pupal cuticle (Figure 3). 1In some ant species,
especially those in which the pupa is enclosed in a cocoon, adult
emergence is aided by workers. However, in pharaoh's ant, workers
can emerge from the pupal stage without the assistance of other
workers. PEACOCK and BAXTER (1950) have measured the longevity of
adult stages and record that queens may live for at least 39 weeks,
workers for 9-10 weeks and males, depending on whether or not they
mate, for 3-8 weeks. Observations at this Laboratory confirm that
these values are reasonably accurate although, in laboratory col-

onies, some queens have remained alive for over 1 year.

From time to time, new sexual forms (males and queens) are reared

by the workers and appear in the nest, although the factors which
initiate such a phase of sexual production are not fully understood.
However, it is clear that the presence of existing queens in a colony
inhibits the appearance of new sexual forms (PEAKCOCK et al., 1954;
1955a). Males and queens take about 5 days longer than workers to
complete development and PEACOCK and BAXTER (1950) suggest that this
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difference is mainly due to a longer period of larval growth.
Fully-grown sexual larvae are about twice the size of the corres-
ponding worker larvae, and PEACOCK and BAXTER (1950) have reported
that there are differences in the colour of the gut contents of the
two types of larva. This would suggest that there may be differences
in nutrition between worker and sexual larvae. It is not possible
to differentiate between male and queen larvae (except by examining
chromosomes). However, preliminary studies (EDWARDS, unpublished)
have provided data which allow the pre—pupal stages of sexuals

to be separated on the basis of their relative weights (Figure 5).
Sexual pupae are distinctive and can be identified on the basis of

size, weight and gross morphological features (Figure 6).

In the majority of ant species, new nests are founded by single
fertilised queens following the "nuptial flight'. 1In temperate
regions this process usually occurs at the end of the summer and is
preceeded by the production of large numbers of new reproductive
forms (sexuals) in the nest. Typically, these sexuals leave the
nest on their mating flight at a time which is synchronous for many
nests distributed over a large geographical area. In this way, a
certain amount of cross—fertilization between sexuals from different
nests is ensured. In M. pharaonis this claustral foundation of new
nests does not occur and there is no nuptial flight. Instead,
fertilization of newly-formed queens takes place in or near the
nest and, although newly-emerged males and queens are winged,
neither sex 1s capable of flight., Males often emerge from the
pupal stage a day or sc before the queens and are strongly attracted
to them. Virgin queens are thought to produce a sex—pheromone in
their Dufour's gland and bursa copulatrix which attracts the males
and acts as a stimulant to mating (HOLLDOBLER and WUST, 1973).
Mating lasts for 5-15 minutes and queens mate only once whereas

males may mate upto 4 times (PETERSEN and BUSCHINGER 1971).

The dissemination of the species and the foundation of new nests
occurs by budding (sociotomy) when workers, carrying brood stages
with them, emigrate to a new nest site (PEACOCK et al., 1955).
Although queens sometimes accompany these emigrant groups, they are

not essential for the survival of the new colony, since workers can
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rear new queens and males from the transported brood. Isolated
queens are unable to found new colonies, as are groups of queens
and workers without brood stages (PEACOCK et al ., 1955a). These
authors record that the smallest natural nest observed comprised of
one queen, thirty five workers, twelve pupae and "a small number"” of
eggs and larvae, and state that the minimum number and composition
of budding groups which can successfully establish a new nest is
about 100 workers and a similar number of eggs. These mobile
groups often form temporary nests while searching for a more perma-
nent abode. Such transitory nests are probably the main method by
which infestations are spread as a result of the inadvertant trans—
portation of such nests to previously uninfested premises. The
budding process may occur at any time and the factors which precip~
itate colony division are not understood. PEACOCK et al. (1955a)
have indicated that overcrowding in the nest or changes in the
humidity of the local environment may lead to partial or total
dispersal of the nest. From the practical view-point, it is of
considerable interest that the presence of insecticides may also
serve to induce the dispersal of nests to untreated areas (GREEN
et al., 1954).’ The polydomic habit of M. pharaonis, coupled with
a lack of éggressive behaviour between occupants of different
nests, enables the species to respond rapidly to, and move away
from, adversely changing environmental conditions, This adapta-
bility, together with the lack of a complex nest structure, has
enabled the species to adopt a synanthropic existence and become a
pest. Another factor which has contributed in this respect is the
omnivorous nature of M. pharaonis. In laboratory colonies these
ants will feed on a wide range of foodstuffs - fats, proteins and
carbohydrates - and they will also take and kill small insects.

In their natural habitat, small insect prey, especially the brood
of other ant species, probably constitutes the bulk of their food
(SupD, 1962).

When a food source is located by a foraging worker, the worker
returns to the nest laying a chemical trail (trail pheromone) on the
ground. The returning worker enters the nest and 'excites' other

workers to leave the nest and follow the trail to the food source

(supD, 1957; 1960). This exitation (resulting from rapid movement
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Figure 3.

Figure 4.

Developmental stages of Monomorium pharaonis (worker).
Top (left to right) eggs, very small larva, small larva,
medium larva. Bottom (left to right) fully-grown larva,
pre—pupa (pharate pupa), white (young) pupa, dark pupa
(pharate adult). (Mag. x 20). |

Part of the brood area in a nest of Monomorium

pharaonie showing segregation of large larvae
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and physical contact) of nestmates by returning, foraging workers
has also been observed in other Monomorium species (SZLEP and
JACOBI, 1967). As more workers use the trail and deposit more

trail pheromone, the trail becomes reinforced. These chemical
trails can be many metres long. The active principle (faranal) is
produced in the Dufour's gland of workers (RITTER et al., 1977)

and deposited on the ground by the sting. Workers forage by day

and night and do not avoid light, even strong sunlight. When workers
bring food or water back to the nest they often feed other workers,
brood and queens. However, when food is plentiful a large propor-
tion is stored in the nest in discrete food piles which act as a
reserve., Subjective observatibn suggests that this reserve food is
part—chewed by workers prior to storage on food piles. This chewing
may serve to partly digest the food before it 1s fed to the brood,

or, in some way, to protect the food against mould growth and

decomposition.

In addition to the trail pheromone, workers produce other chemicals
(TALMAN et al., 1974; RITTER et al., 1975) which act as alarm and
defense secretions or as additional components of the trail phero-
mone (EDWARDS and PINNIGER, 1978). These compounds, mostly pyrol-
lidines, are produced in the poison gland of workers and are also
dispensed with the sting. The sting and associated glands have
become adapted for trail-laying etc., and pharaoh's ants are not

able to sting, neither are their jaws capable of piercing human

flesh.

Colonies of M. pharaonis remain active and viable over a relatively
wide temperature range. PEACOCK et al. (1955b) reported the lower
threshold for colony survival, over a protracted period, to be about
18°C. At lower temperatures, the insects become sluggish or immobile,
and when diurnal and nocturnal temperatures fluctuate between 11 and
6°C, death of the colony occurs hithin 7 days. However, small
colonies may survive even lower temperatures for a few days and
subsequently can be revived when restored to favourable conditions.
There are no data available on the high temperature threshold for

the species but laboratory colonies flourish between 27 and 31°C

and, in domestic infestations, the ants are found in areas with even
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Figure 5. Bimodal weight distribution of queen pre-pupae of
Monomorium pharaonis. (From unpublished data,
EDWARDS J.P.)

Figure 6. Male (left) and queen (right) pupae of Monomorium
pharaonis. (Mag. x 25).
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higher temperatures (> 40°C). Survival at high temperatures is
probably dependent upon a good supply of water, since the species
appears to require high humidity, especially in the nest. Thus,

SUDD (1962) studying this species in Nigeria, reported that dense
trails were formed to raindrops and other sources of water, and

that water appeared to be collected more avidly during the dry-
season. In domestic infestations in the U.K. , ants are often most
numerous in areas where high temperature and humidity prevail (i.e.
boiler houses, kitchens and laundries). Away from such areas these
insects are most often found in the vicinity of hot pipes, radiators,

sinks, drains and toilets.

The history of the use of control measures against pharaoh's ant
can be traced back almost 100 years and, in that time, the variety
and toxicity of the materials used is an indication of the past
difficulties of controlling this species. Control measures used
against pharaoh's ants show the complete picture of the development
of insect control techniques ranging from early attempts where
sugar—soaked sponges covered with foraging workers were dropped
into boiling water (RILEY, 1889) through the use of highly toxic
inorganics like arsenic and thallium sulphate, and later persistent
organochlorine compounds, to modern methods utilizing juvenile

hormone analogues (EDWARDS and CLARKE, 1978) and bacterial pathogens
(VANKOVA et al., 1975).

1.2 Caste determination and regulation in the Formicidae.

In ants, as in many other social insects, adult polymorphism is
extended further than the normal morphological and physiological
separation of the male and female sexes. Sex determination in ants
is a result of haplodiploidy whereby males develop from haploid
This mechanism seems to be the main method of sex determination
throughout the social Hymenoptera (WILSON, 1971). It has been

demonstrated to be the case in M. pharaonis where male cells have
11 chromosomes, and female cells, 22 (SMITH and PEACOCK, 1957).

In the majority of ant species, the female sex can be separated mor-

phologically, physiologically and behaviourally into two or more
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recognisable types or castes e.g. queens and workers. These castes
usually have different functions within the social organanisation
of the colony. Thus, in M. pharaonis, queens are large females
with fully functional ovaries and are soley responsible for egg-
laying. They generally remain inside the nest and take little or
no active part in the care of the brood or in foraging for food.

By contrast, workers are small, sterile females who perform the

day to day tasks assoclated with foraging for food, cleaning and
defending the nest, and feeding and tending the brood and queens.
This pattern of two distinct female castes (queens and workers) is
generally the rule for the social Hymenoptera. However, in some
ant species, the worker caste is further sub-divided into sub~-
castes., For example, in the genus Pheidole, two distinct worker
types are found viz, minor workers and major workers (soldiers).
The large, soldier workers have disproportionally large heads and
mandibles, comensurate with their role as defenders of the colony.
Thus, the soldier sub—-caste is distinct both morphologically and
behaviourally from the minor workers who are responsible for colony
duties other than defence. Such morphologically distinct sub-—castes
may represent the most advanced point in the evolution of social
organization based on division of labour. However, even in

species like M. pharaonis with monomorphic workers (i.e. without
morphological division of the worker caste) there is often a func-
tional division of labour within the caste. This is illustrated by
the temporal polyethism present in some species whereby the duties
of workers change as they grow older. Such age-related division of
labour is also present in those species with a continuous polymor-
phism within the worker caste. In such species there is continuous
variation in size between small and large workers and this condition
may represent a transient evolutionary stage between species with
monomorphic workers and species with two, morphologically distinct,

worker sub-—-castes.

The evolution of eusociality and the development of polymorphism
based upon division of labour between co-habitants within the social
unit (colony) were probably closely related events. It is certainly
true that the evolutionary success of social insects, especially

ants, in terms of the number of species, diversity of habitat and
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ecological impact, is largely due to the efficiency with which
these insects can utilize resources and adapt to changing environ-
mental conditions. In this respect, some authors have suggested
that the evolution of two or more female castes has increased the
behavioural repertoire of eusocial species by allowing speciali-
zation of some individuals for particular tasks. However, it is
more likely that division of labour on a caste (or sub-caste) basis
is advantageous, not because it increases the total behavioural
repertoire, but because it allows all the basic behavioural tasks
to be carried—out simultaneously. Thus, co-operation and division
of labour between individuals increases the efficiency with which
they, as a group, are able to cope with the demands inherent in the
survival of the species (e.g. feeding, reproduction, defence and
dispersal). Once co-operative division of labour has become estab-
lished, it no longer becomes necessary for all members of the
socially organized unit to be competent at all tasks. Thus, we may
view the evolution of caste as a natural consequence of the evol-
tion of eusociality = from the aggregation of solitary forms into
collaborative groups wherein the demands of increased ergonomic
efficiencj led to a division of labour among individuals, and

finally to specialization and polymorphism.

This study, is concerned with two aspects of the production of the
two female castes in the ant Monomorium pharaonis. First, is the
question of how two morphologically, physiologically and behaviour-—
ally distinct female types are produced from diploid eggs - that

is, what determines the caste of a female ? Second, we shall con-
sider the mechanisms whereby the relative numbers of each caste
present in the colony at any given time are regulated -~ that is the
method of caste regulation. These problems, in particular the ques-
tion of caste determination, have interested students of social
insects and other biologists for many years. Several theories of
caste determination have been proposed and the major theories are
considered below. However, since Monomorium pharaonis 1is a species
with a monomorphic worker caste, this consideration of caste deter—
mination and regulation will not be concerned with the development
of sub~castes (e.g. soldiers) which may develop as a result of

other determining or regulating factors (e.g. allometric growth
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patterns). The development of sub-castes is discussed by WILSON
(1971) and is briefly considered later in the present study (Chapter
11). Caste determination has been the subject of a number of recent
reviews, including WEAVER (1966), WILSON (1971), LUSCHER (1976),
BRIAN (1979) and PASSERA (1982).

It is generally accepted that caste determination in ants is basic-
ally either genetic (i.e. irreversibly determined by the genes at
the egg stage), or blastogenic (i.e. a function of some pre-deter-—
mination occurring within the embryo), or trophogenic, i.e. the
influence of some environmental factor (e.g. nutritional or temper—
ature) upon a plastic or bi-potent larval developmental programme.
These latter two mechanisms of caste determination are epigenetic.
Obviously, there may be variations or even overlap within these
basic mechanisms. However, the fundamental questions remain largely
unanswered in the majority of ants . Thus, in most specizsz it is
not known whether queens lay two types of diploid egg, i.e. gqueen-
determined eggs and worker—-determined eggs, or whether any diploid
egg laid by a queen may develop into either caste depending upon
how, or when, or by whom they are reared. This is, essentially,

the problem of caste determination. The ultimate appearance in the
colony of adult forms arising from these eggs (be they pre~determined
or bi-potent) is not a function of the determination of adult morphs,
but rather of the regulation of the numbers of each caste able to
complete development at a given time. This is the phenomenon of
caste regulation and its importance, as distinct from caste
determination, has not, in the past, been fully recognised. Indeed,
the two have so often been confused that this had led to misunder-
standings surrounding the possible mechanisms of caste determination
in ants. Few detailed studies have been made on caste determination
and regulation in ants. The exceptions being the studies of Bier

and co-workers on Formica spp and those of Brian and his colleagues

on Myrmica Spp.

In Formica polyctena, queens lay two types of egg - winter eggs and
summer eggs. Winter eggs produce queens and workers, while summer
eggs produce only workers (GOSSWALD and BIER, 1957). Winter eggs

contain more RNA around their nuclear membranes and have a larger
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polar plasm (BIER, 1953; 1954). These observations suggest that
cytological differences in the eggs contribute to the later biasing
of larval development of bi-potent, winter eggs. Final determina-
tion in F.polyctena occurrs during the first 72 hr of larval life
(GOSSWALD and BIER, 1957). The biasing of eggs in relation to
caste determination led FLANDERS (19453) to propose that caste
determination was simply a result of the amount of yolk present

in the egg. Thds, he proposed that a faster oviposition rate gave
eggs with less yolk which, in turn, were less likely to produce

queens as opposed to workers. This is, essentially, the blasto-

genic theory of caste determination.

Undoubtedly, the most detailed study of caste determination has
been made over a period of 30 years by M.V. Brian and his collea-
gues in the ant Myrmica rubra (= Myrmica ruginodie ). These
studies have identified at least six interacting factors which are
responsible for determining and regulating caste in this species.
These factors include larval nutrition, the effect of temperature
on eggs, presence of queens in the nest, response of workers to
sexual larvae, egg size and the age of queens. In M. rubra, diffe-
rentiation between queen and worker larvae occurs during the

final (3rd) larval instar of bi-potent larvae (BRIAN 1962; 1963).
As in Formica polyectena, bi-potent larvae are those which over~
winter as larvae (diapause larvae) and it is from such larvae that
the majority of queens develop. By contrast, non-diapause (summer)
larvae produce mostly workers. The factors contributing to the
differentiation of queens and workers in overwintering larvae are
several. The predominant factor appears to be the ability of pot-—-
ential queen larvae to gain weight whilst inhibiting the growth of
adult rudiments (imaginal discs) inside them (BRIAN, 1965). This
led BRIAN (1968; 1976) to suggest that workers could be regarded as
neotenic or aborted females which metamorphose to adulthood

before completing full (sexual) development. Interestingly, these
differences have been linked with the effects of the two hormones
controlling moulting and metamorphosis in insects. Thus, ecdyste-
roid (moulting hormone) treatment of sexual larvae hastens metamor-—
phosis and results in the formation of some intercastes and workers

(BRIAN, 1974). By contrast, treatment of larvae with juvenile
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hormone slows the development of larvae and results in the forma-
tion of more, larger, queens (BRIAN, 1974). A further control on
the type of adult female produced in colonies of M. rubra is
exerted by the presence or absence of queens (BRIAN, 1958; BRIAN
and CARR, 1960; BRIAN and HIBBLE, 1963) and by the age of extant
queens (BRIAN and HIBBLE, 1964). 1In the absence of fertile queens,
M. rubra colonies will tend to rear new sexuals. However when
queens are present, they inhibit the development of sexual larvae
in two ways. First, the queen’s presence may directly inhibit the
growth and development of sexual larvae through the action of
chemical secretions produced in the head glands of queens (BRIAN
and BLUﬁ, 1969). Second, the presence of queens may change the
behaviour of workers towards developing queen larvae such that
workers attack these larvae by biting them. This attack causes

some larvae to moult prematurely (to workers) and others to die

(BRIAN, 1973).

Obviously, workers must be able to recognise the presence of fer-
tile queens, and some evidence has been presented to indicate that
they do this both by recognising the shape of queens and by recog-
nising the chemical signals which they produce. For example, the
inhibition of sexual production in M. rubra colonies can be accom-
plished by substituting freshly-killed queens for live ones.
However, inhibition is not maintained when such dead queens are

a) infertile (virgin), b) rinsed in organic solvents or, c) pre~-
sented after dissection and rearrangement of the major body por-
tions (head, thorax and gaster) (BRIAN, 1973). Moreover, in Myrmica
rubra, where workers have functional ovaries and can lay either
non-viable, trophic eggs or viable (haploid) male eggs, the presence
of fertile queens in a colony can suppress the egg—laying activity
of workers, thus preventing the production of males (BRIAN, 1970).
It is therefore clear, that in some ant species the presence of
queens in a colony has an inhibitory effect on the production of
new sexual forms. In some species the caste-regulating action of
the queens appears to be directly, chemically mediated, whereas in
others, queens may influence the behaviour of workers towards dev-
eloping larvae. An alternative mechanism to explain the inhibi-

tory effect of queens on sexual production has been proposed by
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several authors. This theory suggests that the development of

sexual larvae is dependant on the availability of special 'pro-
fertile' food. This food is also required by queens and, in queen-—
right colonies, queens compete for the pro—fertile food at the
expense of developing larvae which are thus unable to complete full
(sexual) development and only develop into workers. The 'pro-—
fertile food' theory 1is closely allied to the theory of tropho~-

genic caste determination and implies that some, or all, diploid

eggs are bi-potent with respect to caste. There is considerable
evidence linking nutritional factors with the development of sexual
larvae in Leptothorar (BIER 1954) Formica (GOSSWALD and KLOFT,

1960) and in Myrmica ruginodis where larvae reared on a low=-protein
diet produced a higher proportion of workers than those reared on a
protein-rich diet (BRIAN, 1973b). Moreover, as discussed later,

it has been proposed that caste determination in Monomorium pharaonte
is also a result of the mutually-exclusive competition for pro-fertile

food between queens and larvae (BUSCHINGER and KLOFT, 1973).

One of the major problems with the trophogenic theory of caste
determination is that it is not always clear whether sexual larvae
develop because they are fed certain food types or whether sexual
larvae are fed more (or differently) because they are sexual lar-
vae. In essence, the question is whether nutrition is a caste-
determining or a caste-regulating factor? The answer to this
question depends upon the definition of the term caste determination,
and, since this term means different things to different people, it

is appropriate to consider here what the term 'caste determination'

means.

At the most fundamental level, the two female castes (queens and
workers) are both phenotypic expressions of the female rather than
the male genotype. In this sense, all castes are genetically deter-
mined. The main question surrounding the phenomenon of caste in
ants and other social insects is concerned with whether there is

one plastic (bi=-potent) female genotype or several female genotypes.

If there are several female genotypes and queens lay elther queen
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eggs or worker eggs, then caste determination per se is genetic (or
blastogenic), and the subsequent survival of queen-determined devel-
opmental stages is solely dependent on caste—regulating factors
like the presence of queens or the behaviour of workers towards
such stages. If there is a single female genotype which is plastic
(bi-potent) and female eggs may give rise to either workers or
queens depending on circumstances, then the ultimate developmental
fate of each egg may be dependent on 'caste—determining' factors
such as nutrition (trophogenic determination) as well as caste-
regulating factors such as the presence of queens etc., It 1is these
differences that have, in the past, led to a certain inexactitude
in the use of the term 'caste-—determination'. For example,; a
nutritional factor may be caste-regulating but not caste-determining
in one species but the same factor may be caste-determining but not
caste-regulating in another. Thus, it is evident that 'caste
determination' is not an appropriate term to encompass all factors
governing the development of the two female castes, especially in
ants. This is because, used in its broadest sense, caste determi-
nation encompasses both caste-determining factors and caste-
regulating factors, and it is misleading not to distinguish between
the two. It would be more appropriate to use the term caste~
determination in the restricted sense of the potential for the
phenotypic expression of the primary genotype. Thus, we might use
the term ‘monomorphogenic' when referring to caste determination
which is fixed and where eggs (and larvae) are either queen~
determined or worker-determined, and 'polymorphogenic' to indicate
those situations where eggs (and larvae) are able to form either
queens or workers. In each case, the eventual appearance of sexual
forms in a colony would depend on a variety of caste-regulating
factors which may include nutrition, the presence of queens, the
behaviour of workers, seasonal influences etc. Using this scheme,
it is possible to differentiate between caste determination and

caste regulation.

1.3. Caste determination and regulation in M. pharaonis,

As well as providing much useful basic biological data on M.

pharaonis, A.D. Peacock and his co-workers were the first to make
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observations on caste regulation in this species. PEACOCK et al.
(1945; 1955a) reported that removal of brood stages and workers
from a queenright (queen-containing) colony resulted in the appearance
of new sexual forms in the queenless colony whereas no sexuals
were produced in the original queenright colony. This strongly
suggests that the presence of queens inhibits the formation or
development of new sexual forms. PEACOCK and BAXTER (1950) also
noticed certain differences in the colour of the gut contents of
worker and sexual larvae and this, together with the discovery of
ergatogynes (queen-like workers) in some colonies, led HALL and
SMITH (1953) to conclude that differences in nutrition were mainly

responsible for determining caste in this species.,

Further evidence in support of a trophogenic basis for caste deter=~
mination in M. pharaonis was presented by BUSCHINGER and KLOFT
(1973) who found that queens were fed 'glandular' (i.e. not raw)
food during their period of intensive egg-laying. By contrast,
newly-emerged queens and senile queens were fed mainly raw food.
These observations led BUSHINGER and KLOFT (1973) to suggest that
queens consume the bulk of the colonies glandular food, which is

in some way 'pro-fertile', at the expense of developing sexual
larvae. More recently, ERPENBECK (1981) has demonstrated that
colonies of M. pharaonis consume more protein-rich food during
periods when when sexuals are being produced than when only workers
are produced. Thus, he concluded that it was the quantity and not
the quality of food which determined the development of larvae

into sexuals. However, there is no conclusive evidence that sexual
larvae develop because they are fed protein-rich food or even,

because they are fed more food than worker larvae.

PETERSEN-BRAUN (1975) identified three phases of life for queens

of M. pharaonis — a juvenile phase (0-4 weeks after fertilization),
a fully fertile phase (the majority of the queens lifetime when ovi-
position is maximal), and a senile phase (a period of a few weeks
before the death of the queens during which the new sexual brood is
reared). These three phases correspond to the feeding states

identified by BUSHINGER and KLOFT (1973). Thus, juvenile and
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senile queens are fed raw food whereas, fully fertile queens are

fed glandular food. Moreover, the different phases are correlated
with the dilation of the thoracic crop such that only in fully
fertile queens is this organ developed to its maximum size (PETERSEN-
BRAUN and BUSCHINGER, 1975). These authors cite this observation

as further evidence that it is the demands of fully fertile queens
for pro-fertile (glandular) food which diverts this food material
from larvae, and prevents thelr development into queens. However,
it is possible that the increase in size of the thoracic crop

merely compensates for the reduction in the size of the gastric

crop which is compressed byrthe ovaries of fully-fertile queens
(PETERSEN-~BRAUN and BUSCHINGER, 1975). PETERSEN-BRAUN (1977)
concluded that caste determination in M. pharaonis occurs pre-
dominantly on a trophogenic basis. However, because this author

was unable to rear sekual animals from eggs laid by young queens
(0-4 weeks old) she concluded that there was, in addition, a blasto-
genic factor and that mated queens are able to lay eggs of different
developmental capacities. Thus, young gueens lay eggs which can
only give rise to workers. Older queens, in the fully fertile
phase, lay eggs which may develop into either workers or sexuals
depending upon how they are fed by workers. PETERSEN-BRAUN

(1977) further states that the different developmental capacity of
eggs is reflected in the fact that juvenile queens lay larger eggs
than do fully fertile queens. However, this may simply reflect the
fact that egg size may be related to the rate of oviposition, as

may be the case in Solenopeis invicta (CHERIX and FLETCHER 1982).
It is clear therefore, that despite the concensus that caste determi-
nation in M. pharaonis is a result of trophogenic determination,

the evidence for this belief is mostly circumstantial.

The factors controlling the regulation of caste in M. pharaonis have

also been ascribed on the basis of inconclusive evidence. On the

one hand, the proposed trophogenic determination of caste implicates

queens as caste regulators by way of theilr consumption of pro—fertile
food material (which is thus not available for the rearing of sexual

forms), On the other hand, the fact that the presence of queens

inhibits the development of sexual forms has also led to the sugges-—
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tion that queens may produce an inhibitory pheromone which prevents
the development of sexuals in a queenright colony (PETERSEN-BRAUN,
1975). Some evidence for the existence of an inhibitory pheromone
was reported by BERNDT (1977) who found that rinsing queens in
organic solvents apparently removed their ability to suppress the
development of sexuals. On the basis of similar, independent experi-
ments, the possible existence of an inhibitory pheromone was also

proposed by EDWARDS (1978) cited by KING (1979).
The present study has been undertaken to investigate aspects of

caste determination and regulation in Monomoriwum pharaonis in

order to gain a better understanding of these processes,
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CHAPTER 2. MATERTALS AND METHODS.

Specific details of special materials or methods used are given at
the appropriate points in the experimental sections. This chapter
outlines a number of general techniques and materials which have

been used throughout the study.

2,1 General culture methods for Monomorium pharaonis,

Unless otherwise stated, all experiments were carried out with the
standard laboratory strain of Monomorium pharaonis (L.) maintained
at the Slough Laboratory of the Ministry of Agriculture, Fisheries
and Food. These insects have been in culture at this Laboratory
for approximately 30 years and, as far as is known, the strain is
the same as that studied by A.D. Peacock and his colleagues at the
University of St Andrews (Dundee). During this long period of
culture there has been no apparent diminunition of the viability

nor any apparent changes in the form or behaviour of these insects.,

Laboratory colonies of M. pharaonis were reared in small wooden
nest-boxes (12,5 x 8.5 x 2.0 cm) with removable lids (Figure 7).

The sides of the boxes were furnished with 8 entrance slits, 2 mm
wide, to allow the ants to enter and leave. Nest-boxes were placed,
singly or in pairs, in enamelled surgical trays (35 x 25 x 5 cm)

the sides of which were coated with an aqueous suspension of poly-
tetrafluoroethylene (Fluon) to prevent the ants escaping. Initially,
the top edges of the trays were covered with a thin layer of insect
trapping—grease (Stiktite) but later this procedure was discontinued.
The enamelled trays were, themselves, placed on 4 rubber staunds (5
cm high) which supported the trays in larger metal trays containing

a 1 cn depth of mineral oil (Figure 7).

The colonies were given access to food and water ad 1ibitum. Food
was placed on an inverted petri dish 1id (5.5 cm dia) and water was
provided in a 50 ml glass beaker which was inverted into a petri dish
containing a pad of cotton wool (Figure 7). The food was a mixture

of dried powdered ox-liver, honey and sponge-cake in the ratio 2:1:1
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Figure 7. Laboratory colony of Monomorium pharaonis (Le).

Figure 8. Worker ants feeding on food mixture in a laboratory

colony of M. pharaonis.
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(by weight) to which a small quantity of distilled water (< 10%)
was added to achieve a smooth moist consistency. This food mixture
is highly attractive to foraging M. pharaonis workers (Figure 8).
Food material was stored in sealed glass jars at -20°C to prevent

decomposition and mould growth.

Colonies of M. pharaonis were kept in subdued (red) light at 27°C
and 70% r.h. throughout the experiments. Such colonies contained
many thousand workers and developing stages (brood) and usually,
several hundred queens. From such large colonies, small 'mini-
colonies' (Figures 9 and 10) were set—up for detailed observation
or manipulation. These colonies were housed in glass crystalizing
dishes (8 cm dia.) the sides of which were coated with Fluon. Such
| mini-colonies were set-up by transferring appropriate numbers of
adults and developing stages from the large laboratory colonies.,
Thus, several hundred mixed brood stages were removed with a spatula
from the brood area of a laboratory colony nest cell. This brood
was placed in a small petri dish 1id, the sides of which were coated
with Fluon. The dish was transferred to the stage of a binocular
(zoom) microscope and appropriate brood stages transferred to the
mini—-colony dishes with a fine, moistened, paint brush. Mini-
colonies typically comprised of 100 mixed brood stages (larvae,
pre—-pupae and pupae), 50 to 100 workers, 50 eggs and a known number
(usually 1) of queens. With the exception of the number of queens,
these values are approximate (because of the difficulty of counting
developmental stages) particularly in the case of eggs. Unless
otherwise stated, these mini-colonies were set up with insects
which were removed from large colonies which contained fertile
queens and which were not producing a new batch of sexuals. All
mini-colonies were given food and water ad 17Zb. which were provided
in small glass dishes (Figure 7). Mini-colonies were examined with
a binocular microscope with zoom lens {(10x to 70x) and illumination
was provided by a single, variable intensity, light source equipped
with a red filter. The use of a red light source minimised the
disturbance caused to mini-colonies while they were being examined
under the microscope. Such mini-colonies appeared to thrive and

behave normally under such conditions for at least 100 days.
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Figure 9. A series of mini-colonies used in experiments

with M. pharaonis.

Figure 10, Close—up of a mini colony of M. pharaonis showing

brood aggregated into 'nest-area’'.
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However, most experiments with mini-colonies were completed before
the colonies were 50 days old. Although no nesting place was
provided in the dishes containing mini-colonies, the ants moved
brood to a discrete area (usually near the side wall) of the dish
(Figure 10) and this ‘'nest area' (comprising brood, queens and food-
pile) once established, was seldom moved. Unless otherwise stated
mini-colonies were examined at 2-3 day intervals throughout the
experiments. The appearance and number of sexual brood stages was
recorded at each examination, and the sex of developing sexuals

was recorded at the pupal stage, at which point they were usually

removed from the mini-colonies.

Sexual stages (males and queens) for use in mini-colonies or for
rinsing in organic solvent were obtained by removing all queens from
one of the large laboratory colonies such that a new batch of sexual
brood was produced. Virgin queens were obtained by isolating queen
pupae, obtained in the above manner, with workers, food, etc. in mini-
colony dishes such that adult queens emerged in the absence of males.
It was not possible to distinguish between male larvae and queen
larvae, even when these were fully-grown. However, male and queen
pre-pupae could be separated on the basis of their relative weights
(Figure 5). Male and queen pupae are easily distinguishable on the

basis of gross morphological characteristics (Figure 6).

2.2 Dissection of exocrine glands,

Dissection of adult queens (for removal or examination of internal
organs) was made by immersing the insect in a small dissecting dish
filled with sterile insect Ringer solution. The insects were held in
place with small entomological pins and dissection was performed,
under a binocular microscope, with a variety of fine forceps, pins

and fragments of razor blades mounted in a stainless steel handle.
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2.3 Rinses of ants in organic solvents,

Known numbers of insects, removed from large laboratory colonies or
from mini-colonies were rinsed in organic solvents in the following
way. Insects were gently agitated in solvent (methylene chloride
or diethyl ether, both “"AnalaR™ purity) for a known period of time
- usually 4 or 5 min. Preliminary investigations had shown that
longer periods of rinsing did not increase the efficiency with
which certain materials (see Chapter 4) were extracted but did
increase the quantities of high molecular weight lipids in the
rinse. Initially, methylene chloride was used as the solvent, but
this material was found to be unsuitable for use with the Varian
3700 gas chromatograph (see below) and subsequently, the rinses

were made with diethyl ether.

After rinsing, the solvent was transferred to a small glass volu-
metric flask (2 to 10 ml) and reduced to dryness under a stream of
dry nitrogen at 25°C., This process was stopped as soon as the
solvent had evaporated to minimize the loss of highly volatile
materials. After reduction, the residue was taken up in a known
volume of solvent (50 to 100 pl) and aliquots were removed for

analysis by gas-liquid chromatography (GC).

2.4 Analytical and preparative gas-liquid chromatography (GC).

Analyses of rinses were performed on a Varian gas chromatograph
(Model 3700) equipped with a flame jonization detector and a ther-
mal-conductivity detector. In general, analyses were performed

on aliquots (1 to 10 1) of the solvent rinses dissolved in diethyl
ether. The use of methylene chloride as a solvent was discontinued
after it was found to cause (conductive) carbon deposits on the
ceramic insulation of the flame ionization detector. Analyses
were run on 5% OV 101 on acid-~washed diatomite (80 - 100 mesh) in a
packed glass column (Im x 2 mm id.). Helium (30ml/min.) was used
as the carrier-gas. Three temperature programmes were used depend-

ing upon the particular requirements of the analysis:~
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Programme I (For preliminary investigation of the components
of solvent rinses) : temperature 60-230°C at
10°C/ min; initial time, 8 min; final time, 4

min; injector and detector temperature 240°C.

Programme II (For general and comparative analysis of rinses) :
temperature 100-250°C at 10°C/min; initial time
6 min; final time, 6 min; injector and detector

temperature, 260°C.

Programme III (For rapid identification and measurement of GC
peak d from queen rinses) temperature 120-200°C
at 5°C/min; initial time, 4 min; final time, 10

min; injector and detector temperature, 280°C.

Injection of a sample aliquot was made using a Hamilton gas-tight
syringe (1011 capacity). Although the concentration of various
chemicals in the solvent rinses varied depending on the number of
insects rinsed and the volume of the solvent, most aliquots con-
tained between 0.1 and 1 insect equivalents per injection. The
sensitivity of the detector was adjusted (range and attenuation)
to give reasonably sized peaks at such concentrations. Unless
otherwise stated, the chart speed of the pen-recorder used to

monitor the analyses was 5mm/min and the sensitivity (input) set

for lmv.

Preparative gas chromatography of peaks from insect rinses was
performed on the Varian 3700 GC using the thermal conductivity
detector. This detector is non—-destructive and allows measurement
and location of peaks which subsequently can be trapped in glass
tubes inserted into the outlet port of the GC. Preparative GC was
run on 5% OV10l on acid washed diatomite CLQ, 80-100 mesh in a Im
column (id. 4mm). Column temperature was 200°C (isothermal),
detector current 203-205 mA, detector temperature 200°C, injector
temperature 210°C and filament temperature 260°C. Samples of
rinses (10~100pl) were injected with a Hamilton gas-tight syringe

-4l -



and relevant peaks were trapped in clean glass tubes inserted into
the outlet port of the GC. Subsequently, the collection tubes were
thoroughly washed in "AnalaR™ diethyl ether and the combined washes,

reduced to an appropriate volume, were stored at -20°C in sealed

flasks,

2.5 Mass spectrometry and Nuclear Magnetic Resonance spectro-

metry,

Mass spectrometry was performed on whole rinses or constituents of
rinses using a varlety of machines. These analyses were kindly
performed by the late Dr J. Siddall and Dr. G. Jamieson (Zoecon
Corp. Palo Alto, California) and, Mr D. Lee and Mr J. Wilkins
(Ministry of Agriculture, Harpenden Lab.). In addition, high
resolution mass spectrometry of peak d from queen rinses was per-
formed by Dr C. Creaser (Physico Chemlcal Measurements Unit,
Harwell). Nuclear magnetic resonance spectrometry was kindly
provided by Dr N.F. Janes (Rothamsted) in conjunction with Dr J.
Chambers (Slough Laboratory). I am indebted to these colleagues
and to Dr. J. Pickett (Rothamsted) f¢.  their interpretation of the
NMR data.

2.6 Scanning electron microscopy,

Scanning electron micrographs of various stages of M. pharaonis were
kindly provided by Mrs V. Ely and Miss B. Higgins (MAFF, Slough

Lab) and were obtained using a Cambridge Stereoscan 250 machine.
Specimens for electron microscopy were dehydrated and coated with

gold using standard procedures.
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CHAPTER 3 THE INFLUENCE OF QUEENS ON THE PRODUCTION OF SEXUALS.

3.1 Introduction.

As previously indicated (section 1.3) the presence of queens in a
colony of M. pharaonis normally prevents the appearance of new
sexual forms. The following experiments were made to examine the

nature and extent of this inhibitory effect.

3.2 Isolation of queens from contact with workers.

Preliminary studies were made with fertile queens enclosed in short
sections of glass tubing (2 cm long) sealed at each end with a
double layer of brass gauze. These tubes prevented physical contact
between the queens within the tubes and the workers in the colonies
in which such tubes were placed. Four mini-colonies, each contain-—
ing 100 eggs, 100 mixed brood stages and 150 workers were set up.
Into two of these were introduced 4 queens confined in glass tubes.
The remaining 2 mini-colonies were kept without queens. In these
experiments, all 4 mini-colonies produced sexual pupae (males and
queens) suggesting that queens are unable to suppress the devel~-
opment of sexuals if physical contact between them and workers is
prevented. This result would also seem to preclude the existence
of a volatile inhibitory pheromone produced by queens as the

factor responsible for inhibiting sexual production. However,
because queens kept isolated from contact with workers might have
behaved abnormally (because they would have been isolated from
normal social interaction e.g. feeding, grooming etc.) a further

experiment was conducted to investigate the effect of isolating

queens from workers.

In these studies, palrs of mini-colonies were set up in a covered,
concentric glass container (Figure 11) such that the two nests were
connected by their common atmosphere but no contact between insects
in adjacent nests was possible, The composition of these colonies

was 100 eggs, 100 mixed brood stages and 150 workers. In 3 of
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Figure 11. Concentric mini-colonies (with glass 1id removed).

Figure 12, Queen 'guillotine' apparatus. Queens held in place

by the indented 'guillotine' blade (b).
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Table 1 Production of sexual forms in mini-colonies in which

contact with queens was either direct or only through

a common atmosphere.

No. type contact with production of No. of
queens sexual larvae sexual pupae
(+ or =) (+ or =) produced
Male queen
1 outer + - 0 0
inner - +2
2 outer + - 0 0
inner - + 7 5
3 outer + - 0 0
inner - +
4 outer - + 11 8
inner - + 9
5 outer + - 0
inner + - 0 0

8 Only one sexual larva produced, which subsequently failed to pupate.

these concentric colonies, the outer nests were each given 5 fertile
queens whilst the inner nests were kept queenless. In another
concentric colony, both inner and outer nests were given 5 fertile
queens, and in a further concentric colony, both the inner and
outer nests were kept queenless. The production of sexual larvae
and pupae in both inner and outer nests was recorded. The results
of this experiment (Table 1) clearly demonstrate that physical con-
tact between workers and queens is essential for the suppression

of sexual forms, and that there is no evidence for a volatile
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chemical signal emanating from fertile queens or queenright colonies
which is responsible for supressing the development of sexual forms.
That physical contact between queens and workers is necessary

in order that queens can inhibit the development of sexual forms
was further investigated in an experiment designed to examine the
'‘quantity’ of contact required to inhibit sexual development. In
these experiments, 16 identical mini-colonies, each coantaining 100
eggs, 120 mixed brood stages and 150 workers were each exposed to 3
fertile queens for periods ranging from zero to 7 days per week.

The results of this experiment are given in Table 2. Three days
per week (approx. 40% exposure; was sufficient exposure to completely
suppress the production of sexuals, and with one or two days
exposure per week, the production of sexuals was markedly reduced.
This falling—off of response suggests that there may be a threshold
level of contact between workers and queens above which the produc-

tion of sexuals is completely suppressed.

3.3 Influence of age and physioclogical state of queens on their

ability to inhibit the production of sexuals.

Four mini-colonies each containing 50 eggs, 100 mixed brood stages
and 150 workers were set up. Each colony was given two queens of
known age-range (initially 0-4 weeks). Three of the colonies were
given fertilized queens and one colony was given virgin queens.
These queens were kept in the mini-colonies for a period of 28 days
whereupon they were transferred to newly set—-up mini-colonies. In
this way, colonies were reared in the presence of queens of known
age. The production of sexual forms in these colonies was recorded
during the period when queens were present. In addition, after the
removal of queens, the colonies were kept for a further 28 days so
that the subsequent production of sexuals in the absence of queens
could be recorded. In these experiments one virgin queen died when
it was 12-16 weeks old and the other when it was 20-24 weeks old.

In two of the colonies containing fertile queens, both queens in
both colonies died when they were 48-52 weeks old. In the remaining

colony, one queen died when it was 52-56 weeks old and the other
when 1t was 56-60 weeks old. Thus, these fertile queens had an

average life-span of 52 weeks.
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Table 2 Effect of amount of contact between queens and workers
on the production of sexual forms.

No. Time of worker Sexual No. of sexual
contact with brood pupae
queens produced
(days per week) (+ or =) male queen total
1 0 + 6 6
) 33
2 0 + 10 11
3 1 + 1 2
) 11
4 1 + 7 1
5 2 43 (1 larva) O 0
) 2
) 2 + 1 1
7 3 - 0 0
) 0
8 3 - 0 0
9 4 - 0 0
) 0
10 4 - 0 0
11 5 - 0 0
) 0
12 5 - 0 0
13 6 - 0 0
)
14 6 - 0 0
15 7 - 0 0
) O
16 7 - 0 0

2 Only one sexual larva produced which subsequently failed to
pupate.

The results of these experiments are presented in Table 3 and show
that virgin queens, irrespective of age, are unable to suppress
the development of sexual forms. By contrast, fertile queens are
able to inhibit sexual formation throughout their lifetime. How~

ever, by measuring the time after removal of queens to the first
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Table 3. Influence of age and physiological state of queens on their ability to
inhibit the production of sexual forms.

_.IS._

Colony No. age range of physiological sexuals produced sexuals produced after
queens state of queens during exposure to queens removal of queens Time (days)
(weeks) male queen male queen to first queen pupa
1 ) fertile 0 0 5 2 12
2 ) 0-4 fertile 0 0 7 10 12
3 ) fertile 0 0 4 3 12
4 ) virgin 4 8 - - -
5 ) fertile 0 0 0 12 25
6 ) 4-8 fertile 0 0 2 15 29
7 ) fertile 0 0 2 11 25
8 ) virgin 3 8 - - -
9 ) fertile 0 0 1 12 22
10 ) 8-12 fertile 0 0 1 9 29
11 ) fertile 0 0 3 15 22
12 ) virgin 7 4 - - -
13 ) fertile 0 0 1 9 27
14 ) 12-16 fertile 0 0 1 3 32
15 ) fertile 0 0 0 3 29
16 ) virgin 0 6 - - -

Cont.



_ZS._

Table 3. (Continued)

Colony No. age range of physiological sexuals produced sexuals produced after
queens state of queens during exposure to queens removal of queens
(weeks) male queen male queen
17 ) fertile 0 0 2 22
18 ) 16-20 fertile 0 0 0 3
19 ) fertile 0 0 2 11
20 ) fertile 2 7 - -
21 ) fertile 0 0 1 3
22 ) 2024 fertile 0 0 0 3
23 ) fertile 0 0 1 2
24 ) virgin 2 3 - -
25 ) ) 0 0 0 7
26 ) 24~28 Yfertile 0 0 0 4
27 ) ) 0 0 0 1
29 ) ) 0 0 3 7
30 ) 28-32 Mfertile 0 0 10 11
31 ) ) : 0 0 0 3

Time (days)
to first queen pupa

25
27
29

32
36
32

31
31
34

25
29
32

Cont.
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Table 3. (Continued)

Colony No. age range of physiological state sexuals produced sexuals produced after Time (days)

queens of queens during exposure to queens removal of queens to first queen pupa
(weeks) male queen male queen

33 ) ) 0 0 1 16 29

34 ) 32-36 Yfertile 0 0 5 12 29

35 ) ) 0 0 0 9 29

37 ) ) 0 0 0 10 29

38 ) 36-40 )fertile 0 0 0a 0a -

39 ) ) 0 0 02 0a -

41 ) ) 0 0 0 3 15

42 ) 40-44 Yfertile 0 0 0 1 18

43 ) ) 0 0 (one larva) -

45 ) ) 0 0 1 5 23

46 ) 44-48 Yfertile 0 0 1 9 21

47 ) ) 0 0 (1 pre-pupa) -

49 ) ) 0 0 0 oa -

502 ) 48-52 Jfertile 0 0 4 6 23

51b ) ) 0 0 4 5 21

53b 52-56 fertile 0 0 3 5 7

4 Colony lost through mould growth,

D One or both queens died during period.




appearance of new queen pupae (Table 3) and using this as a measure

of the degree of inhibition exerted®by queens, it is clear that the
inhibitory effect of queens is less when they are 0-4 weeks old.

By utilizing the same measure, there is also an indication that the
inhibitory effect of old queens (i.e. > 40 weeks old) is also somewhat
reduced (Table 3). These findings are in agreement with results

obtained by PETERSEN-BRAUN (1975) and are further discussed in
Chapter 7.

3.4 Artificial de-alation of virgin queens - effect on

production of sexuals.

In the previous experiment, it was shown'that virgin queens were
unable to suppress the development of sexual forms. Since virgin
queens are normally winged, it was decided to investigate whether
artificial de-—alation (removal of wings) might endow virgin queens
with the ability to suppress the development of sexuals normally

present only in fertile (i.e. wingless) queens.

Nine mini-colonies, each containing 100 mixed brood stages, 50 eggs
and 100 workers were set up. After 3 days, 3 colonies were each
given single fertile queens, 3 were each given a winged virgin
queen, and the remaining 3 were each given a virgin queen whose
wings had been surgically removed close to their attachment to the
thorax. Subsequently the colonies were examined regularly for 45
days, and the numbers of sexuals produced in each colony was
recorded (Table 4). None of the colonies given fertile queens
produced sexuals., However, all mini-colonies containing either
normal (winged) virgins, or artificially de—alated virgins produced
sexual forms, although in one instance, sexual larvae did not
survive to form pupae (Table 4). These results suggest that the
presence or absence of wings is not important in relation to the

ability of queens to inhibit the development of sexual brood.
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Table 4. Effect of artificial de-alation of virgin queens on

their ability to inhibit the production of sexuals.

Colony No. type of Number of sexual pupae produced
queen male queen total
1 ) 0 0
) fertile 0
3 )
4 ) winged 4 3 7
5 3 virgin 2 1 3
6 ) 0 0 02
) wingless 1 4 5
) virgin 0 2 2
9 ) 4

8 Produced sexual larvae but these failed to form pupae

3.5 Exposure of workers to dead queens and parts of live

queens - effect on inhibition of production of sexuals.

3.5.1. Exposure of colonieB to parts of live queens.

For these experiments, a piece of equipment was designed so that
two colonies could be separated by a partition such that one colony
had access to the head and thorax of a live queen while the other
colony was exposed to the gaster only. Contact between workers in
each colony was prevented by bands of Fluon. The apparatus used
(Figure 12) was a glass container divided in the centre by a
moveable partition which incorporated a "guillotine” which held the

queen between the thorax and gaster. Four such experiments were
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set up, In each of which the two separate colonies contained 50
eggs, 100 mixed brood stages and 150 workers. Each colony was
exposed to either head and thorax or gaster of a succession of

live queens for 22-30 days. Dead queens were replaced daily.

The numbers of sexuals produced in these colonies is given in Table
5. In all 4 colonies sexuals were produced in both the colony with
access to queen head and thorax and in the colony with access to
the gaster only. However, the mortality of "guillotined" queens
was high and the apparent conclusion that both parts of a queen are

necessary to inhibit the production of sexuals may not be justified.

3.5.2. Exposure of workers to dead queens.,

Ten mini-colonies, each containing 100 mixed brood stages, 50 eggs,
and 100 workers were set up. Two colonies were given no queens and
two colonies were given a new live queen each day for the duration

of the experiment. Of the remaining six colonies, two were given a
freshly killed queen, two were given a queen that had been dead for
24 hr and the remaining two were given a queen that had been dead

for 48 hr. Queens were killed by exposure (15 min.) to ethyl acetate
vapour and, in all cases, queens were replaced daily. The experiment
was continued for 41 days during which time a record of the sexual
forms reared in each colony was kept (Table 6). The results indi-
cate that even the daily addition of freshly killed queens does not
prevent the rearing of sexuals in colonies of M. pharaonis During
these experiments it was noticed that workers appeared very
'interested' in freshly~killed queens when they were first intro-
duced into the colony. The workers clustered around the dead queen
'"licking' it and tourching it with their antennae. This behaviour
diminished relatively rapidly and the dead queen was usually removed

from the nest area after a few hours. When queens that had been

dead for more than 24 hr were introduced into colonies, the response
of workers was much less apparent and such queens were usually

removed from the nest area immediately.
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Table 5. Effect of limiting contact of workers to either head

and thorax or gaster of fertile queens on the produc-

tion of sexual forms.

Colony No. total time of Sexual pupae produced in colony with
contact with gaster head & thorax

queen part

(days) male queen male queen
1 22 5 12 0 5
2 25 4 4 10
3 27 5 2 8
4 30 3 13 7 10
Table 6. Effect of dead queens on the production of
sexual forms.
Colony No. type of queen sexual pupae produced
(age after death) male queen
1 ) dead queens 1 2
2 ) (0-24hr) 1 1
) dead queens 5 1
) (24-48hr) 2 0
) dead queens 1
6 ) (48=72hr) 3
7 ) live queens
8 ) 0
9 ) no queens 3 1
10 ) 3 4
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3.6 Effect of rinsing queens in organic solvent on their ability

to suppress the formation of sexual brood.

It has already been established that it is unlikely that queens of
M. pharaonis produce a volatile chemical signal by which they exert
their inhibitory effect on the production of sexual brood. However,
the possibility that a non-volatile chemical signal, transmitted by
contact with workers, is present cannot be excluded. For this reason
an experiment was set up in an attempt to repeat earlier, unpub-
lished tests by the author and to confirm the results of similar
tests carried out independently by BERNDT (1977). Six mini-colonies
containing 50 eggs, 100 mixed brood stages and 100 workers were
exposed to 2 queens for 3 days per week over a period of six weeks.
Two colonies were given fully fertile queens, two were given virgin
queens, and two were exposed to queens which were rinsed, each day

during exposure, for 7 sec in ether/acetone (2:3 v/v).

The results of these experiments are presented in Table 7 and
demonstrate that rinsing queens in organic solvent removes their
ability to inhibit the formation of sexuals, This observation
suggests that there may be a non-volatile, lipid-soluble, chemical
signal produced by fertile queens which 1s responsible for the
inhibitory effect of queens on the production of sexual forms.
During these experiments, the mortality of rinsed queens was rather
high (approx 25% at each rinsing) and, non-quantitative observation
suggested that, the rate of oviposition might have been reduced in
rinsed queens, This last observation was in contrast to the results
reported by BERNDT (1977) who noted no diminution of oviposition in
queens rinsed in acetone for 15 sec. daily. However, preliminary
attempts to repeat the rinsing regime of BERNDT (1977) resulted in
much higher mortality than was the case when queens were rinsed for

7 sec in ether/acetone.
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Table 7. Effect of rinsing queens in organic solvent on their

ability to inhibit the formation of sexual forms.

Colony No. type of queen days exposed sexual pupae produced

(per week) male queen  total

1 0 0
) fertile 3 ) 0

2 ' 0 0

3 5 12
) virgin 3 ) 36

4 14 5

5 5 6
) rinsed 3 ) 31

6 4 16
3.7 Summary of the influence of queens on the production of

sexual forms.

From the results of experiments described in this chapter, several
conclusions can be made concerning the inhibitory effect of queens
upon the production of new sexual forms. Firstly, it appears that
only fertile queens are able to suppress the development of new
sexuals. Virgin queens are unable to suppress sexual production
irrespective of their age or of the presence of wings. Secondly,
even in the case of fertile queens, young queens (0-4 weeks old)
(and possibily old queens) are less able to inhibit the production
of sexuals than are fully fertile (mature) queens. Thirdly, the
inhibition of the production of new sexual forms by fertile queens

requires that they have physical contact with other colony members
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(i.e. workers and brood) and that this contact be maintained for
about 40% of the time. Lastly, freshly-killed, dead queens
and queens that have been rinsed in organic solvents, lose their

ability to inhibit the production of new sexual forms.

These results suggest that further information on the nature of the
inhibitory affect of fertile queens on the production of sexuals,
might be obtained by comparing the blology of virgin and fertile
queens. Although the 'queen-rinse' experiments, suggest that a
chemical signal (pheromone) may be responsible for the inhibitory

action of fertile queens, it is not possible, at this stage, to

exclude other factors. Thus, in the following chapters, several
aspects of the chemistry, physiology and behaviour of virgin and

fertile queens are investigated in an attempt to identify the

factor(s) responsible for the queen-inhibition of sexual production.
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CHAPTER 4. INVESTIGATION AND ANALYSIS OF SEMIOCHEMICALS PRODUCED
BY WORKERS, VIRGIN QUEENS AND FERTILE QUEENS.

4.1 Analysis of solvent rinées from workers, virgin queens

and fertile queens.

Worker ants, virgin queens and fertile queens were rinsed in
organic solvents as described in the methods section, and the
rinses analysed by gas-liquid chromatography (GC). Workers and
fertile queens were randomly selected from established colonies.
Virgin queens were obtained as described in Chapter 2. Several
such analyses were performed on each type of female on different
occasions and a typical set of chromatograms is presented in
Figure 13. On all occasions, the three types of female produced
the characteristic chromatographic patterns shown in Figure 13.
Each of the early peaks on the chromatograms was given a letter of
identification as follows: a, al, az, b, cl, ¢ and d. Peaks
eluting after peak 'd' were not labelled and their intensity and
presence was associated more with the time of rinsing than with the

type of female. The retention time and occurence of each peak is

given in Table 8.

Table 8 Occurrence and retention time of peaks analysed by gas=~

liquid chromatography from rinses of worker and queen

M. pharaonis.

GLC peak retention time peak found in rinses of
(min)@d workers virgin queens fertile queens
a 5.2 + + +
al 8.3 + + +
a2 9.3 + + +
b 11.5 + + +
cl 13.5 + - -
14.0 (+)b + +
15.1 - - +

4 GC programme II. b Possibly present in trace amounts.
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Figure 13, Chromatograms from GC analysis of solvent rinses
of fertile queens, virgin queens and workers of

M. pharaonis.
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The results of these analyses indicate that peaks a, al, a2 and b
are common to workers, virgin queens and fertile queens. Peak cl
appears to be present only in workers, and c appears to be much
more abundant in queens (virgin and fertile) than in workers. How-
ever, of most interest was the fact that peak d, present in fertile
queens, was absent from rinses of both workers and virgin queens.
This material is therefore a prime candidate for the suggested
"inhibitory pheromone' which fertile queens may use to suppress the

production of new sexuals.

4.2 Tentative identification of the chemicals

found in rinses of queens and workers.

4,2.1. Introduction to the chemistry of M. pharaonis

Previous studies by several workers have demonstrated that workers
and queens of M. pharaonis produce a number of semiochemicals
(pheromones) with a variety of proposed roles. SUDD (1960) and

BLUM (1966) investigated trail following in M. pharaonis and
HOLLDOBLER (1973) investigated the foraging strategy of M. pharaonis
workers. The latter author cbncluded that worker ants produce a
trail substance in the Dufour's gland and a repellent substance, enab-
ling workers to compete for Crey with other ant species, which is
discharged from the poison gland. HOLLDOBLER and WUST (1973)
reported the existence of a sex pheromone produced in the Dufour's
gland and bursa copulatrix of virgin queens, which was absent in
workers and in older, fertilised, females. RITTER et al. (1973)
homogenized large numbers of workers in dichloromethane and analysed
the samples by GC. Using other analytical techniques, these authors
identified a substance capable of inducing trail following in
workers as 5-methyl-3~butyl-octahydroindolizine. The structure

of this material was subsequently re—examined and found to be
3-methyl-5-butyl octahydroindolizine and the compound was called
monomorine I (RITTER et al., 1975). In addition, RITTER et al. (1975)
reported the structure of several other chemicals identified in
workers and queens of M. phartonis and the chemical names and

source of these compounds are given in Table 9. The chemical

structures of five of the six monomorines identified by Ritter and
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co-workers are given in Figure 15, It was originally thought that
monomorine I and two of the pyrrolidine compounds, (monomorine II
and III) were the major active components of the trail pheromone
(RITTER et al., 1973; 1975). Subsequently however, a further
compound was discovered in the Dufour's gland of workers (RITTER et
al., 1977) which was much more active than the monomorines as a
trail-initiating substance. This material was identified as
3,4,7,11-tetramethyl—-6,10-tridecadienal-1 and given the trivial
name faranal (Table 9). With the discovery and identification of
faranal as the likely trail pheromone, the question arose as to
the function of the other compounds identified by Ritter and his
colleagues. Jones et al. (1982) in a study of the venom chemistry
of several species of Monomorium (excluding pharaonis) found

that several species produced a mixture of asymetrical trans —-2,5-
dialkyl pyrrolidines similar to monomorine V. These authors sug-
gested that these pyrolidines were defence secretions or repellent
substances utilized when these lestobiotic species are stealing
the brood of other ants. It is possible therefore, that the mono-
morines produced by M. pharaonis have a similar function. Further
support for this hypothesis was provided by BLUM, et al. (1980)
who demonstrated that the thief ant, Solenopsis fugax utilizes
2-butyl-5-heptyl pyrrolidine to repel workers of other ant species,
whilst stealing their brood. However, both RITTER et al. (1973)
and EDWARDS and PINNIGER (1978) were able to induce trail following
in M. pharaonis with deposits of all- ¢is monomorine I, so the
possibility that these compounds are an important part of a multi-
component trail pheromone cannot be excluded. Furthermore,

since workers of M. pharaonis exhibit noticeable alarm responses
when disturbed, characterised by raising of the gaster and emission
of volatile material (LEGAKIS, 1980), it is conceivable that one
or more of the alkaloids found in this species might act as alarm
pheromones. 1In addition to the monomorines and faranal, RITTER et
al.(1975) reported the occurrence of an unidentified bicyclic
hydrocarbon (CjgH3p) found only in young winged queens (virgins)
which they called monomorene (Table 9). These authors suggested

that this material might be the sex pheromone previously reported

by HOLLDOBLER and WUST (1973).
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Table 9. Chemical name, source and occurrence of substances previously

isolated and identified in Monomorium pharaonis.

Chemical name Trivial name Source (gland) Occurs in
Dufour's Poison ‘workers, virgin queens, fertile queens
5-butyl-3-methyl monomorine I - + + +
octahydroindolizine
2-butyl-5-pentyl monomorine IIX - + + ' +
pyrrolidine
2-(51-hexenyl), monomorine III - + + +

5-pentyl pyrrolidine

2~(51—hexenyl), monomorine IV +
5-heptyl pyrrolidine

2—(51hexeny1), monomorine V +
5-nonyl pyrrolidine




_99_

Table 9 (continued)

Chemical name Trivial name Source (gland) Occurs in

Dufour's poison workers virgin queens fertile queens

3~hexenyl-—5- monomorine VI +
methyl octahydro
indolizine

- monomorene + + - + -

3,4,7,11-tetra~ faranal + - +
methyl-6,10~-

tridecadienal~-1

4 pata from RITTER et al. (1973, 1975, 1977)



Thus, a considerable amount of information was available on the
identity and source of chemical substances produced by workers and
queens of M. pharaonis. It seemed possible that at least some of
the compounds present in the rinses of queens and workers might
correspond to faranal, monomorene or some of the six monomorines
previously reported in this species. This possibility was therefore

investigated.

4,2,2 Identification of the chemical structure of peaks a and b

from queen rinses

4,2.2.1 Comparison of GC retention times of peaks a and b with

those of pure Samples\ofAmoncmorines I and II1I

Pure samples of monomorine I and monomorine III were injected onto
a lm, 5% OV10l packed column (programme II) as described in the
methods section. The sample of monomorine I (all-gig isomer)

was synthesised and provided by Dr. P. Sonnet (U.S.D.A. Gainesville)
and the sample of monomorine III was a kind gift from Dr. J. Newton
(Rentokil U.K. Ltd). The retention times of these materials were
found to be the same as those of peaks a and b of the queen rinse
respectively (Table 10) suggesting that these materials could well

be identical.

Table 10 Retention times? of pure samples of monomorines I and

I1T compared with peaks a and b from queen rinses

Compound retention time (min)?@
monomorine I 5.2
monomorine III 11.5
peak a 5.2
peak b 11.5

4 Im 5% OV10l programme II
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4,2.2,11 Mass spectrometry of peaks a and b from queen rinses

The fragmentation patterns of dialkyl indolizines and pyrrolidines
subjected to mass spectrometric analysis are, fortunately, character-—
istic. This is because such molecules preferentially cleave at the
alpha—carbon bonds. Thus, these compounds tend to fragment in the
manner illustrated in Figure 14 whereby the alkyl chains are cleaved
from the ring. The result of this preferred fragmentation is that
mass spectra from such molecules show strong signals (mz) for

ions corresponding to the molecular ion minus Rl and molecular ion
minus R2 (Figure 14). Thus for monomorine I, RITTER et al. (1973)
reported strong signals at M/z = 180 and M/z = 138 and these

values represent the mass of the indolizine ring plus the methyl
group at carbon 3 and the indolizine ring plus the butyl group at
carbon 5 (Figure 15). Given this characteristic fragmentation
pattern, the structure of such compounds can be predicted with

reasonable confidence.

Samples of rinses from fertile queens were subjected to combined
GC/mass spectrometry. Initially these analyses were kindly per-
formed by the late Dr. J.B. Siddall and Dr. G. Jamieson (Zoecon
Corp. U.S.A.). Subsequently GC/mass spectrometry data was gener-
ously provided by Mr D. Lee and Mr J. Wilkins (MAFF Harpenden).
Data obtained from these analyes are presented in Figures 16 to

21. Considering Figures 16 and 17, i.e. the mass spectra of peaks
a and b from the queen rinse, the data is consistent with the
structures of monomorine I and monomorine III respectively. In
the case of peak a (Figure 16) there is a base peak (100% response)
at M/z = 138, a major peak at M/z = 180, the molecular ion at

m/z 195, and a peak at M/z 194 (MT-H) the latter being characteristic
of a nitrogen containing ring (RITTER et al.1973). This spectrum
is entirely in accord with that obtained by RITTER et al. (1973)
for monomorine I and, together with the chromatographic data,
strongly suggests that peak a of the queen rinse is monomorine I
(3~methy-5-butyl octahydroindolizine). The mass spectrum of

peak b (Figure 17) shows two intense ions at m/z = 152 and m/z =

140 together with smaller signals at m/z = 223 (mass ion) and 222

(M+-H).
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Figure 14, Typical fragmentation patterns of dialkyl
indolizines (left) and pyrrolidines (right)

subjected to mass-—spectrometry.

Figure 15. Chemical structures of monomorines (I to V)

previously identified in M.pharaonis.
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These data are consistent with the expected fragmentation pattern
of monomorine III and, together with the chromatographic evidence,
indicate that peak b of the queen rinse is monomorine III (2-(5'-~

hexenyl) 5-pentyl pyrrolidine.

4,2.3 Tentative identification of peaks al and ¢ from queen

rinses by GC/mass spectrometry

Mass spectra obtained for peaks al and ¢ of the queen rinse are
presented in figures 18 and 19 respectively. The data for peak al
(Figure 18) show strong signals at M/z = 126 and ®m/z = 140, with
small signals at ®/z = 197 (mass ion) and @/z = 196 (M*-H). This
suggests that compound al is monomorine II (2-butyl-5-pentyl pyr-
rolidine). The mass spectrum obtained for peak e of the queen
rinse (Figure 19) shows two strong signals at M/z = 152 and ®/z =
168, with an indication of a molecular ion ®/z = 251. These data
indicate that peak ¢ is monomorine IV (2-(5'-hexenyl),5-heptyl
pyrrolidine. Unfortunately, synthetic samples of these compounds
were not available so no comparative studies (eg. retention times

etc.) were possible.

4.2.4 Possible structures of peak cl from the worker rinse

and peak a2 from the queen rinse

Peak cl was found only in workers and was not detected in rinses of
virgin or fertile queens. Because it was felt that this material
was unlikely, to play a major role in caste regulation (being
absent in queens) only limited efforts were made to identify its
chemical structure. No mass spectrometry was performed on this
material. However, by comparison of the retention time on gas
chromatographic analysis with that of a sample of faranal (kindly
provided by Prof. R. Baker, Southampton University) some indication

was obtained that the two compounds could well be identical.

Peak a2 from the fertile queen-rinses was also present in rinses

of workers and virgin queens. Again, it was felt that this com-

pound was probably not involved in the regulation of sexual produc-
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Figure 16. Mass spectrum of GC peak a from fertile

queen rinses.

Figure 17, Mass spectrum of GC peak b from fertile

queen rinses,
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Figure 18. Mass spectrum of GC peak al from fertile

queen rinses

Figure 19. Mass spectrum of GC peak ¢ from fertile

queen rinses.
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tion and only limited steps were taken to identify the material,
However, in this instance, a mass spectrum was obtained and the
data suggested a simple hydrocarbon rather than a nitrogen-

containing molecule. The most intense signals were at Mm/z = 205
and M/z 220 (molecular ion?) and the only inference that can be
drawn from this spectrum is that the material probably does not

belong to the indolizine or pyrrolidine series.

4,2.5 Identification of the structure of peak d from rinses

of fertile queens

From the point of view of this study, the most interesting chemical
found in the ant rinses was peak d (Figure 13) which was present in
fertile queens but absent in virgin queens and workers. Thus, this
material was a candidate for the role of 'inhibitory pheromone’
previously postulated. The low resolution, electron impact, mass
spectrum for this peak kindly provided by Dr. J.B. Siddzll (Zoecon
Corp. U.S.A.) is presented in Figure 20. The spectrum does not have
the characteristic fragment ions associated with the nitrogen-—
containing pyrrolidines but rather, suggests that the molecule is
an unsaturated hydrocarbon with the characteristic "tufts' indicat=-
ing losses at intervals of B/z = 14 and 12. The molecular ion
appears to be at M/z = 272 indicating a molecular weight of 272
and there is a strong signal at ®/z - 257 suggesting the facile
loss of a methyl group (Mt-15). Another interesting aspect of the
mass spectrum of peak d is the rather unusual base peak at M/z =
68. This could be due to isoprene units and suggests that the
compound might be a terpenoid. Subsequently, the mass ion at B/z

= 272 was confirmed by chemical ionization mass spectrometry (Dr
J.B. Siddall)., On the basis of the limited data available from the
mass spectra (i.e. the probable absence of nitrogen(s) and the pos-—
sible presence of oxygen(s)) 6 possible empirical formulae were
tentatively proposed - Cpg H3p, Cj9 HogO, C3g Hos09, Cy7 H3zg Oo,
Cig H2g Np and Cy17 H24 N20., Subsequently, a pure sample (600 pg)
of peak d was obtained from an ether rinse of 1500 fertile queens

by preparative gas chromatography (see methods). This material was
subjected to high-resolution mass spectroscopy at the Physico

Chemical Measurements Unit, Harwell. The spectrum (Figure 21) was
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