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ABSTRACT

The chemical composition of the mandibular gland extracts of Apis mellifera capensis virgin
gueens was analysed by gas chromatography-mass spectroscopy. Thirty-seven compounds
from various chemical groups including aliphatic and aromatic acids and diacids, phenols,
alkanes, amino acids and sugars were identified. Among the identified compounds were the
gueen mandibular pheromone components 90ODA, 9HDA, HVA and HOB and the other
aliphatic acids and phenols considered to be the major components of A.m. capensis
mandibular glands.

Ontogenetic changes in the concentration of the mandibular gland secretions of virgin queens
were largely quantitative in nature with the total volume and that of most of the compounds
increasing with queen age. The final level of 90ODA is reached at the premating stage,
approximately three days after emergence, when it comprises approximately 87% of the major
constituents of the mandibular gland signal. Hostile reactions by workers towards introduced
virgin queens can be correlated to the relative proportion of 9ODA present in the mandibular
gland secretions. This seems to indicate that it is the complete spectrum of the signal and not

individual compounds that determine worker reaction towards introduced queens.

Keeping queens singly, with or without workers, in an incubator and in small mating nucleus
hives proved to be the most successful methods of queen rearing in respect to survival rate in
A.m. capensis. The presence of workers during the ageing of virgin queens was found to
significantly affect the chemical composition of the mandibular gland secretions of queens.
The reaction of workers towards introduced virgin queens reared under different holding
conditions varied, with queens reared with workers eliciting significantly less hostile reactions

from workers than those reared without workers.

Mated queens from five localities in the Eastern Cape were characterised on the basis of the
chemical composition of their mandibular gland secretions and the ratio of 9ODA:10HDA. No
significant differences were detected and none of the queens sampled could be considered to

be A.m. capensis based on their mandibular gland signal.

The findings of this study provide baseline data for the development of a queen-rearing

program tailored to the specific requirements of A.m. capensis.
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CHAPTER ONE

GENERAL INTRODUCTION
CHEMICAL COMMUNICATION, THE CAPE HONEYBEE
Apis mellifera capensis AND QUEEN PRODUCTION

Chemical communication by pheromones, defined by Free (1987) as chemicals produced in
exocrine glands that elicit behavioural and/or physiological responses in individuals of the
same species thereby acting as a chemical message, is a much studied aspect of social insect
biology (c.f. Free 1987; Van der Meer et al 1998). It is the well developed exocrine systems of
social insects that distinguishes them from solitary insects. Many specialised exocrine glands
capable of producing pheromones have been identified in social insects, including the
mandibular, tergal, venom and pretarsal glands of honeybees (Wilson 1965; Billen and
Morgan 1998; Hefetz 1998). The exocrine secretions produced by these glands are often
characterised by complex mixtures of natural products with diverse functions, including
reproductive control, colony defence and control of age polyethism (Blum and Brand 1972;
Pain 1973; Howard and Blomquist 1982; Blum 1987; Robinson and Huang 1998).

PHEROMONES AND PHEROMONAL SOURCES OF HONEYBEES

Mandibular Gland Secretions

Considered to be the major source of pheromone control in honeybees, the mandibular glands
and their secretions have been the focus of much research. The structure (Lensky et al 1985b;
Vallet et al 1991; De Hazan et al 1989b), chemical profiles (Crewe and Velthuis 1980; Crewe
1982, 1988; Allsopp 1988; Crewe et al 1990a,b; Engels et al 1997b) and behavioural and
physiological effects (Hemmling et al 1979; Saiovici 1983; Velthuis 1985, 1990; Slessor et al
1988, 1990; Winston et al 1989, 1991; Velthuis et al 1990) of the mandibular gland secretions

have been investigated for all three castes and in many of the honeybee races.

Queen mandibular gland secretions have been shown to function as both releaser and primer
pheromones (Pankiw et al 1996; Winston and Slessor 1998). According to Winston and

Slessor (1998) releaser pheromones elicit specific behaviours such as alarm, orientation and
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mate attraction while primer pheromones exercise a more fundamental level of control by
influencing worker physiology, thereby mediating colony reproduction and influencing aspects
of colony organisation, caste structure and division of labour. The releaser pheromone
functions of queen mandibular secretions include: the attraction of workers to form a retinue
around the queen (Slessor et al 1988; Kaminski et al 1990); attraction of workers to swarms
and swarm cohesion (Morse 1963; Butler et al 1964; Butler and Simpson 1967; Winston et al
1989); attracting drones to virgin queens by acting as an aphrodisiac (Butler 1967; Butler et al
1967; Loper et al 1996); and, stimulating foraging by workers (Jaycox 1970; Free et al 1985;
Higo et al 1992). The diverse actions of queen mandibular gland secretions as a primer
pheromone include: inhibiting queen rearing (Butler and Callow 1968; Doolittle et al 1970;
Melathopoulos et al 1996; Winston et al 1991); functioning in association with other
pheromones to suppress ovary development and egg-laying in workers (Plettner et al 1993);
inhibiting juvenile hormone biosynthesis in workers (Hilderbrandt and Kaatz 1990; Kaatz et al
1992); delaying the onset of swarming (Winston et al 1991); and, delaying the foraging age of
workers (Pankiw et al 1996; Winston and Slessor 1998).

Tergal Gland Secretions

Renner/Baumann or tergal glands, located on tergites 11-VI, work in conjunction, perhaps
synergistically, with the mandibular glands in inhibiting ovarial development in workers,
eliciting retinue behaviour and in the maintenance of colony cohesion (Velthuis 1970; Free
1987; Billen et al 1986). While mandibular gland secretions are attractive to workers from a
distance, tergal gland secretions are detected by workers only upon contact (Velthuis 1970;
Vierling and Renner 1977; Billen et al 1986). In addition tergal gland secretions function as an
aphrodisiac to mounting drones (Butler 1971; Vierling and Renner 1977) and could be a
possible source of kin recognition labels (Moritz and Crewe 1988b). Espelie et al (1990)
identified decyl decanoate and decanoic acid esters with longer chain-lengths as the major
components of tergal gland secretions. Wossler and Crewe (1999) determined that the tergal
gland secretions of the southern African honeybees, A.m. capensis and A.m. scutellata, are
composed of long-chain fatty acids, long-chain esters and a linear series of unsaturated

hydrocarbons with (Z)-9-octadecenoic acid identified as the major compound in the secretion.

Footprint Pheromone

The tarsal glands, or Arnhart glands, located on the fifth tarsomere of honeybee legs secrete
an oily exudate which is deposited by the footpads on comb surface (Chauvin 1962; JusSka
1978; Lensky et al 1985a; Lensky and Cassier 1992). Lensky and Slabezki (1981)
demonstrated that the footprint pheromone in association with mandibular gland excretions
functions in the inhibition of queen cell construction. Chemical secretions by the tarsal glands
are not restricted to honeybees having been identified in several hymenopteran species

including bumblebees and wasps (Pouvreau 1991).
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Queen Fecal Pheromones

During hostile confrontations with workers virgin queens release a pheromone in their feces
which repels workers and releases autogrooming behaviour (Post et al 1987; Blum and Fales
1988). Page et al (1988) identified o-aminoacetophenone as the compound responsible for
terminating antagonistic reactions of workers towards queens. Although the complete function
of the complex mixture of constituents in the fecal exudate of queens remains to be
established, Breed et al (1992) suggests that it may also be used by workers to discriminate

among queens and by queens to scent-mark their colonies.

Queen Koschevnikov Gland Pheromone

Queen sting glands or Koschevnikov glands probably function in eliciting aggressive and
balling behaviour by workers and in mutual queen recognition (Blum et al 1983; Lensky et al
1991). It is likely that the queen Koschevnikov gland pheromone acts synergistically with other
pheromones such as those produced in the mandibular and tergal glands (Lensky et al 1991;
Pettis et al 1998).

Alarm Pheromones

With the exception of 2-heptanone, produced in the mandibular glands, alarm pheromones are
produced in the sting gparatus and because of their importance in colony defence are
particularly well studied pheromonal secretions (Boch and Shearer 1967; Blum 1969; Crewe
1976; Lensky and Cassier 1995; Schmidt 1998). The release of alarm pheromones by a
worker during a hostile encounter with an intruder evokes an alarm response amongst
nestmates, attracting them to the intruder (Free 1960, 1987; Cassier et al 1994). Production of
alarm pheromones and response thresholds display ontogenetic changes and are at a
maximum at the age at which workers perform guarding and defence tasks (Boch and Shearer
1971; Crewe and Hastings 1976; Collins 1980; Whiffler et al 1988; Paxton et al 1994).

Nasonov Gland Pheromones

The nasonov gland pheromone, an abdominal gland secretion produced exclusively by worker
honeybees, acts as a long-range pheromonal cue that functions in co-ordinating swarm
behaviour (Morse and Boch 1971; Mautz et al 1972; Boch and Morse 1974; Avitabile et al
1975; Schmidt et al 1993). In addition the nasonov pheromone is used to provide orientation
cues, attracting nestmates to water or rich food sources and in guiding workers to the hive
entrance (Williams et al 1982; Melksham et al 1988). Nasonov glands secrete volatile
terpenoids and protein compounds, the later functioning to enhance the attractiveness of the
volatile fraction (Pickett et al 1980; Pickett et al 1981; Cassier and Lensky 1994). The
attractiveness of synthetic nasonov mixture is enhanced by the presence of worker footprint
pheromone (Williams et al 1981), further highlighting the synergistic relationship of honeybee

pheromones.
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Brood Pheromones

The ability of workers to identify brood and determine its sex, caste and developmental stage
is essential for ensuring the necessary feeding and care of the larvae (Free and Winder 1983).
Le Conte and collegues (1990, 1994, 1994/1995, 1995) identified a brood pheromone
comprising ten fatty acids, on larvae cuticle, that provides the chemical signal enabling
workers to identify brood and administer the appropriate care. In addition to the pheromonal
role attributed to these compounds, two of them have been demonstrated to act as
kairomones that enable the parasitic mite, Varroa jacobsoni, to recognise receptive larvae (Le
Conte et al 1989; Trouiller et al 1991).

Variations in Pheromone Production

Pheromone production has been demonstrated to be affected by age (Allsopp 1988; Whiffler
et al 1988; Crewe and Moritz 1989; Slessor et al 1990; Engels et al 1997b), caste (Crewe and
Velthuis 1980; Free and Winder 1983; Crewe et al 1990a,b; Plettner et al 1993, 1997;
Gadagkar 1996, 1997) and race (Crewe 1982; Plettner et al 1997; Wossler and Crewe 1999).
The variation in pheromone production exhibited by the different races of honeybees provides
researchers with an additional probe for distinguishing the different races of Apis mellifera.
This is of particular importance to South African beekeeping because of the consequences of
the interactions and subsequent hybridisation between the two southern African races of
honeybees, Apis mellifera capensis and Apis mellifera scutellata. Variations in the production
of worker sting pheromones have been used to determine the distribution of A.m. capensis
and A.m. scutellata as well as the extent of the hybrid zone (Hepburn et al 1994, 1998). Crewe
(1984, 1988) found significant differences in the mandibular gland secretions of the two races

of southern African honeybees.

THE CAPE HONEYBEE, Apis mellifera capensis AND THE “CAPENSIS INVASION”

The Cape honeybee, A.m. capensis, is a small, elatively docile, black bee which naturally
occurs in the fynbos biome along the south-west and south coast of South Africa (Hepburn
and Crewe 1990, 1991; Hepburn and Jacot-Guillarmod 1991). A.m. capensis is unique in a
number of well documented characteristics which distinguishes it from the other races of Apis
mellifera (c.f. Hepburn and Guye 1991). A.m. capensis workers have the ability to lay diploid
eggs by parthenogenesis and consequently produce female offspring (Onions 1912, 1914;
Lundie 1954; Hepburn and Crewe 1990; Hepburn et al 1991; Allsopp and Crewe 1993;
Hepburn 1994). In addition A.m. capensis workers produce a pheromonal bouquet in the
absence of a queen which resembles a queen-ike signal, the result of which is that A.m.
capensis workers placed in the company of other races develop chemically and assume a
“false-queen” or pseudo-queen” status (Hemmling et al 1979; Hepburn 1992; Allsopp and
Crewe 1993). It is these unique characteristics which are responsible for the usurpation of

A.m. scutellata colonies by A.m. capensis workers and accounts for the invasive
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characteristics of A.m. capensis introduced into areas traditionally considered the domain of
A.m. scutellata (Cooke 1992; Allsopp and Crewe 1993; Hepburn and Allsopp 1994).

Traditionally A.m. capensis is essentially a coastal race of the fynbos with the greater part of
South Africa constituting the domain of A.m. scutellata (Hepburn and Crewe 1990). The two
races hybridise along a relatively stable fragmented and elongated zone roughly between two
ranges of mountains which define the boundaries of the two races (Allsopp and Crewe 1993;
Hepburn et al 1994, 1998). A.m. capensis appears to be specifically adapted to the physical
and biological peculiarities of the fynbos biome in which it raturally occurs (Hepburn and
Jacot-Guillarmod 1991) and seems to enjoy climatic, metabolic and reproductive advantages
over A.m. scutellata throughout the hybrid zone (Hepburn et al 1993). It is thought that the
presumed superior colony reproduction and performance of A.m. scutellata prevents any
significant intrusion of A.m. capensis on its boundary by sheer force of numbers (Allsopp and
Crewe 1993). The current situation of the ‘capensis invasion” is partially due to the action of
beekeepers and possibly also to invasive characteristics of A.m. capensis. It is therefore likely
that the problem will only be alleviated through decisive action on the part of South African
beekeepers. Management programmes developed specifically for the two races of southern
African honeybees based on an understanding of their biology and that of their hybrids is

essential if the current situation is to be managed effectively.

QUEEN PRODUCTION

The production of queens is an integral component of any beekeeping management
programme. The development of successful queen production programmes relies on an
understanding of natural queen production and baseline data of the race for which the
programme is being developed. Queen rearing in honeybee colonies occurs naturally upon
loss of the queen or for colony reproduction by swarming or supersedure. Reproductive
swarming is the principal means of colony reproduction and involves one or more queens
being reared from eggs laid by the queen in specially constructed queen cells (Allen 1965). In
European honeybees the old queen then leaves the nest with a swarm, leaving one of the new
queens to head the mother colony (Free 1987). Supersedure involves the rearing of a new
queen in the presence of the old queen and the subsequent replacement of the queen and
generally involves no new colony formation (Winston 1987). In the Cape honeybee, Apis
mellifera capensis, colony reproduction occurs by swarming and is correlated with an influx of
pollen and increased brood production, while queen replacement is by supersedure correlated

to declining pollen availability and decreased brood production (Allsopp and Hepburn 1997).

The desire to replace old failing queens with young queens selectively bred to enhance
desirable characteristics has led to queen rearing comprising an integral part of commercial

beekeeping (Morse 1979). Consequently many methods of queen rearing have been
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suggested all with the objective of rearing and introducing young vigorous queens from
healthy, productive stock for the purpose of increasing the average production of honey per
colony and improving the pollination potential and efficiency of colonies (McGregor 1992).
According to Anderson (1983) systematic replacement of queens together with good
management enables beekeepers to double their honey production. Queen rearing has
developed into a specialised industry in many countries, with beekeepers and researchers
obtaining their queens from commercial sources. Advances in queen rearing techniques have
enabled researchers to acquire large numbers of queens of known heritage and age which
have been reared and maintained under controlled conditions. This has proved particularly
useful in ontogenetic studies and has led to a greater understanding of queen development
(Engels et al 1997b).

The unique biology of A.m. capensis makes queen rearing with this race difficult and has
resulted in the development of specialised queen-breeding techniques (Cooke 1986). A.m.
capensis queens can be successfully raised only in queenright colonies thus precluding the
use of traditional methods of queen rearing in which queenless colonies are used for rearing
queens (Morse 1979; Anderson et al 1983; McGregor 1992). A South African beekeeper, who
rears A.m. capensis queens, advocates the rearing of queens singly in cages in an incubator
and determined that they could remain caged for up to a week without any risk of jeopardising
their chances of becoming good layers (Cooke 1986). The introduction of artificial
insemination (Al) in queen production has further complicated the process of queen rearing.
Buys (1988) recommends that for the best Al results with A.m. capensis, queens be
maintained without workers before and after Al which should be done when the queens are 4

5 days old.

SCOPE AND AIMS

Chemical communication is an integral component of social insect societies with the
secretions of the mandibular glands providing particularly important signals for queen-drone
(Gary 1962; Loper et al 1996) and queen-worker interactions (Moritz and Crewe 1988a;
Slessor et al 1988; Kaminski et al 1990; Pettis et al 1998). Changes in the composition of
mandibular gland secretions affect the behaviour of worker bees towards queens (Engels et al
1997b). The success of any queen production technique relies on queen acceptance by the
workers (Cooke 1986). Consequently the chemical composition of the mandibular gland
secretions of introduced queens contributes to their acceptance by workers thus determining
the success of queen introduction. It is therefore likely that an understanding of the changes
which occur in mandibular gland secretions and the consequent reactions of workers to
queens will assist in the development of a queen production programme that ensures optimal

qgueen acceptance by workers.
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The quantity and quality of the mandibular gland secretions of honeybee queens when
sampled are a complex function of social conditions, environmental factors and the rate of
production in the gland (Free 1987; Crewe and Moritz 1989). In the existing literature, there
has been little or no distinction made as regards the specific conditions pertaining to virgin
gueen honeybee mandibular gland signals. Insufficient attention has been paid to the age of
the queens sampled, or the holding conditions of sampled queens prior to GC analysis, thus

comparisons of findings from different studies are not possible.

The aim of this study was twofold. Firstly it aimed to determine the chemical composition of
the mandibular gland secretions of Apis mellifera capensis queens. Secondly, this study
investigated the impact of the age of honeybee virgin queens, and their immediate holding
conditions prior to sampling on the nature of the chemical signal recovered. The implications
of these findings on queen production and the further development of beekeeping in South

Africa with Apis mellifera capensis will be considered.



CHAPTER TWO

IDENTIFICATION OF THE COMPOUNDS FOUND IN MANDIBULAR GLAND
EXTRACTS OF THE CAPE HONEYBEE QUEEN,

Apis mellifera capensis

SUMMARY

The mandibular gland secretions of Apis mellifera capensis virgin queens were analysed by
gas chromatography-mass spectroscopy. The chemical identity of 37 compounds belonging to
various chemical groups, including aliphatic and aromatic acids and diacids, phenols, alkanes,
amino acids and sugars, was confirmed. Among the identified compounds were the 10-carbon
fatty acids, functionalised at the last (w) and penultimate (w-1) positions, which are
characteristic of honeybee mandibular secretions and which have important functions in the
colony in respect of caste discrimination. These included 90DA and 9HDA the major
constituents of the queen mandibular pheromone (QMP). Also present were the other two
components of the QMP, HVA and HOB, as well as the other aliphatic acids and phenols

considered to be the major components of the mandibular gland secretions of A.m. capensis.

INTRODUCTION

The chemical nature of the compounds produced in the mandibular glands of honeybee
gueens has been the subject of much investigation since it was determined that the contents
of these glands were capable of inhibiting queen production in queenless workers (Butler and
Simpson 1958). This extract, first referred to as “queen substance” by Butler (1954) has been
found to encompass a complex blend of chemicals, for which the function of many of the

compounds identified still elude us.

The first studies involved the extraction and concentration of “queen substance” which
resulted in the production of a crystalline material of high activity. Analyses indicated that the
crystalline material was an ab-unsaturated carboxylic acid, with an unconjugated carboxylic
group and a molecular weight of approximately 190 (Butler et al 1959). This acid was thought

to be closely related to 10-hydroxy-2-decenoic acid (LO0HDA) previously identified in secretions
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of worker mandibular glands (Barker et al 1959b; Callow et al 1959) and in royal jelly along
with another 10-hydroxy acid, 10-hydroxydecanoic acid (10HDAA; Barker et al 1959a; Weaver
and Law 1960).

(E)-9-ketodec-2-enoic acid (90ODA), the major chemical compound of the queen’s mandibular
gland, was the first compound identified from mandibular gland extracts (Barbier and Lederer
1960; Callow and Johnston 1960), its identity being confirmed by synthesis (Butler et al 1961).

Brown and Felauer (1961) detected trace amounts of 9ODA in royal jelly.

Phenols considered important components of the mandibular gland extracts of queens and
workers (Crewe and Velthuis 1980; Crewe and Moritz 1989) were first identified in queen
extracts by Pain and her co-workers (1962). G-Cyo aliphatic diacids were also detected in

honeybees and their secretions by these authors.

An additional 13 components were identified by Callow et al (1964) from extracts of crushed
gueen heads. They include methyl Soxodecanoate, methyl 9oxodec-2-enoate, methyl 9
hydroxydecanoate, methyl 9-hydroxydec-2-enoate, methyl p-hydroxybenzoate, nonoic acid,
decanoic acid, 2decenoic acid, 3oxodecanoic acid, Shydroxydecanoic acid, 9hydroxy-2-
decenoic acid, 10-hydroxy-2-decenoic acid and p-methoxybenzoic acid. Among the identified
compounds were a number of Cyg aliphatic compounds, the prominence of which suggested a
special significance in the biochemistry of honeybees (Callow et al 1964). Eighteen other

substances were indicated but not identified.

Following the identification of this array d chemical compounds workers concentrated on
establishing the biological function of these compounds. 90DA was found to prevent queen
rearing and worker ovarial development (Butler et al 1961). It functions as a sex attractant of
the queen (Gary 1962) and as an aphrodisiac (Butler 1967). 9-Hydroxydecanoic acid (9HDAA)
enables workers to find the queen when swarming (Butler and Simpson 1967) while 9-
hydroxydec-2-enoic acid (9HDA) was found to be responsible for stabilising swarm clusters
(Butler et al 1964).

The availability of 19 analogues and homologues of 90DA enabled Blum et al (1971) to
critically analyse the effect on attractancy of all major modifications of the functionality of the
honeybee sex attractant. They found that 90ODA is the only one of the 20 compounds that
possesses detectable activity. The relative rigidity of this compound supports the presence of
a complementary olfactory receptor on the antennae of drone antennae (Kaissling and Renner
1968; Adler et al 1973).

The improvement of specialised analytical techniques (Tumlinson and Heath 1976; Blomquist

et al 1980; Howard et al 1980; Pomonis et al 1980; Tumlinson 1988; Bagnéres and Morgan
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1990) and gas chromatographic accessories (Crewe 1988) ensured advances in the
determination of the chemical nature of the mandibular gland secretions. The introduction of a
new derivatization technique (Crewe and Velthuis 1980) which allowed for the rapid analysis
of a single mandibular gland did much to advance the chemical analysis of the extracts of
these glands. This has assisted in increasing our understanding of the roles of these

compounds in mediating insect behaviour (Crewe 1988).

Later studies identified additional compounds in mandibular glands and queens heads.
Hexenoic acid, octanoic acid and E)-oct-2-enoic acid were identified by Boch et al (1979).
The percentage compositions of odd—numbered hydrocarbons, of chain lengths C23 — C35,

were identified in African races of honeybees (Sellers et al 1987).

The compounds considered to be the major components of the mandibular gland secretions of
southern African honeybees include 90DA, the 9 and 10-hydroxy acids (9HDAA, 9HDA,
10HDAA, 10HDA), 2-methoxy-4-hydroxy phenylethanol, 7- and 8-hydroxyoctanoic acid (7THOA
and 8HOA) and methyl p-hydroxybenzoate (HOB; Crewe and Velthuis 1980; Crewe
1982,1988; Crewe et al 1990a,b).

Engels and his co-workers (1997b) investigated the complete spectrum of mandibular gland
volatiles of A.m. carnica. They identified more than 100 compounds, many of which had not
previously been described as constituents of mandibular gland secretions of queen
honeybees. Similarly, comprehensive lists of the compounds identified in the prominent
exocrine glands, including mandibular glands, of Bombus terrestris have been compiled
(Hefetz et al 1996).

The objective of this study was to investigate the volatiles in the mandibular gland secretions
of the Cape honeybee, Apis mellifera capensis and to produce a composite “map” of the

chemical compounds of the mandibular gland secretions of Cape honeybees.

MATERIALS AND METHODS

Sample Source and Preparation

Mandibular glands from Apis mellifera capensis virgin queens aged one, three, seven, 14 and
28 days-old reared alone or with 50 workers in an incubator or reared in small nucleus hives
were used to identify the chemical compounds present in the mandibular gland secretions of
such queens. The mandibular glands of mated queens collected from five localities in the

Eastern Cape Province of South Africa were assayed.
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Individual queen samples were prepared by removing the mandibles and their attached
mandibular glands and placing the pair in 100ul dichloromethane for spectroscopy (Merck,
Uvasol). The samples were stored at -5°C until required.

Chemical Analysis

The mandibular gland extracts were prepared and analysed according to methods similar to
those of Crewe and Moritz (1989) described below. The mandibles were removed from the
solvent, which was then evaporated just to dryness under a stream of N,. The sample residue
was redissolved in Syl of the derivitising agent bis-(trimethylsilyl)trifluoroacetamide (BSTFA)
for gas chromatography (Merck) and 25pl of the internal standard solution and allowed to react
at room temperature for at least 10 minutes before being analysed.

Internal standard solutions were made by accurately weighing approximately 1mg of n-
octanoic acid (Sigma) and 1 mg of n-tetradecane (Sigma) on a Sartorius MCI microbalance.
The solution was prepared with 4ml of dichloromethane for spectroscopy. The resultant

solution of known composition had a tetradecane concentration of approximately 0.250ug/ul.

Relative mass ratios (RMR) were calculated using a standard solution consisting of accurately
weighed amounts (+ 1mg) of the following compounds: octanoic acid, tetradecane, methyl 4-
hydroxybenzoic acid, 4-hydroxybenzoic acid, dodecanoic acid, (E)-9-ketodec-2-enoic acid, 2-
(3-methoxy-4-hydroxyphenyl)ethanol, 10-hydroxydecanoic acid, palmitoleic acid and cis-9-
octodecenoic acid (oleic acid) in a 4ml solution of dichloromethane. Relative mass ratios
(RMR) for each of the compounds were calculated relative to tetradecane. The resultant
RMRs were used to calculate the mass of each of the compounds in the queen extracts. For
those compounds for which standards were not available the RMR of a compound of similar

structure was used to estimate the amounts of these compounds present in the sample.

Relative mass ratios and the mass of individual compounds were calculated using the
following formulae:

Area (std 1) / Area (tetradecane)
RMR =

Mass (std 1) / Mass (tetradecane)

Area (cmp 1) / Area (tetradecane) x Mass (tetradecane)

Mass (cmp 1) =
RMR

Analysis of samples was accomplished using a Hewlett-Packard 5890 gas chromatograph
(GC) and the compounds identified using a Finnigan GCQ mass spectrometer interfaced with
Finnigan MAT gas chromatograph (GC-MS). The GC and GC-MS were equipped with a HP
Ultra 125m x 0.32mm x 0.52um film thickness methyl silicone coated fused silica capillary

column.
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Hydrogen was used as a carrier gas for the GC which was programmed as follows: 60 °C for
one minute, then 50 °C/minute to 100 °C and then programmed at 3 °C/minute from 100 °C to
220 °C and held at this temperature for 10 minutes. The inlet temperature was 230 °C while
the detector temperature was 280 °C. For each sample, chromatograms were recorded and
peak areas quantified with a HP3396 Series Il Integrator. Compound peaks were identified
using their retention times relative to the two internal standards. Identification of compounds
was confirmed using GC-MS. The GC-MS used helium as its carrier gas and was
programmed as follows: 70 °C for one minute, then programmed at 40 °C/minute to 120 °C,
followed by a 3 °C/minute program from 120 °C to 220 °C and then held at the final

temperature for 10 minutes.

RESULTS

Gas chromatographic and mass spectroscopic analyses of the mandibular glands of Apis
mellifera capensis queens reveal an abundance of compounds (Figure 2.1). The chemical
identification of 37 compounds was confirmed in this analysis. According to their chemical
structures the identified compounds may be grouped into several chemical classes including

aliphatic and aromatic acids and diacids, phenols, alkanes, amino acids, sugars and indole.

The identification of 18 aliphatic acids was confirmed (Table 2.1) from the extracts of
mandibular glands of Apis mellifera capensis queens. This group of chemicals include (E)-9-
ketodec-2-enoic acid (90DA) and 9-hydroxydec-2-enoic acid (9HDA), two of the compounds
which constitute the queen mandibular gland pheromone (QMP; Winston and Slessor 1998).
In addition, the fatty acids normally associated with queen mandibular gland secretions
(Crewe 1988) and those considered to be the major compounds identified in the head extracts
of A.m. capensis workers (Crewe et al 1990a) are included in this group of compounds.

Included in the group are the C;5 and C;g saturated and unsaturated fatty acids.

The phenols identified (Table 2.2) are considered to be major compounds of the mandibular
gland secretions (Crewe and Moritz 1989). Methyl p-hydroxybenzoate (HOB) and 4-hydroxy-3-
methoxyphenylethanol (HVA) are the other compounds which constitute the QMP (Winston
and Slessor 1998).

Quantities of aliphatic diacids (Table 2.3), straight chain hydrocarbons (Table 2.4) and
aromatic acids and diacids (Table 2.5) were detected in the mandibular gland extracts of the

qgueens analysed.

In addition, a variety of miscellaneous complex molecules were identified from mandibular
gland extracts of A.m. capensis queens (Table 2.6). These included amino acids, sugars and

the heterocyclic amine indole.
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Figure 2.1: Representative mandibular gland extract of an Apis mellifera capensis virgin queen: (1) Z-Hexanoic acid, (2) Indole, (A)

Internal Standard — Octanoic acid, (3) Propanoic acid, (4) L-Serine, (B) Internal Standard — n-Tetradecane, (5) HOB, (6) L
Proline, (7) 2-Propenoic acid, (8) 7HOA, (9) Eicosane, (10) 4HBA, (11) 8HOA, (12) Glutamic acid, (13) Dodecanoic acid, (14)
90DA,, (15) HVA , (16) 9HDAA, (17) Benzoic acid, (18) 9HDA, (19) 10HDAA, (20) Decanoic acid, (21) Suberic acid,
(22)10HDA, (23) Vanillylpropionic acid, (24) Azelaic acid, (25) Cinnamic acid, (26) D-Glucose, (27) Palmitoleic acid, (28)
Pamitelaidic acid, (29) 10-Undecenoic acid, (30) L-Altrose, (31) Palmitic acid, (32) Heneicosane, (33) Undecandioic acid, (34)
Oleic acid, (35) Stearic acid, (36) Docosane, (37) Hexacosane.
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Table 2.1: The chemical structures of the aliphatic acids identified from extracts of the mandibular
glands of Apis mellifera capensis queens.

Compound

Chemical Structure

2-Hexenoic acid

Propanoic acid

2-Propenoic acid

7-Hydroxyoctanoic acid (7HOA)

8-Hydroxyoctanoic acid (8HOA)

Dodecanoic acid

(E)-9-ketodec-2-enoic acid (9ODA)

9-Hydroxydecanoic acid (9HDAA)

(E)-9-hydroxydec-2-enoic acid (9HDA)

10-Hydroxydecanoic acid (10HDAA)

Decanoic acid

(E)-10-hydroxydec-2-enoic acid (LOHDA)

Palmitoleic acid (Z-9-hexadecenoic acid)

Palmitelaidic acid (E-9-hexadecenoic acid)

10-Undecenoic acid

Palmitic acid (Hexadecanoic acid)

Oleic acid (9-octadecenoic acid)

Stearic acid (Octadecanoic acid)

A, COOH

™ cooH

~ZCOooH

OH

)\/\/\/COOH

HO U~ COoH

/\/\/\/\/\/COOH

]

/U\/\/WCOOH

OH

)\/\/\/\/COOH

OH

)\/\/\/\/COOH
N

HO\/\/\/\/\/COOH

/\/\/\/\/COOH

HO e e - GO
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Table 2.2: The chemical structures of the phenols identified from extracts of the mandibular glands of
Apis mellifera capensis queens.

15

Compound Chemical Structure

COCH3

Methyl-p-hydroxybenzoate (HOB)

OH
COOH
4-Hydroxybenzoic acid (4HBA)
OH
CH30
4-Hydroxy-3-methoxyphenyl ethanol (HVA) o N

Table 2.3: The chemical structures of the aliphatic diacids identified from extracts of the mandibular
glands of Apis mellifera capensis queens.

Compound Chemical Structure
Suberic acid (Octanedioic acid) HOOC N~
COOH
Azelaic acid HOOC o~ _~_~_ COOH
ioi i VD P N N
Undecandioic acid Hooc COOH

Table 2.4: The chemical structures of the alkanes identified from extracts of the mandibular glands of
Apis mellifera capensis queens.

Compound Chemical Structure

Eicosane P N N S S e
Heneicosane PV VN e e VN N
Docosane P e Ve \Va e

Hexacosane P Ve N\ e s S e e g
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Table 2.5: The chemical structures of the aromatic acids and diacids identified from extracts of the
mandibular glands of Apis mellifera capensis queens.

Compound Chemical Structure
COOH
Benzoic acid
Cinnamic acid @—%cow
CH30

Vanillylpropionic acid HO COOH

Table 2.6: The chemical structures of the amino acids, sugars and indole identified from extracts of the
mandibular glands of Apis mellifera capensis queens.

Compound Chemical Structure

H
N COOCH

L-Proline

L-Serine \)\
HO
*NCOOH
o HooC COOH
Glutamic acid \/\(

D-Glucose

Indole

CH20H
O oH
OH
HO
OH
CH20H
O OoH
L-Altrose Ho,
o)
OH
: :N:
H
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DISCUSSION

The mandibular glands of Apis mellifera capensis queens proved to be an opulent source of a
multitude of volatile compounds. These compounds serve in chemical communication and are

likely to function in other biological activities in honeybee colonies (Hefetz et al 1996).

The 37 compounds listed in Tables 2.1 - 2.6 represent just less than half of the volatiles
present in the mandibular gland extracts of A.m. capensis queens. The other volatiles are
present in varying amounts but the chemical identity of the compounds could not be
confirmed. For this reason, analyses in this study were restricted to those compounds for

which the chemical identity was certain.

Many aliphatic acids and phenols have been isolated and identified from extracts of the
mandibular glands of honeybees of the various Apis species. Although the compounds
present are often the same, the proportion of the various compounds in relation to one another
are gecies- and even race-specific as well as caste-specific. The aliphatic acids 90DA,
9HDA, 10HDA and 10HDAA have been identified from the mandibular gland extracts of
gqueens and workers of the Asian open-nesting species, A. dorsata, A. florea and A.
andreniformis (Butler et al 1967; Shearer et al 1970; Plettner et al 1997). Plettner et al (1997)
found that in addition to the four aliphatic acids the glands of the Asian and European/African
cavity-nesting species, A. cerana and A. mellifera respectively, were characterised by the
presence of the phenols, HOB and HVA. On a subspecies level, differences in the composition
of the chemicals (9ODA, 9HDA, HOB and HVA) constituting the queen mandibular pheromone
(QMP) as defined by Slessor et al (1988, 1990, 1998) have been observed in European and
Africanized queens (Pankiw et al 1996). Variations in some of the compounds identified from
gueen mandibular gland extracts of the southern African races of honeybees, A.m. capensis,
A.m. intermissa and A.m. scutellata, have been detected (Crewe 1982, 1988; Crewe and
Moritz 1989).

Of the aliphatic acids identified from the queens analysed in the present study many have
been previously identified in A.m. capensis queens. 8HOA, 90DA, 9HDA, 10HDAA and
10HDA were initially identified in the mandibular gland secretions of A.m. capensis queens
(Crewe 1982, 1988). More recently 7HOA, decanoic acid, dodecanoic acid, 9HDAA and
10HDA were included in the list of compounds considered to be the major components of the
head extracts of A.m. capensis (Crewe et al 1990a). These authors mentioned the presence of
fatty acids with chain lengths greater than twelve carbons but did not identify specific
compounds. Ci¢ and C;g acids were found to be prominent components of the queens
analysed in this study and are represented by a variety of isomers. The same isomers were
identified in head extracts of A.m. capensis queens (Moritz and Crewe 1991), the mandibular

gland extracts of A.m. carnica queens (Engels et al 1997b), the developmental stages of A.m.
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fasciataand A.m. carnica (Atallah et al 1982) and in the bumblebee Bombus terrestris (Hefetz
et al 1996).

Recent studies investigating the biosynthesis of the hydroxy acids in workers and queens
have identified precursors and by-products of these biosynthetic pathways. Decanoic,
hexadecanoic and octadecanoic acids were identified as precursors (Plettner et al 1995).
Following the incorporation of deuterated potential intermediates and precursors into
mandibular blend components using GC-MS these authors provided evidence that
octadecanoic acid (stearic acid) was converted into 10HDA with higher efficiency than the
other two precursors. Their results suggested that unfunctionalised fatty acids with less than
18 carbons are lengthened to C,g.¢ before functionalization thereby confirming that stearic acid
is the entry point of the biosynthetic pathway (Plettner et al 1996). In queens stearic acid
undergoes hydroxylation at the w-1position, followed by b-oxidation to produce 9HDA,
oxidation of this w-1-hydroxy group produces 9ODA (Plettner et al 1996, 1997). 8HOA is
produced as an end point by-product in the hydroxy acid biosynthetic pathway (Plettner et al
1995).

The three phenols identified in these analyses were identified in head extracts of A.m.
intermissa (Crewe and Moritz 1989) and A.m. carnica (Engels et al 1997b). These results
further suggest that the mandibular gland signals of honeybee queens, and possibly other
hymenopteran species, do not differ in their general chemical composition. It is therefore not
the presence or absence of compounds but rather their concentration and relative proportions

which distinguishes one race of honeybee from another.

Aliphatic diacids, G — C,0, have been previously identified in honeybees (Pain et al 1962).
They identified suberic acid in royal jelly and queen larvae while azelaic acid was identified in

queens.

Insect hydrocarbons have been well researched as they are omnipresent in insect exocrine
secretions. Many semiochemical and behavioural functions have been attributed to
hydrocarbons in a wide variety of insect groups. They comprise a significant portion of the
cuticular lipids which prevent desiccation (Howard and Blomquist 1982; Blomquist et al 1998).
They form components of the sex pheromones of many dipteran species (Blomquist et al
1987), Coleoptera (rove beetle Aleochara curtula - Peschke and Metzler 1986) and
Lepidoptera (geometrid moths - Li et al 1993). In Hymenoptera hydrocarbons are produced in
a variety of glands and serve various biological functions. In the ants undecane is produced in
the Dufour's gland and functions as a sex pheromone (Walter et al 1993). A variety of
hydrocarbons are produced in the postpharyngeal gland (Bagnéres and Morgan 1991). In
bumblebees hydrocarbons produced in the tarsal glands have been attributed to flower

marking (Hefetz et al 1996) while other sites are a source of recognition cues (Oldham et al
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1994). Hefetz and his co-workers (1996) postulate that due to the quantities and variety of
hydrocarbons present in the glandular exudates of Bombus terrestis it is unlikely that they are
simply lining the cuticular intima of the glands but rather serve an as yet unidentified specific
function. In termites cuticular hydrocarbons serve as species- and caste-recognition cues
(Howard et al 1982). In honeybees the same function has been attributed to the hydrocarbons

they produce which allows for subfamily recognition (Arnold et al 1996).

Of the four alkanes identified in these analyses of A.m. capensis mandibular gland extracts the
Cs1, C» and Gg hydrocarbons have been identified in mandibular gland extracts of A.m.
carnica (Engels et al 1997b). Amongst the hydrocarbons identified in mandibular gland
extracts of Bombus terrestris were the four found in this study (Heftz et al 1996). In addition
these authors identified these hydrocarbons in extracts of the other cephalic glands, including
hypopharyngeal glands and labial glands, as well as the tarsal and Dufour’s glands. All
alkanes between C;g — Cz3 hydrocarbons and uneven-numbered alkanes Css — Cy4; are present
in cuticular extracts of newly-emerged A.m. capensis workers (Francis et al 1985). The
hydrocarbons identified in this study were identified in the cuticular lipids of all three honeybee
castes and in hemolymph of workers and drones, queen hemolymph was not analysed
(Francis et al 1989). The presence of straight chain hydrocarbons in a wide variety of
honeybee extracts suggests that those identified in this study and others may not be glandular
in origin but rather cuticular hydrocarbons originating from the cuticle of associated body parts.
In the case of mandibular glands the straight-chain hydrocarbons may be contaminants from

the attached mandibles.

The extracts of A.m. capensis mandibular glands include a group of aromatic compounds
whose function is unknown. Given the importance of the phenols HOB, 4HBA and HVA in the
mandibular gland complex one may speculate that the additional aromatic compounds may
also be of importance in the chemical signal of queen honeybees. Worth considering is the
presence of aromatic acids and their derivatives (including benzoic, cinnamic and vanillic
acids) in propolis resin (Greenway et al 1987; Marcucci 1995). These compounds exhibit
antibacterial and antiviral activity and are reportedly responsible for some of the biological and
pharmacological properties attributed to propolis (Ivanovska et al 1995; Marcucci 1995). The
significance of these compounds is worth investigating in order to determine whether possible
biological significance can be attributed to them. Antibacterial and antifungal activity has been
attributed to 10HDA, hexanoic and octanoic acids identified in worker mandibular glands and

royal jelly (Boch et al 1979).

Amino acids and sugars have been identified as mmponents of honeybee food sources.
Royal jelly, the principal food of queen honeybees produced by the cephalic glandular system
of worker honeybees (Haydak 1970); constituents include amino acids and sugars (Palma

1992; Klaudiny et al 1994). Amino acids and sugars have been identified in honey (Sancho et
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al 1991; Bogdanov et al 1996) and pollen samples (Singh and Singh 1996). Indole, a fused-
ring heterocycle, occurs commonly in natural products, having pronounced biological activity
(McMurry 1988) but its function in honeybees is unknown. It is possible that these
miscellaneous compounds are not products of the mandibular glands of queens but rather

contaminants from other sources, including food.

Despite the significant amount of research that has been wndertaken on the compounds
produced in the mandibular glands of queen honeybees many questions still remain
unanswered. The biological significance of many of the identified compounds which constitute
the complex of the mandibular gland extract of A.m. capensis queens remains to be
established. In addition the identity of other compounds still needs confirmation. Studies using
synthetic QMP indicate that the aliphatic acids 9ODA and 9HDA and the aromatic compounds
HOB and HVA which comprise the QMP are the only pheromonal substances produced in the
mandibular glands of honeybee queens (Winston and Slessor 1998). This has been deduced
because the effect of synthetic QMP and queen mandibular gland extracts on the behaviour of
workers are not significantly different (P < 0.05 - Slessor et al 1988, 1998). Thus, according to
Winston and Slessor (1998) the array of other compounds is unlikely to function as
pheromones although they could have other semiochemical and biological functions. While
some of these compounds may be found to function in the chemical communication of these
organisms, many may as, suggested by Engels et al (1997b) be solvents or biosynthetic

pathway by-products without, semantic significance for the royal message.



CHAPTER THREE

THE INFLUENCE OF AGE ON THE PRODUCTION OF THE CHEMICAL
COMPOUNDS IDENTIFIED IN THE MANDIBULAR GLANDS OF
Apis mellifera capensis VIRGIN QUEENS

SUMMARY

Changes in the patterns of the mandibular gland volatiles of Apis mellifera capensis virgin
queens were followed from emergence until 28-days old. Ontogenetic changes in the
mandibular gland secretions were largely quantitative in nature, with the total volume and that
of most of the compounds increasing with queen age. The mandibular gland extracts are
characterised by the predominance of 90DA three days after emergence. The final level of
90DA content is reached at the premating stage, about three days after emergence, when it

comprises approximately 87% of the major components of the mandibular gland secretion.

INTRODUCTION

Age-related changes in the development of honeybees are well documented. Anatomical,
behavioural, physiological and chemical changes have been observed in all three castes
which constitute a honeybee colony. Changes in the chemical composition of the extracts of
exocrine glands are particularly well documented and occur frequently in conjunction with
other ontogenetic changes. The ultrastructure of the mandibular glands of queens has been
found to develop in conjunction with pheromonal activity during ontogenetic development (De
Hazan et al 1989b). Similar age-related changes in the fine structure and secretory activity of
the mandibular glands of honeybee drones have been demonstrated (Lensky et al 1985b). In
workers these changes are often associated with age polyethism. The changes in the
composition and quantity of the defence pheromones produced by workers in their sting and
mandibular glands are a case in point. Optimal amounts are produced by workers at the time
in their development when they are most likely to serve as guard bees in the colony (Whiffler
et al 1988).
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The attractiveness of queens to workers and drones increases as the queens age and are
mated. Gary (1961) observed that recently eclosed virgin queens attracted few, if any,
workers, while aged virgins (4 weeks or older) are as attractive as laying queens. According to
Gary (1961) chemical mediation rather than other communicative media, such as auditory or
visual, is indicated in the attractieness of queens to workers, with the mandibular gland
secretion being primarily responsible for queen attractiveness. Butler (1960) determined that
the quantities of queen substance obtained from virgin queens increased with age, with little or
none detectable in lday old virgins, increased amounts occurring in 1-week old virgins and
still greater quantities in 3week old virgins. In addition, the amount of queen substance
produced in laying queens is greatest. He attributed the inability of virgin queens to inhibit
queen rearing and difficulties in replacing virgin queens with mated queens to be a
consequence of the small amount of queen substance produced in colonies headed by virgin

queens.

With the identification of 9ODA as the principal queen substance (Barbier and Lederer 1960;
Callow and Johnston 1960) ontogenetic changes in the production of this compound were
determined. Butler and Paton (1962) found that the quantity of 9ODA in queen heads
increased considerably (7.20ug to 132.50ug) as queens aged from 12 days to 510 days.
Increased production in 90DA with age in queens was found not to be restricted to A.

mellifera, with A. dorsata exhibiting similar changes (Shearer et al 1970).

Detailed analyses of the mandibular gland extracts of honeybee queens have revealed that
ontogenetic changes in the chemical composition of these glands are more complex than a
simple increase in quantity. Ontogenetic changes in mandibular gland signals have been
found to differ for the various races of A. mellifera. The secretions of young virgin A.m.
mellifera and A.m. scutellata queens (1 day-old) are dominated by 10HDA giving the signal a
worker-like characteristic (Crewe and Velthuis 1980; Crewe 1982). These authors found that
the relative proportion of 10HDA in the mandibular gland signal decreases, while that of the
gueen mandibular pheromones (QMP), 90DA and 9HDA, increases as the queens age and
become mated. A.m. intermissa 1-day old queen head extracts are dominated by 9HDA with a
significant contribution of 90DA, in 4 day-old queens the contribution of these two dominant

components are reversed with 90DA dominating the signal (Crewe and Moritz 1989).

Of the compounds comprising the QMP complex as defined by Slessor et al (1988) only 9HDA
is present in the extracts of queens of California stock eclosed within the previous 24 hours
(Slessor et al 1990). These authors found that the relative proportion of 9HDA decreased, to
comprise approximately 12% of the complex in older unmated Californian queens, with 90ODA
making up approximately 86% of the QMP complex. Mated queens laying for five weeks have
extracts that comprise approximately 53% 90DA and 39% 9HDA. Small quantities of the

aromatic HOB were detected in the older unmated queens while HVA was only detected in
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mated queens (Slessor et al 1990). The ontogenetic patterns of A.m. carnica resemble those
of Africanized and European queens (Slessor et al 1990; Pankiw et al 1996) with the main
differences being related to the smaller quantities of 9HDA found in A.m. carnica mated
gueens (Engels et al 1997b). In addition Engels et al (1997b) found oleic acid to be the main
component of recently emerged queens and suggested that the persistent levels of this acid in

young queens, which decreases only with egg-laying activity, could label gynes.

Comparisons of the composition of the queen mandibular gland secretions of the southern
African races of honeybees have revealed significant differences. A.m. scutellata virgin queen
mandibular gland secretions contained similar quantities of 90ODA and 9HDA (approximately
39% and 32% respectively) while those of mated queens consist of approximated 65% 90ODA,
14% 9HDA and 8% 10HDA (Crewe 1988). In comparison Crewe (1988) found the mandibular
gland secretion of virgin and mated A.m. capensis queens to be similar in composition with
90DA constituting in excess of 80% and 9HDA approximately 10% of the major compounds of

the signal.

Changing ontogenetic patterns of queen pheromones is not restricted to honeybees having
been recently described for other social bees. Analyses of Dufour’'s gland secretion of the
primitively eusocial halictine bees (Ayasse et al 1990, 1993) and the head extracts of the
highly eusocial stingless bee Scaptotrigona postica (Engels et al 1997a) revealed that
receptive virgin queens have a distinct label. Engels et al (1997b) suggested that a similar
developmental profile of queen pheromones could be expected in honeybees which could
assist in maintaining harmony within colonies during the transient period of the non-

monogynous phase when new queens are reared.

The objective of this study was to investigate the possible occurrence of ontogenetic patterns

in the mandibular gland secretions of the Cape honeybee, Apis mellifera capensis.

MATERIALS AND METHODS

Samples and Sample Preparation

Queens were reared from established Apis mellifera capensis colonies in Stellenbosch, South
Africa (33° 56' S, 18° 52' E). Upon emergence the virgin queens were placed in 40ml bottles in
an incubator at 30-32°C. The queens were supplied with honeywater and water ad libitum.
They were maintained under these conditions until they were used in the behavioural
observations discussed in chapter four and the mandibular glands removed and prepared as

described in chapter two.

Data were obtained from the following: one, three, seven, 14 and 28 day-old virgin queens.
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Chemical Analysis

Chemical analysis of the mandibular gland extracts of the virgin queens was performed using
gas chromatography and gas chromatography — mass spectroscopy as described in chapter
two.

Statistical Analysis

Statistical analyses were performed using the program SigmaStatT'vI Statistical Software for
Windows Version 1.0 (Jandel Scientific). Each compound was tested using either a
parametric or non-parametric test depending upon whether the normality test and equal
variance test were passed. A One Way ANOVA using the Student-Newman-Keuls Test was
the parametric test performed to test whether the difference between the groups (virgin queen
age) was greater than would be expected by chance (P < 0.05). For comparisons which failed
the normality or equal variance test an ANOVA on Ranks using the Kruskal-Wallis test was

performed.
RESULTS

Quantities of the compounds in the mandibular gland extracts of Apis mellifera capensis virgin
gueens generally increased as the age of the queens sampled increased, with significant
differences (P < 0.05) being detected between queens of different ages. The extracts are
characterised by the predominance of 90ODA three days after eclosion (Tables 3.1-3.7).
Significantly increased levels of 90DA, 9HDA and HVA, components of the queen mandibular
pheromone (QMP) complex, were found in virgin queens aged seven and 14 days. At 28 days
the volumes had receded to levels equivalent to those detected in one- and three-day old
virgin queens (Tables 3.1 and 3.2). HOB, the fourth component of the QMP complex was
generally detected in trace amounts and showed no significant difference with queen age
(Table 3.2; P = 0.135). The observed increase in 90DA was found to correspond with an
increase in 8HOA and a decrease in palmitic and stearic acids (Tables 3.1 and 3.3; Figure
3.1).

Oleic acid was found to be the dominant compound in the mandibular gland signals of one-day
old A.m. capensis queens and although present in smaller quantities continued to make a
significant contribution to the signal of older queens (Table 3.3). Several other Gg and Gg

aliphatic acids were present in significant quantities in queens of all ages (Table 3.3).

The aliphatic diacids, alkanes, aromatic acids and diacids and the various other miscellaneous
compounds identified in the extracts of the A.m. capensis queens sampled were present in
relatively small quantities (Tables 3.4-3.7). Ontogenetic changes were observed for some of
these compounds and were consistent with the general age-dependent increase in quantity of

the mandibular gland secretions.
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Of the compounds considered to be the major constituents of mandibular gland signals (Table
3.8) 90DA predominated in the signal of all A.m. capensis queens sampled. 90ODA comprised
approximately 72% of these compounds in one-day old queens, significantly less than the

approximate 87% it comprised in older queens (Table 3.8).



Table 3.1: Amounts (ug; mean ® + SE) of the major aliphatic acids present in Apis mellifera capensis virgin queens of different ages.
Age (days)

Compound 1 3 7 14 28

n=10 n=9 n=10 n=10 n=3
7HOA 0.206 2+ 0.069 0.815°+0.495 0.487 ®+0.080 1.119°+0.168 2.182°+0.976
8HOA 1.20 %+ 0.069 1.74 ®+0.350 2.93%+0.681 8.89°+1.750 1.55 * +0.402
90DA 24.7%+6.95 158.5 %+ 25.81 421.6°+53.58 496.5° +56.63 194.3%+56.63
9HDAA 0.169 °+ 0.093 0.626 *+0.093 1.189°+0.139 1.199°+0.233 0.463 % +0.236
9HDA 3.44%+0.514 19.46 *+5.378 35.22 °+5.900 32.31°+4.513 22.19®+15.891
10HDAA 1.341%+0.330 0.235°+0.071 0.536 ®+0.075 0.472®+0.093 0.490 ® +0.075
10HDA 1.04%+0.221 2.01°+0.844 12.38 "+ 4.540 8.94%+2.508 3.45%+2.083

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.

Abbreviations for the compounds are as follows: 7HOA = 7-Hydroxyoctanoic acid; 8HOA = 8-Hydroxyoctanoic acid; 90DA = (E)-9-ketodec-2-enoic acid;
9HDAA = 9-Hydroxydecanoic acid; 9HDA = (E)-9-Hydroxydec-2-enoic acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = (E)-10-Hydroxydec-2-enoic acid.



Table 3.2: Amounts (ug; mean ® £ SE) of the major phenols present in Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3
HOB 0.08687 + 0.05677 0.00098 + 0.00037 0.00196 + 0.00039 0.00142 + 0.00035 0.00023 + 0.00003
4HBA 0.00307 *+0.00117 0.00169 * + 0.00007 0.01657 ° + 0.00181 0.02390 ™+ 0.01041 0.00778 ™+ 0.00600
HVA 0.4942+0.136 1.383%+0.297 3.339°+0.570 5.575°+2.001 0.708 ® +0.099

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate; 4HBA = 4-Hydroxybenzoic acid; HVA = 4-Hydroxy-3-methoxyphenyl ethanol



Table 3.3: Amounts (ug; mean ® £ SE) of the minor aliphatic acids present in Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3
2-Hexenoic acid 0.379 £0.089 1.026 £ 0.284 0.349 £ 0.050 0.315 £ 0.032 2.006 £0.701
Propanoic acid 0.097 £ 0.030 0.129 £ 0.036 0.099 £0.025 0.087 £0.020 0.110 £ 0.064

2-Propenoic acid
Dodecanoic acid
Decanoic acid
Palmitoleic acid

Palmitelaidic acid

10-Undecenoic acid

Palmitic acid

Oleic acid

Stearic acid

0.00055 + 0.00034
0.329 *£0.046
0.093 *+0.092

0.002 *+ 0.00049
1.684%+0.223

2.950 + 0.612
17.31%+3.212
131.1%+18.35

31.22%+4.13

0.03387 +0.03370
0.104 °+0.031
0.391 ®+0.088

0.622®+0.16174
0.872°+0.134

3.099 + 0.428
11.49 ® + 1.650
70.7°+12.25

17.28°+ 2.59

0.01781 + 0.01759
0.128 *+0.035
0.613°+0.083

1.122°+0.22261
0.877°+0.136
2.765 + 0.406
0.409 " +0.077
81.2°+9.97

21.42°+2.33

0.16365 + 0.13293
0.110°+0.036
0.911°+0.177

1.396 ° + 0.26062
1.011°+0.106

3.396 + 0.392
0.326°+0.044
72.1°+7.34

17.41°+1.24

0.00009 + 0.00009
0.002 °+0.001
0.643 ®+0.200

0.009 ® + 0.00738
0.386 °+0.192

0.935 + 0.562
3.74°+1.891
13.4°+10.93

9.69°+8.97

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was

detected (P > 0.05, Kruskal-Wallis) no letters are included.



Table 3.4: Amounts (ug; mean ® + SE) of the aliphatic diacids present in Apis mellifera capensis virgin queens of different ages.

Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3
Suberic acid 0.864 + 0.109 0.833+0.171 0.853 + 0.204 0.884 +0.419 1.049 +0.789
Azelaic acid 0.002 + 0.00046 0.002 + 0.00039 0.002 + 0.00041 0.195 + 0.15386 0.002 + 0.00086
Undecandioic acid 1.242%+0.613 1.128°+0.718 0.187 ®+0.093 0.835°+0.747 7.215°+1.798

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.



Table 3.5: Amounts (ug; mean ® + SE) of the alkanes present in Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3
Eicosane 0.012%+0.01079 0.159 ® +0.04143 0.467 ° + 0.06666 0.551 " +0.14304 0.002 ® + 0.00021

Heneicosane 2.037%+0.346

Docosane 6.70%+1.143

Hexacosane 0.006 + 0.003

2.091 % +1.650
1.20°+0.154

0.698 +0.416

0.409°+0.077
1.61°+0.198

4951+1.731

0.326 °+0.044 19.258 %+ 7.856

1.63°+0.378 1.24°+0.360

6.821 +2.106 5.164 £ 2.675

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected

(P > 0.05, Kruskal-Wallis) no letters are included.



Table 3.6: Amounts (ug; mean ® £ SE) of the aromatic acids and diacids present in Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3

Aromatic acids

Benzoic acid

Cinnamic acid

Aromatic diacids

Vanillylpropionic acid

0.001 *+0.00035

0.257 £0.113

0.338 +0.074

0.478 ® + 0.14066

0.346 £ 0.097

0.733+£0.273

0.602 ° +0.15074

0.178 +0.073

0.481 +0.323

0.771°+0.09217

0.840 +0.261

1.058 £ 0.745

2.712°+1.12110

1.064 +0.238

0.136 +0.134

&Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected

(P > 0.05, Kruskal-Wallis) no letters are included.



Table 3.7: Amounts (ug; mean ® + SE) of the amino acids, sugars, indole and an unknown compound present in Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3

Amino acids
L-Proline
Glutamic acid

L-Serine

Sugars

D-Glucose

L-Altrose

Indole

0.091 ?+ 0.040
0.051 *+0.019

0.074 £0.033

0.973%* +0.209

0.004 #+0.00166

0.547 £0.077

0.182 ® + 0.050
0.093%+0.014

0.021 +0.017

0.670 ™ +0.228

0.002 #+0.00023

0.510 +0.082

0.567 " +0.143
0.179 °+0.021

0.064 +0.026

0.830 *+0.107

0.002 #+0.00029

0.447 +0.067

0.474°+0.062
0.242°+0.025

0.028 +0.019

1.273%®+0.301

0.323°+0.04521

0.384 +0.029

0.217*®+0.137
0.107 *+0.013

0.001 +0.001

2.742%+0.195

0.136 ® +0.13430

0.878 +0.280

&Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was

detected (P > 0.05, Kruskal-Wallis) no letters are included.



Table 3.8: Percentage (mean = SE) composition of the head extracts of Apis mellifera capensis virgin queens of different ages.
Age (days)
Compound 1 3 7 14 28
n=10 n=9 n=10 n=10 n=3
HOB 0.1723%+0.1230 0.00695 °+ 0.00388 0.00078 °+ 0.00035 0.00027 ° + 0.00007 0.00018 ° + 0.00008
7HOA 0.748 +0.269 0.568 +0.269 0.147 +0.050 0.205 +0.019 1.883+1.213
4HBA 0.01156 #+0.00341 0.00112 °+0.00019 0.00369 #+ 0.00052 0.00407 #+0.00151 0.00264 #+0.00114
8HOA 4.405%+0.798 0.992%+0.212 0.785°+0.223 1.602%+0.216 0.818 ®+0.160
90DA 72.0%+3.031 86.6 "+ 1.891 86.5"+2.251 89.3°+0.993 87.0°+2.683
HVA 1.442 +0.377 0.744 +0.113 0.805 +0.141 1.056 + 0.382 0.459 +0.214
9HDAA 0.363 + 0.200 0.393 + 0.067 0.327 +0.085 0.205 + 0.039 0.181+0.103
9HDA 11.99%+1.161 9.45%+1.604 8.52%+1.448 5.90°+0.415 7.85%+2.729
10HDAA 5.319%+1.587 0.145°+0.046 0.164°+0.055 0.107°+0.032 0.302°+0.125
10HDA 3.56 + 0.694 1.15 +0.429 2.79+0.816 1.57 +0.364 1.47 +0.465

&Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate; 7HOA = 7-Hydroxyoctanoic acid; 4HBA = 4-Hydroxybenzoic acid; 8HOA = 8-
Hydroxyoctanoic acid; 90DA = (E)-9-ketodec-2-enoic acid; HVA = 4-Hydroxy-3-methoxyphenyl ethanol; 9HDAA = 9-Hydroxydecanoic acid; 9HDA = (E)-9-Hydroxydec-2-enoic
acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = (E)-10-Hydroxydec-2-enoic acid.
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Figure 3.1: Ontogenetic changes in the volume of four compounds implicated in the biosynthesis

of 90DA (C). Stearic acid (A) and palmitic acid (B) are precursors of the biosynthetic
pathway while 8HOA (D) is thought to be an end-point by-product (Plettner et al 1995).



Chapter Three: Effect of queen age on mandibular gland secretions 35

DISCUSSION

The mandibular gland secretions of Apis mellifera capensis queens exhibit some changes
related to age. These changes are largely quantitative in nature, with the amounts of most of
the compounds increasing with age. Qualitative changes are not as pronounced as those
presented for other species of Apis (Plettner et al 1997) and other races of A. mellifera (Crewe
1982, Pankiw et al 1996).

Consistent with the finding of Engels et al (1997b), recently emerged A.m. capensis queens
have a signal dominated by oleic acid. The one-day old queens analysed in this study had a
signal in which all of the identified volatiles, albeit in small or trace quantities, are present. A.m.
capensis appears to produce a mandibular gland signal in young virgin queens which is
unique to the race. In comparison to the Californian stock queens analysed by Slessor et al
(1990), the ontogenetic composition of the QMP compounds of A.m. capensis is more
complex. 9HDA is the only compound of the QMP complex present in young Californian
queens (<24 hours old - Slessor et al 1990) while detectable quantities of 9ODA, 9HDA and
HVA were found in all one-day old queens analysed in this study. HOB was detected in minute
or trace quantities in the queens analysed. Although the signal of A.m. capensis queens more
closely resembles that of the other southern African honeybee, A.m. scutellata, than it does
that of Africanized and European queens, significant differences in the percentage
composition of the major compounds, as identified by Crewe (1982), are apparent. Young (1-2
day old) A.m. scutellata queen signals are dominated by 10HDA with a significant contribution
by 90DA (Crewe 1982). In comparison, when considering the percentage of the major
compounds of the mandibular gland secretions (Table 3.8), the one-day old queens analysed
in this study had a signal in which 90ODA predominated (72%) with 10HDA only making a small
contribution (3.56%) to the signal. It has been suggested that the significance of the
uniqueness of the signal of young A.m. capensis queens is necessary for the establishment of
appropriate queen/worker relationships in a race where workers readily produce queen-like

signals (Crewe 1988).

A progressive increase in the quantities of the major compounds (Table 3.1 and 3.2) for the
first few days, followed by a relatively stable period between one and two weeks after
emergence, characterises the ontogenetic patterns of the mandibular gland secretion of A.m.
capensis queens. This corresponds with the period in which virgin queens are most likely to
leave the nest in search of drones (Anderson et al 1983). The mandibular gland signals of
these receptive queens are characterised by large quantities of 90ODA comprising in excess of
80% of the major compounds of the secretion (Table 3.8). Secretions of mated A.m. capensis
were found to be dominated by 90DA in the same relative proportion as that observed for the
receptive virgin queens in this study, with 9HDA making a similar contribution to the signal in

both receptive virgins and mated queens (Crewe 1982).
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Comparisons of the relative proportions of 90DA in the mandibular gland signals of the
receptive virgins of the different races is difficult because many of the studies only provide
data for the four compounds comprising the QMP complex (Slessor et al 1990; Pankiw et al
1996; Engels et al 1997b). These studies all found that 9ODA predominated in the QMP
complex of receptive Africanized and European virgin queens. Data provided by Crewe (1982)
and Plettner et al (1997) suggest that the data of these other studies are not a true reflection
of the signal of receptive queens. Crewe (1982) and Plettner et al (1997) data indicates that
when the “worker substance”, 10HDA, is incorporated into relative calculations of the
contribution of the major compounds in mandibular gland extracts, a different pattern emerges.
They found that receptive virgins of A. mellifera (Plettner et al 1997) and A.m. mellifera (Crewe
1982) had a signal dominated by 10HDA with a significant contribution of 9ODA. Receptive
A.m. intermissa queens have a signal dominated by 90ODA with a significant contribution of
9HDA (Crewe and Moritz 1989). The receptive queen data presented in this study further

illustrates the uniqueness of the A.m. capensis mandibular gland signal.

The observed increase in 90DA production as A.m. capensis queens age corresponds with an
increase in 8HOA and a decrease in palmitic and stearic acids (Figure 3.1). These results
concur with the biosynthetic pathways proposed by Plettner et al (1998) for the synthesis of
90DA in queens. Palmitic and stearic acids are identified as precursors of the pathway, while
8HOA is considered a by-product in the synthesis of 90DA (Plettner et al 1995). Plettner et al
(1998) suggested that the stearic acid required for the biosynthesis of 90DA is produced in
the mandibular gland. The data presented here provides quantitative evidence to support this
suggestion. The elevated levels of the precursors and their associated isomers found in one-
day old queens (which decreases as 90DA production increases as the queens age) indicates
that these compounds are produced in the mandibular gland and are utilised in 9ODA
synthesis, resulting in the decreased levels observed in older queens producing increased
levels of 9ODA.

It has been suggested that the ontogenetic changes may be involved in premating, mating and
postmating dominance status of queens, being of particular significance during the period of
temporary polygyny before swarming (Crewe 1988; Engels et al 1997b). Characteristic signals
may also function to label receptive queens as reported in other social bees (Ayasse et al
1990, 1993; Engels et al 1997a). It has been proposed that race-specific characteristics in the
chemical composition of mandibular gland extracts are related to differences in the natural

history and social organisation of the various races (Crewe 1988).

The functional significance of the ontogenetic changes and race-specific composition reported
in the mandibular gland signals has yet to be fully understood. Suggestions have been

hypothesised with the available data lending support to the various proposals, further
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emphasising the complexity of the mandibular gland signal and the need for additional studies

to provide a comprehensive understanding of its biological significance.



CHAPTER FIVE

THE EFFECT OF HOLDING CONDITIONS ON QUEEN SURVIVAL AND
THE PRODUCTION OF THE CHEMICAL COMPOUNDS IDENTIFIED IN THE
MANDIBULAR GLANDS OF
Apis mellifera capensis VIRGIN QUEENS

SUMMARY

The effect of various holding conditions on the survival of virgin queens was investigated by
rearing queens in different holding conditions. The results demonstrate that queen banking is
not a viable method of rearing Apis mellifera capensis virgin queens. Keeping queens singly,
with or without small goups of workers in an incubator and in small mating nucleus hives,
proved to be the most successful methods of queen rearing in A.m. capensis, with high
survival rates being achieved using these techniques. Queens kept for 12 days under the
holding conditions which proved to be the most successful in terms of queen survival were
used to determine the effect of holding condition on the chemical composition of virgin queen
mandibular gland secretions. It was determined that in addition to age, caste and race which
have previously been shown to affect the chemical composition of mandibular gland
secretions, the presence of workers during the ageing of virgin queens significantly influences

the mandibular gland signal.

INTRODUCTION

Ontogenetic studies require a series of samples of individuals of known age. Studies
investigating the ontogenetic development of the chemical composition of the mandibular
glands of honeybee queens have used virgin queens ranging in age from newly emerged
qgueens less than 24-hours old to ones that are 40-days old (Crewe 1982; Slessor et al 1990).
Various methods of maintaining queens are available to the researcher, enabling him to
produce virgin queens of the desired age. The holding conditions selected to age queens for

experiments has largely been dependent on the individual preference of the queen rearer and
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may be influenced by the race of queen being reared (this chapter). Queens are most
frequently aged by queen banking, where large numbers of virgin queens are caged in a
single hive without worker attendants (Yadava and Smith 1971a; Lensky et al 1991) or in
individual cages, with or without attendant workers, in an incubator (Post et al 1987; Moritz
and Crewe 1991; Pham-Delégue et al 1993). Alternatively, virgin queens are placed in small
(three-frame) colonies with worker bees until they reach the desired age (Crewe and Moritz
1989).

The high mortality rate amongst older (particularly 28-day old) Apis mellifera capensis virgin
gueens when rearing them for ontogenetic studies (chapter 3) prompted an experiment to test
the effect of different holding conditions on queen production in this race. Knowledge of queen
production in African honeybees, and the Cape honeybee in particular, is limited with
information in the published literature restricted to a few reports on queen-rearing techniques
(Beyleveld 1935; Anderson 1965; Cooke 1986; McGregor 1992). A successful rearing
technique should not only ensure a high survival rate of queens but should also ensure a high
rate of acceptance of virgin queens by workers (Ribbands 1953; Cooke 1986). The effect of
queen holding conditions on the reaction of workers to introduced queens was investigated
using behavioural bioassays (chapter 6). Antagonistic reactions by workers to introduced

queens are generally attributed to the “alien odour” emitted by the new queen (Free 1987).

In the existing literature little or no distinction is made regarding the specific conditions
pertaining to virgin queen mandibular gland secretions with insufficient detail being paid to the
holding conditions of queens before processing. The chemical composition of mandibular
gland extracts has previously been demonstrated to be affected by age, caste and race (c.f.
Free 1987). The objective of this study was to ascertain whether the holding conditions under
which queens are kept to age them, had any affect on signal development. In particular, it
investigated what effect the presence of workers during the ageing process of queens had on
the chemical development of virgin A.m. capensis queens using the compounds identified

from mandibular gland secretions in chapter two.

MATERIALS AND METHODS

Samples and Sample Preparation

Apis mellifera capensis queens were reared from colonies in Stellenbosch, South Africa (33°
56' S, 18° 52' E). Queen larvae from a single donor colony were reared in queen cells in four
host colonies. Upon emergence, queens were kept for 12 days or until they died under one of

six holding conditions described below:
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A — Alone in bottles in an incubator

Upon emergence, 15 virgin queens were placed in individual bottles in an incubator. Each
bottle contained an ad libitum supply of concentrated honey-water and water; no workers were
present. Standard, 40ml screw-top, plastic bottles with holes drilled in the base were used.

Incubator temperature was 30-32°C.

B — Singly in cages with 50 workers in an incubator

Fifteen small Liebefeld cages containing 50 newly emerged bees (all coming from the same
frame) were given a virgin queen. The glass fronted, meshed floor, wooden cages measured
approximately 100 x 85 x 130mm. A piece of empty honeycomb was fixed inside the cage.

The bees were fed concentrated honey-water and water ad libitum.

C - Singly in queenless mating nucleus hives

Ten three-frame mating nucleus hives were set up. Each frame had a feeder, one frame of
brood, one frame of honey and pollen and one to two frames of bees. The bees and frames
were obtained from ten different colonies. The hives were moved to new sites to prevent
drifting. Each hive was given two queen cells to emerge within 24 hours. Colonies were sealed

with a queen excluder to prevent queen mating flights from taking place.

D — Multi-virgins in a queenless colony, worker access to queens

A colony which been queenless for six weeks and which had some laying worker brood was
used. Three days prior to the introduction of 18 virgin queens, the colony was given two
frames of emerging bees. Eighteen queen cages, with queen excluder on both sides, were

placed in a single frame inserted between the two brood frames.

E — Multi-virgins in queenless colony, worker access restricted
A queenless colony as described above was used. Eighteen virgin queens were placed in
wooden cages with gauze which allowed the workers to feed the queens but prevented them

from getting through to the queen.

F — Multi-virgins in a queenright colony

The mated queen was locked between two frames thus achieving a queen compartment.
Eighteen queen cages, with queen excluder on both sides, were placed in one frame which
was placed two frames away from the queen compartment. Three days prior to the
introduction of the virgin queens, the colony was given two frames of emerging bees. One

gueen was placed into each of the 18 cages.

Upon emergence, the number of qieens alive in each group was checked after 24 hours,
three days and five days. Twelve days after emergence the surviving virgin queens were

removed from their holding conditions, used in the behavioural experiments discussed in
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chapter six and then the mandibular glands removed and prepared as described in chapter
two.

Chemical Analysis
Chemical analyses of the mandibular gland extracts of the virgin queens were performed
using gas chromatography and gas chromatography—mass spectroscopy as described in

chapter two.

Statistical Analysis
One-Way ANOVA and ANOVA on ranks were used as outlined in chapter two, to compare the

amount of each compound identified from each group (holding condition).

RESULTS

The effect of holding conditions on the survival rate of virgin queens

Keeping virgin queens singly with a group of workers proved to be the most successful holding
technique in terms of survival rates (Table 5.1). Holding condition B proved to be the most
successful method for ageing queens, with all virgin queens kept in cages with small groups of
workers under controlled conditions (incubator environment) still alive when the experiment
was terminated after 12 days. Queen banking, in queenless and queenright colonies, proved
to be an unsuccessful holding technique for ageing Apis mellifera capensis virgin queens, with

all queens surviving less than five days.

Chemical analyses studies
A.m. capensis queens, kept under three holding conditions for 12 days, were used to
determine the effect of holding condition on the chemical composition of virgin queen

mandibular gland extracts.

The chemicals identified in this study from the mandibular gland extracts of A.m. capensis
virgin queens can be broadly grouped into those which were found to be significantly affected
by holding conditions (P < 0.05) and those that exhibited no significant difference in relation to
holding condition (P > 0.05; Tables 5.2 - 5.8).

The volume of the aliphatic acids considered to be the major components of the mandibular
gland extracts was significantly affected by the holding conditions under which virgin queens
were reared; queens kept alone (holding condition A) produced significantly greater quantities
than those kept with small groups of workers (B; P < 0.05; Table 5.2). Queens kept alone in
bottles in an incubator (A) produced greater volumes of the major aliphatic acids (Table 5.2)

and phenols (Table 5.3) than those kept with workers. Queens kept in mating nucleus hives
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(C) with large numbers of workers produced greater quantities of the major aliphatic acids than
those kept with small groups of workers in the incubator (B).

Holding conditions were found to have no significant effect on the quantity of the majority of
the minor aliphatic acids and diacids, alkanes, aromatic acids and diacids and the various
miscellaneous compounds identified in the mandibular gland extracts of the queens analysed
in this study (Tables 5.4 - 5.8). For those compounds affected by holding condition, significant
differences were detected between the amount of compounds identified in extracts of queens

kept alone (A) and those kept with small groups of workers (C).
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Table 5.1: The percentage of Apis mellifera capensis virgin queens surviving 24 hours, 3, 5 and 12
days after emergence for each of the holding conditions. The following holding conditions
were tested: A = Alone in bottles in an incubator, B = Singly in cages with 50 workers in an
incubator, C = Singly in queenless mating nucleus hives, D = Multi-virgins in a queenless
colony, worker access to queens, E = Multi-virgins in queenless colony, worker access
restricted and F = Multi-virgins in a queenright colony. n = number of queens reared in each

condition.
Holding Condition

Days

A B C D E F

n=15 n=15 n=10 n=18 n=18 n=18

24 hours 100 100 100 100 0 0
3days 100 100 100 100 0 0
5 days 93.3 100 100 77.8 0 0
12 days 66.7 100 80.0 0 0 0

Table 5.2: Amounts (ug; mean * = SE) of the major aliphatic acids present in 12 day-old Apis mellifera
capensis virgin queens reared under each of the three holding conditions. Holding condition
A = Alone in bottles in an incubator, B = Singly in cages with 50 workers in an incubator and
C = Singly in queenless mating nucleus hives.

Holding Condition

Compound A B C

n=9 n=12 n==6
7HOA 0.06153 #+ 0.04228 0.00003 ° + 0.00003 0.00694 ® + 0.00673
8HOA 2.787 2+ 0.637 0.561°+0.115 0.976 *+0.260
90DA 180.9%+34.5 53.7°+11.5 137.0*+35.6
9HDAA 0.09203 ® + 0.06047 0.00018 ° + 0.00007 0.00119 ® + 0.00079
9HDA 8.12%+3.131 1.12°+0.215 4.06®+1.879
10HDAA 0.6932+0.173 0.038°+0.032 0.004 " +0.001
10HDA 7.951 2+ 4.332 0.728°+0.414 3.062 ®+1.338

*Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no
letters are included.

Abbreviations for the compounds are as follows: 7HOA = 7-Hydroxyoctanoic acid; 8HOA = 8-
Hydroxyoctanoic acid; 90ODA = (E)-9-ketodec-2-enoic acid; 9HDAA = 9-Hydroxydecanoic acid; 9HDA =
(E)-9-Hydroxydec-2-enoic acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = E)-10-Hydroxydec-2-
enoic acid.
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Table 5.3: Amounts (ug; mean ® + SE) of the major phenols present in Apis mellifera capensis virgin
gueens reared under each of the three holding conditions. Holding condition A = Alone in
bottles in an incubator, B = Singly in cages with 50 workers in an incubator and C = Singly in
gueenless mating nucleus hives.

Holding Condition

Compound A B 1o

n=9 n=12 n==6
HOB 0.25321 + 0.16268 0.00040 + 0.00002 0.00041 + 0.00003
4HBA 0.00374 = 0.00200 0.00157 + 0.00030 0.00205 + 0.00015
HVA 0.19579 #+0.08243 0.00062 ° + 0.00023 0.00228 ® + 0.00089

¥ Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no

letters are included.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate; 4HBA = 4-
Hydroxybenzoic acid; HVA = 4-Hydroxy-3-methoxyphenyl ethanol

Table 5.4: Amounts (ug; mean ? £ SE) of the minor aliphatic acids present in Apis mellifera
capensis virgin queens reared under each of the three holding conditions. Holding
condition A = Alone in bottles in an incubator, B = Singly in cages with 50 workers in an
incubator and C = Singly in queenless mating nucleus hives.

Holding Condition
Compound A B C
n=9 n=12 n==6
2-Hexenoic acid 0.235 +0.005 0.239+0.018 0.239+0.010
Propanoic acid 0.105 £ 0.035 0.051+ 0.033 0.036 +0.033

2-Propenoic acid

Dodecanoic acid

Decanoic acid

Palmitoleic acid

Palmitelaidic acid

10-Undecenoic acid

Palmitic acid

Oleic acid

Stearic acid

0.00097 +0.00042
0.213 +0.083

0.235%+0.06011

0.228 £ 0.11652

0.404 £0.144
2.04+0.518
5.64 £0.841
40.2+11.3

9.25+2.13

0.00082 + 0.00033
0.203 £ 0.046

0.001 ° +0.00034
0.001 + 0.00036

0.865+0.233
4.88 +£0.983
9.48 +£1.831
67.0+18.6

15.08 +4.12

0.09312 +0.05841
0.109 +0.067

0.002 ®+0.00070
0.008 + 0.00811

0.651 £0.296
3.96 £0.917
8.78 +2.160
57.0+185

11.08 +2.27

% Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no

letters are included.
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Table 5.5: Amounts (ug; mean ® + SE) of the aliphatic diacids present in Apis mellifera capensis virgin
gueens reared under each of the three holding conditions. Holding condition A = Aone in
bottles in an incubator, B = Singly in cages with 50 workers in an incubator and C = Singly in
gueenless mating nucleus hives.

Holding Condition

Compound A B 1o

n=9 n=12 n==6
Suberic acid 0.436 + 0.051 0.613+0.076 0.543 +0.129
Azelaic acid 0.295 +0.073 0.492 +0.074 0.486 + 0.100
Undecandioic acid 0.001 2+ 0.00036 0.175°+0.12083 0.101 ° + 0.09055

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no
letters are included.

Table 5.6: Amounts (ug; mean * + SE) of the alkanes present in Apis mellifera capensis virgin queens
reared under each of the three holding conditions. Holding condition A = Alone in bottles in
an incubator, B = Singly in cages with 50 workers in an incubator and C = Singly in
gueenless mating nucleus hives.

Holding Condition

Compound A B C

n=9 n=12 N=6
Eicosane 0.264 ® +0.08432 0.001 ° + 0.00029 0.047 ® + 0.04500
Heneicosane 0.138 £ 0.064 0.302 £0.099 0.195+0.122
Docosane 1.33+0.196 2.16+0.278 2.03+0.393
Hexacosane 1.29+0.875 3.56 +0.775 2.60 +£0.869

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no
letters are included.
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Table 5.7: Amounts (ug; mean * = SE) of the aromatic acids and diacids present in Apis mellifera

capensis virgin queens reared under each of the three holding conditions. Holding condition
A = Alone in bottles in an incubator, B = Singly in cages with 50 workers in an incubator and
C = Singly in queenless mating nucleus hives.

Holding Condition

Compound A B cC

n=9 n=12 n==6

Aromatic acids
Benzoic acid 0.121 £0.07877 0.002 + 0.000635 0.002 £ 0.00093

Cinnamic acid 0.07730 +£0.07619 0.00008 + 0.00005 0.00143 + 0.00087

Aromatic diacids

Vanillylpropionic acid 0.00155% + 0.00057 0.00016" + 0.00006 0.17854% +0.17728

“Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no
letters are included.

Table 5.8: Amounts (ug; mean @ + SE) of the amino acids, sugars, indole and an unknown compound
present in Apis mellifera capensis virgin queens reared under each of the three rearing
techniques. Holding condition A = Alone in bottles in an incubator, B = Singly in cages with
50 workers in an incubator and C = Singly in queenless mating nucleus hives.

Holding Condition

Compound A B C
n=9 n=12 n=6

Amino acids
L-Proline 0.231%+0.07842 0.001 ° +0.00032 0.176 +0.08167
Glutamic acid 1.025%+0.223 0.326 °+0.074 0.610 ® + 0.096
L-Serine 0.181 + 0.019 0.185 + 0.020 0.128 + 0.039
Sugars
D-Glucose 0.227%+0.117 0.133°+0.075 0.158°+0.142
L-Altrose 0.760 £ 0.122 1.459 +0.116 1.397 +0.135
Other

0.362 + 0.003 0.364 + 0.026 0.355 + 0.005
Indole

“Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-
Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no
letters are included.
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DISCUSSION

The results presented in this study clearly demonstrate that queen banking is not a viable
method for keeping Apis mellifera capensis virgin queens and thus provide support for
methods employed by beekeepers and researchers utilising tis race of southern African
honeybee. Keeping A.m. capensis queens singly in cages in an incubator was the method
advocated by a Cape Town queen-rearer, who found that queens could be kept in this manner
for up to a week without any risk of jeopardising heir chances of becoming good layers
(Cooke 1986). The virgin A.m. capensis queens used by Buys (1984) for his work on artificial
insemination were kept in cages with about 200 workers. In contrast, queen banking is
successfully used for ageing European and Africanized queens. Lensky et al (1991) kept A.m.
ligustica virgin queens inside emerging cages in bee colonies until they were needed at 4-5
days old. Post et al (1987) kept queens individually in mesh cages in groups of eight for 2-3
weeks, while Yadava and Smith (1971a) used queen banks containing 52 standard Benton

gueen-mailing cages (see Snelgrove 1940 for cage description) per “queen holding” colony.

Queen banking may not work in A.m. capensis because of the large number of virgin queens
emitting chemical signals simultaneously. The lack of a single dominant signal may result in
confusion amongst the workers, who may not recognise the multitude of signals as originating
from young queens. Also the ability of A. m. capensis laying workers or pseudoqueens to
produce mandibular gland signals similar to those of queens (Crewe et al 1990a,b) may result
in workers being unable to distinguish between virgin queens and the laying workers already
present in queenless colonies (holding conditions D and E). This confusion could result in the

gueens not receiving the attention necessary to ensure their survival.

In addition to the effects on survival rate discussed above, holding condition during queen
ageing was found to affect the chemical composition of the mandibular gland extracts of A.m.
capensis virgin queens. Some compounds were affected by holding condition, with different
guantities being produced by queens kept under different holding conditions. Other
compounds were unaffected by holding condition, with similar quantities being produced by
queens kept under all three holding conditions. The quantity of the aliphatic acids and phenols
considered the major components of the mandibular gland signal (Crewe et al 1990a,b) varied
significantly with holding condition, while most of the remaining identified compounds showed

no difference between holding conditions.

The compounds exhibiting variations in quantity as a result of holding condition may represent
the active components of the mandibular gland extract. These compounds may constitute the
chemical signal as perceived by the workers, with its release being behaviourally mediated by
gueen-worker interactions. Evidence that queen-produced pheromones are removed from the

queen and dispersed in te colony by queen attendants (Velthuis 1972, Butler et al 1974;
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Seeley 1979, Juska et al 1981) was confirmed using tritium-labelled 90ODA (Webster and
Prestwich 1988). Using this technique, Naumann and his co-workers (1991) were able to trace
the movement of 90ODA within the colony by worker-queen and worker-worker interactions. If,
as suggested, the chemical signal is mediated by queen-worker interactions, it is likely that the
release of the signal is triggered by the presence of appropriate receivers. If this is true, it it is
possible that in the absence of such receivers the levels of the chemicals constituting the
chemical signal may build up in the mandibular glands, resulting in extracts with increased

quantities of these compounds.

The three holding conditions used to age the virgin queens used in the chemical analyses
represent different queen to worker ratios; holding condition A had no workers with the
gueens, B had 50 workers per queen while C had several thousand workers with the individual
qgueens. Although no quantitative measure of queen-worker interactions were made, direct
observations during the ageing of the virgin queens suggest that despite the fewer numbers of
workers in the small cages (holding condition B) a greater amount of queen-worker
interactions occur under these conditions than were observed to occur between queens and
workers in the mating nucleus hives (holding condition C). Queens in nucleus hives vere
frequently observed in isolated regions of the hives, spending increasing periods in isolation

probably resulting in decreased queen-worker interactions.

The data presented in these analyses support the suggestion proposed, in this study, of queen
signal production being behaviourally mediated by queen-worker interactions. Virgin queens
kept alone in bottles in the incubator had extracts containing significantly greater quantities of
the compounds constituting the chemical signal than those kept with several thousand workers
in mating nucleus hives. Queens kept with small groups of workers had mandibular gland
extracts with intermediate quantities of the compounds. The findings of Naumann et al (1991),
that the quantity of 90ODA detectable in the mandibular glands of mated queens increases with

time spend in isolation from workers, lends support to this suggestion.

A variety of factors contribute to the composition of the chemical constituents of queen
mandibular gland secretions with the quantity measured being a complex function of social
and hive conditions. Workers, brood, wax, hive volume, hive temperature and rate of chemical
production in the gland are some of the factors contributing to the development of the
chemical siganl of queens prior to sampling. This study demonstrates that holding conditions
and the resultant intensity of queen-worker interactions prior to sampling also contribute to the
guantity of chemicals in queen mandibular gland samples. These findings have important
consequences for comparisons between the quantities of chemical constituents measured in
qgueen mandibular land secretions from different studies. It is likely that accurate and reliable
comparisons are only possible if similar holding, social and environmental conditions have

been used for ageing the virgin queens sampled.



CHAPTER SIX

BEHAVIOURAL REACTIONS OF WORKER HONEYBEES TO
INTRODUCED Apis mellifera capensis VIRGIN QUEENS
REARED UNDER DIFFERENT HOLDING CONDITIONS

SUMMARY

Small experimental cages containing approximately 100 workers were used to study worker
reactions towards queens which were reared using different holding conditions. Worker
responses towards introduced virgin queens included non-hostile or investigative behaviours
which included licking and palpating of the queen by workers and hostile reactions which
included the mounting, biting, pulling and stinging of the queens by the workers. The results of
this investigation demonstrate that workers exhibit different levels of aggression to virgin
queens reared under different conditions with queens reared with workers elicited significantly

less (P = 0.0140) hostile reactions from workers than those reared alone.

INTRODUCTION

The contribution of the chemical compounds produced in the mandibular glands of honeybee
gueens in ensuring the optimal functioning of the colony has been well documented (c.f. Free
1987). Among the array of functions attributed to this glandular secretion is its role as an
arrestant of workers within the nest, resulting in the production of a queen’s court or retinue
which almost always surrounds the queens (Naumann et al 1991). The queen retinue usually
consists of eight or more worker attendants who are continually licking and palpating the
queen with their antennae (Allen 1960; Free and Furguson 1982; Free 1987). Workers who
have been in a queen’s court move throughout the colony, making frequent reciprocal contacts
with other workers, thereby facilitating the transport of the queen pheromones throughout the
nest (Velthuis 1972; Seeley 1979; Ferguson and Free 1980;Naumann et al 1991, 1992, 1993).
It has been demonstrated that on contact with a queen a worker acquires the queen
pheromones on her anterior surfaces which may then be removed by her nestmates, thus

facilitating the dispersal and dissipation of the pheromones (JuSka et al 1981). According to



Chapter Six: The effect of queen holding condition on worker reaction 58

Juska et al (1981) a continual elimination of queen pheromones is essential for preventing

saturation and the subsequent loss of control of pheromonally mediated behaviours.

While the importance of the transmission by workers of queen pheromones, and 90DA in
particular, in ensuring colony functioning has been established the consequences of such
actions on the queen have not been considered. Having established that the presence of
workers during ageing of virgin queens influenced the quantity of chemicals produced in the
mandibular glands (chapter 5), this study aimed to ascertain what effect this had on worker
behaviour towards queens. The purpose of this study, therefore, was to determine the effect of

holding condition during the ageing of queens on worker responses upon queen introduction.

MATERIALS AND METHODS

Behavioural Observations

Behavioural observations were all carried out at the Department of Zoology and Entomology,
Rhodes University, Grahamstown. Twelve day-old Apis mellifera capensis virgin queens,
reared using three different holding conditions, were used to investigate the effect of holding
condition on worker reactions to introduced virgin queens. The three holding conditions tested
were: A — queens kept alone in bottles in an incubator, B — queens kept singly in cages with
50 workers in an incubator and C — queens kept singly in queenless mating nucleus hives. A

comprehensive description of these holding conditions is provided in chapter five.

Groups of workers in small experimental cages were used to monitor worker behaviour
towards introduced virgin queens. The cages had an internal diameter of 140 x 120 x 90 mm
and were made of glass. One of the cage walls was mesh, while the opposite wall had a gap
between the bottom of the cage and the wall, thus ensuring a good air supply and air flow in
the cages. Each cage was supplied with + 100 “test” workers. The groups of “test” workers
were obtained from colonies maintained in Grahamstown. The colonies from which the “test”
workers were obtained were different colonies to those from which the queen larvae and
“holding” workers were taken. This ensured that nestmate recognition effects did not interfer
with the experimental results. The “test” workers were collected off the frames of the donor
colonies and introduced into the experimental cages. The cages were then placed in a
constant environment room (28°C) with continual red light. It was under these conditions that
the experiments were conducted. Approximately four hours were allowed to lapse between
populating the cages with workers and introducing the queens. According to Yadava and
Smith (1971a) this ensured that the caged worker populations became accustomed to their
new environment and that the general behavioural responses of the workers would return to
normal before introduction of a queen. In addition, Yadava and Smith (1971a) considered that

this would ensure the workers were in a queenless condition at the time of queen introduction.
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Upon introduction, the reactions of the workers to the introduced queens were observed until
such time as the workers were no longer responding to them. A voice-activated tape recorder
was used by the observer to record the behavioural reactions. Due to the varying periods for
which the queens were observed, the reactions of the workers to the introduced queens were
analysed in terms of the reactions during the initial 15 minutes after introduction. Worker
reactions to introduced queen were classified as either non-hostile investigative behaviours or

hostile reactions.

Investigative behaviours included the licking and palpating of the queen on her abdomen by
the workers, as well as antennal contacts between workers and the queen and other
behaviours associated with food transfer (Free 1987). The hostile reactions observed were
similar to those observed by Pettis et al (1998) and described in chapter four. They included

the mounting, biting, pulling and stinging of the introduced queen by the workers.

Data Analysis

Worker reactions for the initial 15 minutes after introduction were analysed in terms of
percentage of hostile and non-hostile reactions. One-way ANOVA were carried out on the data
sets to determine whether rearing queens under different holding conditions affects the

reaction of workers to introduced virgin queens.

RESULTS

Significant differences in the reactions of workers to Apis mellifera capensis virgin queens
reared under different holding conditions were observed. Workers responded more
aggressively to queens which had been reared alone (Holding condition A) than to those that

had been raised with groups of workers (Holding conditions B and C; Table 6.1; P = 0.0140).

When queens reared alone (A) were introduced into groups of workers, they were immediately
balled by the workers who surrounded them. Antagonistic behaviours towards introduced
queens by the workers included stinging and biting, particularly of the legs and wings. These
hostile reactions continued for an average of 32:06 + 2.57 minutes whereupon the queen
wandered around the cage, intermittently wiping her hind legs together, during this time she

was occasionally investigated by workers who palpated and licked her.

In comparison, when queens reared with workers (B and C) were introduced into groups of
workers, far fewer antagonistic behaviours by the workers to the introduced queen were
observed. These behaviours ceased after an average of 15:36 + 5:03 and 13:36 + 4.37
minutes, respectively, to queens reared in cages with workers in an incubator (B) and those
reared singly in mating nucleus hives (C). During the periods in which antagonistic behaviours
were observed, a greater number of non-hostile reactions, including licking and palpating,

were observed.
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Table 6.1: Comparison of the reactions of worker honeybees to introduced virgin Apis mellifera capensis
qgueens reared under three holding conditions. The data are presented as the percentage
(mean ? + SE) of the hostile and non-hostile behaviours recorded for 15 minutes after the
introduction of the queen into the group of workers. A — Alone in bottles in an incubator, B —
Singly in cages with 50 workers in an incubator and C — Singly in queenless mating nucleus

hives.
Holding Condition
Reaction A B C
n=5 n=5 n=5
Hostile 56.0 °+11.90 296°+7.03 14.8°+4.37
Non-Hostile 44.0°+11.90 70.4%+7.03 83.89+4.37

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-

Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis) no

letters are included.
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DISCUSSION

The effect of queen age and the composition of queen exocrine gland secretions on workers’
responses towards introduced queens is well documented (Gary 1962; Yadava and Smith
1971a,b; De Hazan et al 1989a; Lensky et al 1991; chapter 4). Other factors which have been
found to influence worker reaction to introduced queens include: the queenright or queenless
state of the colony (Yadava and Smith 1971c); the mated state of the queen Butler and
Simpson 1956); the degree of kinship between the workers and the queen (Page and Erickson
1986); and, the age of the of the receptive workers (Silva et al 1995). This study provides
evidence that the presence of workers during the ageing of virgins queens also contributes to

the reactions of workers to introduced queens.

The presence of workers during queen rearing impacts significantly on the reactions of
workers to introduced queens. Workers reacted with increasing hostility and for longer periods
to virgin queens which had been reared alone than they did to those which had been reared
with workers. Virgin queens reared with small groups of workers in an incubator and ones
reared singly in mating nucleus hives with several thousand workers exhibited no difference in

the proportion of aggressive behaviours they received from workers.

Although this study only considers the impact of one of the factors (ie the presence of workers
during queen rearing) that contributes to the reaction of workers to introduced queens, two
hypotheses are advanced that could, in part, explain the mechanism whereby worker
aggressive behaviour towards introduced queens is reduced when queens reared with groups
of workers are introduced. The first suggests that queens reared alone may have a full
complement of mandibular gland components, while those reared with workers have reduced
levels of QMP and the other major compounds of mandibular gland extracts. This could
increase their acceptance by colonies with the decreased levels of mandibular gland
compounds emanating those of young virgin queens (Pettis et al 1998). The second
hypothesis suggests that virgin queens reared with workers are exposed to workers through
frequent interactions and, consequently, learn appropriate behaviours and actions towards
workers, which could facilitate in their increased acceptance into groups of workers.
Alternatively, worker aggression towards introduced queens could be mediated by a

mechanism incorporating both hypotheses.

Evidence provided in this study suggests that the second hypothesis could contribute to the
release of worker aggression towards introduced virgin queens. The less hostile reactions of
workers to both groups of queens reared with workers, in contrast to the levels of aggression
observed towards queens reared alone, supports this hypothesis. Workers reared alone may
not learn appropriate behaviours and reactions towards workers and are therefore subjected
to increased levels of hostility by workers. The increased opportunities of queen-worker

interactions in small cages, in contrast to queens kept in mating nucleus hives, provide further
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support for this hypothesis, with queens reared in small groups eliciting more hostile

behaviours from workers upon introduction.

It can therefore be proposed that the presence of workers during the rearing of queens
contributes to ensuring reduced risk of rejection and injury of queens subsequent to their
introduction through aggressive encounters with workers. It is possible that queens learn
appropriate behaviours through queen-worker interactions which contributes to facilitating their

successful introduction into groups of workers.



CHAPTER SEVEN

REGIONAL VARIATIONS IN THE COMPOUNDS IDENTIFIED IN THE
MANDIBULAR GLANDS OF MATED QUEENS FROM THE
EASTERN CAPE PROVINCE, SOUTH AFRICA

SUMMARY

The feasibility of using queen mandibular gland extracts as an additional probe for defining the
geographical distribution of Apis mellifera capensis and Apis mellifera scutellata and their
hybrids was investigated. The mandibular gland secretions of mated queens from five
localities in the Eastern Cape Province, South Africa, were compared and were found to
exhibit no significant differences in the amount of compounds identified from the mandibular
gland extracts. The ratio of 90ODA:10HDA, previously determined to differ qualitatively for the
two races of southern African honeybees, was used to characterise the queens from the five
localities. No significant difference (P = 0.131) was found in the 90ODA:10HDA ratio of the
mated queens collected in the Eastern Cape Province and it was determined that none of the
queens sampled could be characterised as A.m. capensis on the basis of their mandibular
gland secretions. Consequently, mated queens from the five localities in the Eastern Cape

Province could not be separated on their mandibular gland secretion profiles.

INTRODUCTION

Hybridisation between the two southern African races of honeybees, Apis mellifera capensis
and Apis mellifera scutellata, is of considerable concern to the South African beekeeping
industry. Introduction of A.m. capensis into areas previously regarded to be the domain o
A.m. scutellata caused high losses to commercial beekeeping in the country as a result of
what became known as the tapensis invasion” (Allsopp 1992; Cooke 1992; Allsopp and
Crewe 1993). Consequently, research focused on defining the distribution of these two races
and understanding the processes which had previously ensured the relative stability of the

hybrid zone and the dominance of these two races in their respective habitats.
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Traditionally A.m. capensis was thought to occupy a small region at the south-western tip of
the country, centred around Cape Town, with A.m. scutellata occurring to the north (Ruttner
1977; Moritz and Kauhausen 1984). Detailed studies and improved techniques have resulted
in revised distributions for these subspecies. The boundaries for the occurrence of the two
races and that of their natural hybrid zone vary, depending upon the trait under investigation.
Analyses of the reproductive biology, including the trait of “diploid eggs laid by workers”
(DELW), ovariole number and spermatheca size, of bees from throughout Southern Africa
provided a comprehensive data base providing a new assessment of the distribution of the
Cape honeybee, A.m. capensis (Hepburn and Crewe 1990, 1991). Based on these traits,
these authors consider A.m. capensis to occur along the south-west and south coast of South
Africa extending inland as far as the first range of mountains. Further inland of this region
hybridisation between A.m. capensis and A.m. scutellata occurs along a fragmented and
elongated zone stretching approximately to a second range of mountains, beyond which is the
domain of A.m. scutellata. Morphometric analyses to define the distribution of these races
shifts the boundaries of A.m. capensis and the hybrid zone northwards in the Eastern Cape
(Crewe et al 1994). The mitochondrial DNA haplotype, PoQQa is fixed in A.m. capensis and
occurs with a 100% frequency to the north of the boundary of the hybrid zone (Moritz et al
1994). High variance in alarm pheromone production from the stings of guard bees was found

to coincide with the hybridisation zones previously defined (Hepburn et al 1994).

The Eastern Cape presents an interesting situation for beekeepers and researchers alike
because it represents a site of intense A.m. capensis and A.m. scutellata interactions. The
boundaries of the hybrid zone are largely located in the Eastern Cape (Hepburn and Crewe
1991; Hepburn et al 1994,1998). This presents a problem for the beekeepers of the Eastern
Cape because of the uncertainty of the characterisation of their bees, which results in a
difficult management situation owing to the different management techniques required for the
two races (Cooke 1986). Little it known about the biology of the hybrids of these two races
(Crewe and Allsopp 1994), with no information available on the pheromonal properties of
qgueens from colonies located on the edge of the hybrid zone. This study aims to address this
deficit by providing baseline data on the mandibular gland secretions of mated queens

collected from the fringes of the hybrid zone.

Coincident, but not concordant, zones of hybridisation between A.m. capensis and A.m.
scutellata have been defined from analyses of different traits (Hepburn et al 1994, 1998).
Consequently, additional probes are needed to further define the distribution of these races.
The mandibular gland secretions of queens have been found to be relatively race specific, with
queens of different species and races producing a unique combination of mandibular
compounds (Crewe 1982, 1988; Plettner et al 1997). It is therefore possible that analyses of
mandibular gland extracts may provide another probe to assist in defining the distribution of

the southern African races of honeybee. One of the objectives of this study was to conduct a
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preliminary investigation into the feasibility of queen mandibular gland extracts serving as a

probe for defining geographical distribution of A.m. capensis, A.m. scutellata and their hybrids.

MATERIALS AND METHODS

Sample and Sample Preparation

Mated honeybee queens were obtained from colonies from five localities in the Eastern Cape
province, South Africa. These localities are in the hybrid zone, or on the fringes of the hybrid
zone, as previously defined (see Figure 4 Hepburn et al 1994). All queens were of unknown
age. The reproductive status of the queens was confirmed by ovarial dissection. All queens
used in the analyses were mated laying queens, with ovarioles containing mature sausage-

shaped eggs (Allsopp 1988).

Queens were collected from Port Elizabeth (33°58'S 25°36'E), East London (33°00'S
27°54’E), Steynsburg (31°15’'S 25°49'E), Cradock (32°08'S 25°36’E) and Grahamstown
(33°18'S 26°32'E).

The mandibular glands were removed and prepared as described in chapter two.

Chemical Analysis

Chemical analysis of the mandibular gland extracts of the mated queens was performed using
gas chromatography and gas chromatography—mass spectroscopy as described in chapter
two.

Statistical Analysis
One-Way ANOVA and ANOVA on ranks were used as described in chapter two to compare

the amount of each compound identified for each group (locality).

RESULTS

Mated queens, confirmed by ovarial dissection, from the five localities in the Eastern Cape
Province of South Africa were found to exhibit no significant differences (P > 0.05) in the
amount of the any of the 37 compounds identified from the mandibular glands extracts, with
the exception of the hydrocarbon eicosane (Appendix I, Tables A-G). The interpretation of this
data should however be treated with caution in light of the small number of samples available
from each location. Due to the small sample sizes and consequent high variations, the data
are better represented as relative percentage composition of the aliphatic acids and phenols

considered to be the major constituents of mandibular gland extracts (Table 7.1).

The relative contribution of the major compounds of mandibular gland extracts were similar for
the five localities, with no detectable significant differences between queens collected in the
Eastern Cape for this study (Table 7.1; Figure 7.1; P > 0.05). 90DA is the predominant
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compound in queens from all localities (average of the means = 54.1%), the other aliphatic
acid, 9HDA, comprising the queen mandibular pheromone (QMP) complex (Winston and
Slessor 1998) is the second most predominant compound (17.0%). The phenols of the QMP
complex, HOB and HVA, represent 7.99% and 4.52%, respectively, of the major compounds
of the extract. The worker acid, 10HDA, comprised 8.06% and 10HDAA, 4.06% of the major

compounds in mandibular gland extracts from mated queens collected in the Eastern Cape.

The 9ODA/10HDA ratio of the mated laying queens, previously determined to be qualitatively
different for each race (Crewe 1988), collected from five Eastern Cape localities were found
not to be significantly different (P = 0.139). The 9ODA/10HDA ratios of the queens from each
locality are: Port Elizabeth = 11.14:1 + 2.301, East London = 5.97:1 + 4.308, Steynsburg =
12.65:1 + 5.767, Cradock = 20.54 + 5.24 and Grahamstown = 6.17 + 0.939.
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Table 7.1: Percentage (mean ®+ SE) composition of the head extracts of mated queens from five
localities in the Eastern Cape, South Africa.
Locality
Compound Port Elizabeth ~ East London Steynsberg Cradock Grahamstown
n=5 n=2 n=3 n=2 N=4

HOB 7.64+1.56 6.01 +3.38 8.85+2.71 7.64+274 9.81+2.79
7HOA 0.219 £ 0.089 0.407 £0.407 0.304 £0.192 0.276 £0.104 0.508 £0.134
4HBA 0.36 £ 0.25 0.00x0 0.15+0.14 0.50+0.12 0.00£0
8HOA 3.15+£0.234 5.09+0.961 5.45 £ 2.287 2.62+1.078 5.25+0.445
90DA 53.3+3.30 42.9+2.72 57.5+4.96 65.1+1.62 51.7+3.22
HVA 8.68 + 1.096 4.67 £ 4.637 3.89 £ 0.615 3.03+£1.880 2.31+0.732
9HDAA 0.09 +0.06 0.00+0 0.09 £ 0.04 0.06 +0.02 0.00+0
9HDA 16.7+2.134 21.0+7.858 13.7+3.134 13.6 £3.379 16.9+0.971
10HDAA 4.22 +2.252 4.24 +2.753 3.19+1.533 3.79 £ 2.643 4.85+0.773
10HDA 5.59+0.915 15.67£11.762 6.87 +2.807 3.41+0.949 8.75+0.883

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-

Wallis). For rows in which no statistically significant difference was detected (P > 0.05, Kruskal-Wallis)
no letters are included.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate; 7HOA = 7-
Hydroxyoctanoic acid; 4HBA = 4-Hydroxybenzoic acid; 8HOA = 8-Hydroxyoctanoic acid; 90DA = (E)-9-
ketodec-2-enoic acid; HVA = 4-Hydroxy-3-methoxyphenyl ethanol; 9HDAA = 9-Hydroxydecanoic acid;
9HDA = (E)-9-Hydroxydec-2-enoic acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = (E)-10-
Hydroxydec-2-enoic acid.
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Figure 7.1: The relative proportions (%) of the major compounds of the mandibular gland extracts
of mated queens from five localities in the Eastern Cape Province, South Africa; A =
Port Elizabeth, B = East London, C = Steynsberg, D = Cradock and E = Grahamstown.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate;
7HOA = 7-Hydroxyoctanoic acid; 4HBA = 4-Hydroxybenzoic acid; 8HOA = 8-
Hydroxyoctanoic acid; 90DA = (E)-9-ketodec-2-enoic acid; HVA = 4-Hydroxy-3-
methoxyphenyl ethanol; 9HDAA = 9-Hydroxydecanoic acid; 9HDA = (E)-9-Hydroxydec-
2-enoic acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = E)-10-Hydroxydec-2-
enoic acid.
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DISCUSSION

These analyses found no significant variation n queen pheromone production of queens
sampled from five localities in the Eastern Cape. As the composition of the secretions of
mated laying queens is unique for each honeybee race (Crewe 1988; Plettner et al 1997) it is
unlikely the queens analysed in this study represent different races when classified using the
trait queen mandibular gland extracts. This is contrary to the results expected when the
distribution of Apis mellifera capensis, Apis mellifera scutellata and their hybrids, as defined in
the literature is considered (Figure 4 in Hepburn et al 1994). Port Elizabeth is within the
biologically defined distribution of “pure” A.m. capensis as determined by their reproductive
biology (Hepburn and Crewe 1991) and morphometry (Crewe et al 1994). East London and
Steynsburg are situated on the boundary of the hybrid zone and the southern limit of A.m.
scutellata as defined by their reproductive biology (Hepburn and Crewe 1991) but within the
hybrid zone as defined by morphometry (Crewe et al 1994). Cradock and Grahamstown are
located within the hybridisation zone as defined by both reproductive biology and

morphometrics (Hepburn and Crewe 1991; Crewe et al 1994).

Existing literature contains little comprehensive data detailing the mandibular gland secretions
of African honeybee queens. No quantitative mass values of the chemical constituents of the
mandibular gland secretions of “pure” A.m. capensis and A.m. scutellata mated queens have
been published. The only published data is of a limited nature, providing percentage
composition values for some of the compounds (Crewe 1982; Crewe et al 1990a,b).
Consequently comparisons between the Eastern Cape queens analysed in this study and
“pure” A.m. capensis and A.m. scutellata is only possible with the use of the ratio of
90DA:10HDA, determined by Crewe (1988) to be quantitatively different for each race.

Comparing data obtained from samples of “pure” A.m. capensis and A.m. scutellata (collected
from the Cape Town/Stellenbosh region and the greater Johannesburg area respectively,
which represent localities well within the distribution range of the two races) with the results
presented in this study provides new insight into the classification of honeybees from Eastern
Cape localities as A.m. capensis, A.m. scutellata or hybrids. The ratio of 9ODA:10HDA in A.m.
capensis has been found to be 84:1, while that of A.m. scutellatais 8.1:1 (Crewe 1984, 1988).
The ratio of 90DA:10HDA in Eastern Cape queens was found to be substantially lower than
that of A.m. capensis, with Port Elizabeth queens exhibiting a ratio of only 11.14:1. Thus in
terms of queen mandibular gland production Eastern Cape bees, including those from Port
Elizabeth, can not be regarded as A.m. capensis. The queens from Grahamstown and East
London were found to have a ratio of 90ODA:10HDA similar to that of A.m. scutellata while the
those from Port Elizabeth, Steynsburg and Cradock were slightly higher. This suggests that
the ratio of 9ODA/10HDA in hybrid queens may be similar or slightly higher than that of A.m.

scutellata.
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The results of these analyses further reflect the complexities of A.m. capensis and A.m.
scutellata hybridisation and the difficulties associated with defining distribution ranges for
these honeybee races. If queen mandibular gland extracts are to be used as a tool in defining
the boundaries of the distribution of southern African honeybees, experimental data with
hybrid queens needs to be undertaken to provide baseline data against which samples can be

compared.

The findings of this study have important implications for queen production and beekeeping in
South Africa. The results indicate that the Eastern Cape honeybee queens differ from A.m.
capensis and A.m. scutellata queens and can probably be regarded as hybrid queens. It is
likely that queen production programs and management techniques developed for the two
races are unlikely to function effectively for these queens. As such, a queen production
programme which considers the biology of Eastern Cape queens needs to be specially

developed if beekeeping in the Eastern Cape is to function optimally.



CHAPTER EIGHT

DISCUSSION AND CONCLUSIONS

The findings of the foregoing chapters contribute to our knowledge of the biology of the Cape
honeybee, Apis mellifera capensis, and have important implications for queen production and

further development of beekeeping in South Africa.

MANDIBULAR GLAND SECRETIONS OF Apis mellifera capensis

Honeybee queens produce a multitude of volatile constituents in their mandibular glands
(Crewe and Moritz 1989; Engels et al 1997b). The mandibular glands of A.m. capensis proved
to be an opulent source of volatile compounds (chapters 2,3,5), with the chemical identity of
37 of the compounds present in mandibular gland extracts being confirmed. This is the most
comprehensive composite “map” of the mandibular gland secretions of African honeybee
queens produced to date. It provides the basis for the production of a complete composite
“map” for honeybees similar to those that exist for the stingless bee Scaptotrigona postica
(Engels et al 1997a) and the bumble bee Bombus terrestris (Hefetz et al 1996). Among the
identified compounds are 90DA, 9HDA, HVA and HOB which constitute the queen mandibular
gland pheromone complex (QMP) as defined by Slessor et al (1988, 1990) and the other
aliphatic acids and phenols considered to be the major components of the head extracts of

A.m. capensis (Crewe et al 1990a,b).

Ontogenetic Changes

Ontogenetic changes in the components of the mandibular gland secretions of A.m. capensis
are largely quantitative in nature, with the total volume and that of most of the individual
compounds increasing with queen age (chapter 3). Qualitative changes in the composition of
the mandibular gland secretions of A.m. capensis virgin queens were not as pronounced as
those presented for other honeybee races (Crewe 1982; Crewe and Moritz 1989; Pankiw et al
1996).

The positive age-dependent responses identified in the quantities of mandibular gland
extracts, and, in particular, the relative proportion of 90DA to the other major compounds, of

A.m. capensis, affected the reaction of queenright groups of workers to introduced virgin
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queens. The proportion of antagonistic behaviours exhibited by workers towards introduced
queens increased with the age of the queens (chapter 4). These findings provide partial
support for the suggestion that the differential behaviour of worker bees towards an unknown
gueen are dependent on pheromonal cues and qualitative differences in mandibular gland
volatiles (Engels et al 1997h; Pettis et al 1998).

The Effect of Holding Condition on Mandibular Gland Secretions

The chemical composition of the mandibular gland secretions of honeybee queens has been
demonstrated to be affected by age (Crewe and Moritz 1989; Slessor et al 1990; Engels et al
1997b), caste (Crewe and Velthuis 1980; Crewe et al 1990a,b; Plettner et al 1993, 1997;
Gadagkar 1996, 1997) and race (Crewe 1982; Plettner et al 1997. It becomes apparent that, in
addition to these factors, the presence of workers during the ageing of virgin queens
significantly influences the quantity of chemicals produced in the mandibular glands of
honeybee queens (chapter 5). The reduction in the quantity of the compounds, considered to
be the major constituents of the mandibular gland secretions, in queens reared with workers

may to be a consequence of queen/worker interactions during the rearing process.

These findings have important consequences for studies comparing the quantities of the
mandibular gland components of queens using previously published data. This study
demonstrates that age of honeybee virgin queens, and more importantly their immediate
holding conditions prior to processing, impact on the nature of the chemical signal recovered.
Methodological differences in the methods used to rear and age queens make comparisons
unreliable and may account for some of the differences reported in chemical profiles of queens
of the same race (Engels et al 1997b). This indicates that more care needs to be taken in the

collection of data used in such studies.

IMPLICATIONS FOR BEEKEEPING IN SOUTH AFRICA

South African beekeepers utilise the two southern African races of honeybee, the Highlands or
African honeybee Apis mellifera scutellata and the Cape honeybee Apis mellifera capensis.
Because of the pronounced biological differences between the two races, different
management techniques are required for each race. While modifications are required, the
basic management practices for A.m. scutellata are similar to those advocated for European
and Africanized honeybees (c.f. Morse 1979; Anderson et al 1983; McGregor 1992). A.m.
capensis, however, is a unique race among all the others due to its biological peculiarities
(Ruttner 1977; Crewe 1981; Verma and Ruttner 1983; Velthuis et al 1990; Hepburn and
Crewe 1991) thereby requiring the development of specialised management techniques
particularly for queen production (Anderson 1965; Cooke 1986). The findings of the foregoing
chapters provide some essential baseline data on A.m. capensis, required for the

development of a sensible and effectual programme for queen production in this race.
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Commercial Applications of Synthetic Honeybee Pheromones

Fundamental knowledge of honeybee pheromones has recently led to the use of synthetic
pheromones and pheromone blends in research and management applications. The queen
mandibular gland pheromone complex (QMP) as defined by Slessor et al (1988, 1990, 1998)
and synthetic nasonov pheromone have been ised in a variety of applications. Synthetic
nasonov components have been demonstrated to attract swarms to bait hives (Villa and
Schmidt 1992; Schmidt et al 1993) and to attract foragers in the field (Williams et al 1982).
Williams et al (1981) determined that the presence of worker footprint pheromone enhanced
the attractiveness of synthetic nasonov mixture and suggested that it may prove useful in
attracting foragers to crops needing pollination. Synthetic QMP has been demonstrated to:
inhibit the initiation of queen-rearing (Engels et al 1993; Melathopoulos et al 1996); initiate and
maintain retinue behaviour in workers (Slessor et al 1988, 1990; Kaminski et al 1990); induce
balling behaviour in workers (Pettis et al 1998); elicit approach and copulatory behaviour by
drones (Boch et al 1975; Loper et al 1996); and, function in attracting workers to swarms and

retarding swarm dispersal (Winston et al 1982, 1989).

Queen mandibular pheromone is being used commercially under the trade names “Bee Boost”
for beekeeping use and “Fruit Boost” as an attractant for crop pollination (Winston and Slessor
1998). “Bee Boost” is used in commercial queen-rearing operations to enhance mating
success and queen survival and as a queen substitute in shipping bulk packages of worker
bees long distances (Naumann et al 1990; Winston and Slessor 1993, 1998). “Fruit Boost” is
being sold as an attractant for use on varieties of blueberries, pears, apple and kiwifruit
(Winston and Slessor 1998). Higo et al (1995) suggest that a combination of increased
recruitment and greater time spent by foragers with increased flower visitation contribute to

enhanced pollination of blooming crops treated with QMP.

The effectiveness of synthetic QMP in the form of “Bee Boost” and “Fruit Boost” in commercial
gueen rearing operations and in enhancing pollination, respectively, have been tested in
America using European and Africanized honeybee stocks. Their potential in commercial
applications using African honeybees has not been determined. The findings of mandibular
gland secretion studies with A.m. capensis (Crewe 1982; Crewe et al 1990a,b; chapters 2, 3,
5) suggest that these synthetic blends of QMP are unlikely to be of commercial use for A.m.
capensis. The relative proportions of 90ODA, 9HDA, HVA and HOB, the compounds which
constitute the QMP, in A.m. capensis differ significantly from those found in European and
Africanized honeybees. 9ODA and 9HDA comprise approximately 90% and 8%, respectively,
of the QMP compounds in A.m. capensis queens. Compared with approximately 65% and
26% of 90DA and 9HDA, respectively, that they constitute in European and Africanized mated
qgueens (Pankiw et al 1996). Considering that all of the compounds are necessary to elicit the
full range of worker responses to QMP (Winston et al 1989, 1991), and that the full blend of
the major components of the queen mandibular gland extracts is necessary to elicit worker

reactions in A.m. capensis (chapter 4), an effective synthetic blend should emulate the
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composition of the natural blend. The effectiveness of “Bee Boost” and “Fruit Boost” with A.m.
capensis needs to be determined experimentally. More rigorous investigation into their

possible use in commercial beekeeping in southern Africa is beyond the scope of this work.

Queen Production with Apis mellifera capensis

Queen banking, successfully utilised for European and Africanized queens (Yadava and Smith
1971a; Post et al 1987; Lensky et al 1991), proved to be a non-viable method for rearing A.m.
capensis virgin queens (chapter 5). High mortality rates were experienced amongst queens
kept in queenbanks in queenless and queenright colonies. Keeping queens singly, with or
without, small groups (50) of workers in an incubator and singly in mating nucleus hives
proved to be the most successful methods of rearing A.m. capensis virgin queens, with high

survival rates being achieved using these techniques.

A high survival rate of virgin queens is not the only requirement of a good queen rearing
method; a high acceptance rate of introduced virgin queens by workers is of equal importance
(Ribbands 1953; Cooke 1986). The presence of workers during queen rearing significantly
affected the reactions of groups of workers towards introduced virgin queens (chapter 6). The
results of these investigations provided support for the suggestion that virgin queens may
learn appropriate behaviours towards workers during ageing, which facilitates an increased
acceptance of introduced virgin queens by groups of workers. It is possible that queens may
learn these appropriate behaviours through queen-worker interactions. Results of this study in
which virgin queens were introduced into groups of workers suggests that the presence of
workers during queen rearing could be necessary to ensure reduced risk of rejection and
injury of queens through aggressive interactions with workers. This could facilitating their
successful introduction into a colony and providing the beekeeper with a satisfactory queen

rearing method.

Artificial or instrumental insemination (Al) is a technique which is becoming increasingly
popular with queen breeders because of the opportunities it affords for controlled breeding,
allowing a greater degree of genetic manipulation (Laidlaw 1987). Buys (1988), in his
comprehensive investigation of Al in A.m. capensis, recommends that, for the best Al results,
A.m. capensis queens should be maintained without workers in an incubator, as this ensures
controlled environmental conditions and freedom from worker-borne diseases. In light of the
results of the finding of the foregoing chapters (chapters 5, 6), in which increased levels of
workers aggression towards introduced queens reared without workers were observed, it is
suggested that this is not the best method of Al for A.m. capensis. Queens should rather be
maintained with disease-free groups of workers in an incubator, a method which provides
equally successful Al results in A.m. capensis (Buys 1984, 1988) and will ensure increased

rates of acceptance of introduced queens by workers.
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Beekeeping in South Africa

The South African beekeeping industry has recently undergone major changes in
management practices in response to A.m. capensis and A.m. scutellata interactions that
resulted in the ‘tapensis invasion” (Allsopp 1992; Cooke 1992; Allsopp and Crewe 1993).
Beekeepers experienced massive losses of scutellata colonies as a result of infestation by
capensis workers. The occurrence of capensis workers in scutellata colonies manifest
biologically as a “dwindling colony” syndrome, resulting in queen loss and a gradual decrease
in the population of the colony, culminating in the death of the colony or the production of a
capensis queen (Johannsmeier 1983; Allsopp 1992; Allsopp and Crewe 1993; Hepburn and
Allsopp 1994). The impact on honey production and the pollination of crops such as lucerne,
onions, sunflowers and tropical nuts is huge, with losses in excess of one million US dollars

per annum having been experienced (Allsopp and Crewe 1993).

Allsopp and Crewe (1993) attributed uncontrolled migration of colonies, uncontrolled splitting
of colonies, excessive stress as a result of pollination demands and generally poor
management as having been responsible for the resulting situation and suggested decisive
action to alleviate the disaster. Determining the distribution of these two races and their
hybrids, understanding the processes that had previously ensured the relative stability of the
hybrid zone and developing improved management techniques are necessary to ensure the
future success of commercial beekeeping in South Africa. The movement of colonies by
beekeepers has obscured the precise nature and extend of the hybrid zone (Allsopp and
Crewe 1993), the distribution of which varies when different characteristic traits are considered
(Hepburn and Crewe 1990, 1991; Hepburn et al 1994, 1998; chapter 7). Preliminary data on
the honeybee queens of the Eastern Cape (chapter 7) indicates that Eastern Cape queens
have mandibular gland secretions which differ from those of A.m. capensis queens but which
may be similar to those of A.m. scutellata queens. Further investigations are required for the
establishment of a comprehensive baseline data set. The findings of this study suggest that
owing to the differences in the chemical signals produced by A.m. capensis, A.m. scutellata
and Eastern Cape queens it is likely that specialised management practices may need to be

developed for queen production in the Eastern Cape.

Improved management techniques are reliant on baseline data on aspects of the honeybee
biology of the races for which the techniques are required. The study presented here focused
on aspects of queen rearing and virgin queen development in A.m. capensis and investigated
the use of queen mandibular gland extracts in classifying the honeybees of the Eastern Cape
Province, South Africa. The results presented provide essential baseline data required for the
development of a successful queen production programme and improved management
practices for the Cape honeybee A.m. capensis. The future success of beekeeping in South
Africa is dependent on the development of improved management techniques founded on
data obtained from studies using the southern African honeybees, A.m. capensis and A.m.

scutellata, and their hybrids.
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APPENDICES

APPENDIX |

Table A: Amounts (ug; mean = SE) of the major aliphatic acids present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port Elizabeth East London Steynsberg Cradock Grahamstown
n=5 n=2 n=3 n=2 n=4

7HOA 0.537 £0.309 0.127 £0.127 2.105+1.419 1.548 + 0.621 1.452 £ 0.5837
8HOA 4.58 + 2.550 1.05+0.828 30.87 +21.877 14.72 + 6.392 15.06 + 6.290
90DA 85.98 + 45.98 7.50 £5.00 244.66 +119.87 361.35+19.17 136.90 + 44.66
9HDAA 0.32+0.20 0.00£0 0.58+0.31 0.32+0.11 0.00+0
9HDA 22.84+13.31 4.85+4.13 58.08 £ 32.28 75.91+20.88 48.21 £ 18.77
10HDAA 8.944 £ 7.619 0.422 +0.039 7.621 £3.776 20.593 + 14.071 13.729 + 4.827
10HDA 7.57 +£4.152 1.30+£0.0145 35.40 £ 27.36 19.07 £5.797 25.16 +£8.792

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.

Abbreviations for the compounds are as follows: 7HOA = 7-Hydroxyoctanoic acid; 8HOA = 8Hydroxyoctanoic acid; 9ODA = E)-9-ketodec-2-enoic acid; 9HDAA = 9
Hydroxydecanoic acid; 9HDA = (E)-9-Hydroxydec-2-enoic acid; 10HDAA = 10-Hydroxydecanoic acid; 10HDA = (E)-10-Hydroxydec-2-enoic acid.



Table B: Amounts (ug; mean = SE) of the major phenols present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port Elizabeth East London Steynsberg Craddock Grahamstown
n=>5 n=2 n=3 n=2 n=4
HOB 13.30+£8.04 1.53+£1.39 46.77 £ 30.45 41.96 =+ 14.03 30.82£12.75
4HBA 1.23+0.83 0.00x0 0.87 £0.86 2.81+0.77 0.01+0.01
HVA 13.92 +8.27 1.45+1.45 17.54 £ 10.23 16.52 +9.95 5.57+2.60

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.

Abbreviations for the compounds are as follows: HOB = Methyl-p-hydroxybenzoate; 4HBA = 4-Hydroxybenzoic acid; HVA = 4-Hydroxy-3-methoxyphenyl ethanol



Table C: Amounts (ug; mean ®+ SE) of the minor aliphatic acids present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port Elizabeth East London Steynsberg Cradock Grahamstown
n=5 n=2 n=3 n=2 n=4
2-Hexenoic acid 0.332 £0.155 0.123+£0.011 0.268 £0.143 0.328 £ 0.053 0.397 £1.094

Propanoic acid
2-Propenoic acid
Dodecanoic acid
Decanoic acid
Palmitoleic acid

Palmitelaidic acid

10-Undecenoic acid

Palmitic acid

Oleic acid

Stearic acid

0.10277 £ 0.07305

0.00005 * 0.00005

0.418 +0.079

1.630+0.870

1.283+0.418

0.787 £ 0.265

22741772

12.04 +6.891

32.17+17.24

10.45+4.54

0.00013 +0.00013

0.00012 +0.00012

0.286 +0.021

0.617+0.178

0.342+0.342

0.811+0.292

0.354 +0.035

2.85+0.756

3.46+1.06

4.63+2.23

0.19181 +0.11857

0.00018 + 0.00009

0.412+ 0.136

2421 +£1.429

4.371+1.745

1.060 +0.436

2.075+1.716

8.11+£6.014

11.89+7.74

1496 £11.28

0.16954 + 0.05252

0.00013 + 0.00013

0.285+0.112

2917 +1.278

2.465 + 0.036

1.746 £ 0.418

4.993 +0.175

18.87 + 2.501

94.65+19.28

35.88 +£2.89

0.00270 + 0.00062

0.00963 + 0.00940

0.110+0.061

9.546 + 8.693

2.486 +0.992

1.178 £0.381

3.526 +1.010

11.17+3.184

57.70+19.15

23.42£6.75

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statis tically significant difference was detected

(P > 0.05, Kruskal-Wallis) no letters are included.



Table D: Amounts (ug; mean = SE) of the aliphatic diacids present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port Elizabeth East London Steynsberg Cradock Grahamstown
n=>5 n=2 n=3 n=2 N=4
Suberic acid 0.863 £0.264 0.728 £ 0.159 0.601 £0.180 1.097 £ 0.296 0.661 £ 0.160
Azelaic acid 0.458 £ 0.227 0.326 £0.325 0.943 £ 0.837 1.210+0.871 0.627 £0.576
Undecandioic acid 0.300 £ 0.194 0.002 +0.001 1.765+1.416 0.630 +0.245 1.228+0.394

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.



Table E: Amounts (ug; mean ® + SE) of the alkanes present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port Elizabeth East London Steynsberg Cradock Grahamstown
n=>5 n=2 n=3 n=2 n=4
Eicosane 0.416 *+0.241 0.067 *+0.067 0.675%+0.234 1.081 %+ 0.024 0.022°+0.019

Heneicosane 0.16196 + 0.10304

Docosane 0.552 +0.175

Hexacosane 0.00019 + 0.00007

0.00013 +0.00013

0.354 +0.087

0.00003 + 0.000003

0.12494 +0.12349

0.396 +0.164

0.00032 +0.00003

0.50757 + 0.25552 0.64851 +0.25079

1.909 +0.840 5.120+1.816

0.00018 +0.00015 4.43615 + 2.65581

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected

(P > 0.05, Kruskal-Wallis) no letters are included.



Table F: Amounts (ug; mean ® + SE) of the aromatic acids and diacids present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality

Compound Port Elizabeth East London Steynsberg Cradock Grahamstown

n=>5 n=2 n=3 n=2 n=4
Aromatic acids
Benzoic acid 1.046 +0.402 0.452 + 0.452 5.765 + 3.292 3.875+0.713 2.963+1.186
Cinnamic acid 0.417 £ 0.266 0.002 £ 0.001 0.539 £0.280 1.062 + 0.023 0.012 £0.011
Aromatic diacids
Vanillylpropionic acid 2.46 £1.166 1.65+0.584 3.92+£1.806 5.84 £ 0.969 2.26 £ 0.652

#Means within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected

(P > 0.05, Kruskal-Wallis) no letters are included.



Table G: Amounts (ug; mean ® = SE) of the amino acids, sugars and indole present in mated queens from five localities in the Eastern Cape Province, South Africa.

Locality
Compound Port ELizabeth East London Steynsberg Cradock Grahamstown
n=5 n=2 n=3 n=2 n=4
Amino acids
L-Proline 0.425 +£0.145 0.257 £0.243 0.224 £ 0.095 0.363£0.119 0.496 £ 0.169
Glutamic acid 0.779 £ 0.446 0.149 £ 0.149 3.140 £1.574 4.485 +1.363 0.168 £ 0.051

L-Serine

Sugars

D-Glucose

L-Altrose

Indole

0.13970 + 0.09860

3.138+2.312

0.22+0.15

0.07+0.04

0.00025 + 0.00002

0.649 +0.284

0.00+0

0.00+0

0.09734 +0.09709

1.286 +0.707

0.26 £0.15

0.42+0.41

0.14633 £ 0.14610

1.610+1.128

0.50+0.30

0.09+0.08

0.08694 + 0.04895

0.517 £ 0.494

1.04+£0.27

0.31+0.08

aMeans within one row followed by the same letter are not significantly different (P > 0.05, Kruskal-Wallis). For rows in which no statistically significant difference was detected
(P > 0.05, Kruskal-Wallis) no letters are included.
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