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Abstract

Abstract

Behavioural tasks performed by honey bee workers change as they age. These
changes in behaviour are suggested in the literature to be influenced by genetics,
environmental cues, hormones and biogenic amine levels. In this study age- and
performance- related differences in behavioural responses to environmental stimuli were
identified in honey bee workers. Guard bees were less responsive to air and odour puffs and
habituated more rapidly to mild negative stimuli than young bees (1-6 days old) and pollen
foragers. However, guard bees showed a higher sensitivity to aversive stimuli, responding
with small sting extensions to low voltages (0.1-1 volts).

One- and 2-day old bees showed faster habituation to tactile stimuli than older bees.
Two day old bees also showed poor acquisition of aversive olfactory associations and
showed no retention of aversive olfactory memories. However, 2- and 3-day old bees both
showed an ability to learn which odour did not pose a threat and they retained this olfactory
memory for at least one hour. Guards and pollen foragers successfully learnt aversive
olfactory associations and retained aversive memories for 24 hours. Less than half of the
pollen foragers examined showed a conditioned response 24 hours after the last conditioning
trial, and even fewer bees retained aversive olfactory memory for 48 hours. Pollen foragers
collected during winter demonstrated less robust aversive olfactory learning during the
acquisition phase but their memory recall was similar to that of summer pollen foragers. The
extinction rate of aversive olfactory memories declined faster in guards than in winter and
summer pollen foragers. These results indicate that sensory sensitivity, aversive learning
behaviour and memory retention change as a honey bee ages or performs different

behavioural tasks.
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Introduction

1 Introduction

Social Insects

Higher social insects form complex organisations of individuals, or superorganisms
(Holldobler and Wilson, 2009), performing tasks determined by age polyethism, physiology
and genetics (Robinson and Page, 1988; Robinson and Page, 1989; Fahrbach and Robinson,
1996; Giray and Robinson, 2004; Behrends and Scheiner, 2009). Eusocial insects that form a
social structure include ants, termites, wasps and bees (Wilson, 1971; Oster and Wilson,
1978; Holldobler and Wilson, 1990; Fahrbach and Robinson, 1995; Holldobler and Wilson,
2009). These colonial species share a number of features in common. There is generally a
single reproductive female, a hundred or more males that are present only during warmer
seasons, and thousands of sterile caste workers performing duties in and outside of the
colony, caring for the reproductive individuals and their brood (Wilson, 1971; Wilson, 1985;
Holldobler and Wilson, 1990; Holldobler and Wilson, 2009). Eusocial insects undergo
complete metamorphosis during their lifetime. They are capable of flight and show age
dependent labour patterns (Rothenbuhler, 1964; Wilson, 1985; Winston, 1987).
Communication between members of the colony is conducted via pheromones or through
physical contact (antennation) between individuals (Seeley, 1979). Despite these similarities
even closely related species show significant behavioural variation. The guards from
Africanised and European honey bee colonies, for example, have different response levels to
sensory stimuli (Uribe-Rubio and Guzman-Novoa, 2008) and Africanised bees generally

show greater aggression toward invaders when irritated.

The Honey Bee

While many social insects are considered to be pests (e.g. termites in wooden homes,
wasp or ant nests in our gardens), the European honeybee (Apis mellifera) is favoured for its
pollination of flowers and its production of honey and wax. Honey is believed to have been
harvested by honey gatherers globally since about 13,000 BC. Honey, a high energy source,
was originally eaten on the spot, but as people left their nomadic life, swarms of honey bees
were caught and managed by bee keepers in man made “hives” for easier access to the stored

honey and wax. For over 4,000 years honey bees were kept in clay pots or cylindrical hives
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that were destroyed to harvest the honey and wax, killing the colony (Crane, 1983). Over the
centuries hive models changed as attempts were made to preserve the colony while
harvesting honey, making beekeeping a productive occupation. Several important stepping
stones were laid between the 1600s to the 1800s by Swammerdam (Cobb, 2001), Réaumur
(Bevan, 1843) and Huber (see, Seeley and Morse 1976) who understood the commercial
importance of the honey bee. Their research contributions improved hive design and
scientific understanding through observing the colony, mating rituals and studying the
anatomy of individual bees. Thomas Wildman’s research in the 1700’s on traditional and
contemporary beekeeping methods (Wildman, 1770) helped Lorenzo Langstroth in the 19™
century to design the present day hive (Langstroth, 1852), which was based on spatial
distances between the combs described by Huber as ‘bee space’ (Seeley and Morse, 1976).
The Langstroth hive enabled apiarists to extract surplus honey from the comb and return the
frame to the hive with minimal disturbance to the queen. Contemporary beekeeping has
become an efficient economical method of crop fertilization and a resource for harvesting
wax, honey and pollen. Effective husbandry, strong scientific and modern technology has
expanded our knowledge about honey bees in the last century. The honeybee is considered an
important insect for understanding basic and complex behaviour patterns at individual,
cellular and genetic levels (Wilson, 1971; Robinson and Page, 1988; Robinson and Page,
1989; Fahrbach and Robinson, 1996; Menzel, 1999; Menzel and Giurfa, 2001; Giurfa, 2003;
Giray and Robinson, 2004; Vergoz et al., 2007a).

Behaviour of the Worker Caste

Age-related changes in behaviour only occur among the worker caste of honey bees
(Wilson, 1971). For the first three weeks after emergence the adult worker is normally
occupied with tasks within the hive. Newly emerged bees perform cleaning duties around the
brood frames. Young bees, 4-13 days of age, generally switch to nursing. Nurses tend to the
eggs, feed larvae and, groom and feed the queen and drones (Seeley, 1982; Winston, 1987).
Nursing behaviour is triggered by the presence of “brood” and is enhanced by the “perfume”
produced by the queen (Robinson, 1992). The queen has a high metabolic demand because of
egg production so is fed royal jelly, which contains protein, monosaccharides, fatty acids,

vitamins, free amino acids and water (Rembold, 1976). Royal jelly is produced by workers’
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hypopharyngeal glands located in the head (Painter and Biesele, 1966). Drones are the
reproductive males of the colony. They have a very short proboscis and a large head making
it difficult for drones to feed from comb cells unassisted. The drones require workers to feed
them; royal jelly, sucrose and pollen granules, while worker bees only consume the latter two
foods (Haydak, 1970). At about 14 days of age, workers begin building comb cells, repairing
older comb and waxing up gaps around the hive walls. Wax molecules are produced from
wax glands on the ventral surface of the abdomen of the workers (Kolmes and Winston,
1988).

Days of Age

0 3 6 9 12 15 18 21 24+

New Emergers/Cleaners

IEERRAVRRRRN

Comb Builders

Storage Bees

Guards

Foragers

Figure 1.1. Age related changes in behaviour of the worker caste. The movement into a new
labour and the length of time performing the task were found to vary between studies. The
push and pull factors influencing behavioural changes are determined by genetics, the
number of new emergers and the colony needs.

Around the age of 15-21 days old, bees begin attending to food storage, removing bee
corpses from the hive and taking up guard duty (Seeley, 1982; Robinson, 1987). Guard duty
involves policing the hive entrance to prevent intruders, such as wasps or raiding bees from
other colonies, from entering the hive. Guards can be divided into two main groups. The first
group consists of bees (usually 10-20 in number) that prevent intruder bees from entering the
hive. The second group consists of soldier guards, usually a few hundred that come out of the

hive once alerted by alarm pheromone (Moore et al., 1987a). This defensive behaviour is age
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dependent and dependent also on sensitivity to alarm pheromones (Collins, 1980). Alarm
pheromone is sensed by the bee’s olfactory receptors and results in a defensive response to
the negative stimuli (Winston, 1987; Balderrama et al., 2002). Colony variation in responses
to alarm pheromone is strongly influenced by genetic traits, which also affect the
development of guarding behaviour in bees (Lenoir et al., 2006). During the guarding phase
bees familiarise themselves with the hive location and the local area by taking orientation
flights and exposing themselves to new stimuli. This leads onto a final stage involving
foraging. Foraging activity is strongly influenced by social interactions and the depletion of
food stores (Lindauer, 1953; Robinson, 1987; Schulz et al., 2002).

Figure 1.2. Two nectar foragers (A) and a pollen forager (B) flying back to the hive after
foraging in the field for food.

Foraging involves the gathering of pollen, nectar or water to stock food supplies and
to maintain a humid atmosphere at a regulated temperature within the hive (Fahrenholz et al.,
1989). Foraging is essential for a hive’s survival applying high demand on foraging
efficiency. New resources are first located by scout bees that inform other bees in the hive of
the new resource using the waggle dance and pass on a small sample of the food while
advertising the plant’s odour cues (Wenner, 1962; von Frisch, 1967; Wenner et al., 1967;
Gould, 1974; Tautz, 1996). The waggle dance is used to inform other bees of the location of
the resource (von Frisch, 1967). The dance pattern and waggle speed varies depending on
which direction and distance the resource is, in respect to the hive (Tautz, 1996; Riley et al.,
2005; Thom et al., 2007). Communicating the location of the resource to other foragers
increases over time with foraging experience (von Frisch, 1967). Polarised light emitted from
the sun is used by foragers to navigate the sky, from their hive to the food resource (Menzel,
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1968; Wehner et al., 1975; Rossel et al., 1978). Bees learn to associate specific olfactory and
visual cues with nectar quality. Appetitive learning greatly improves foraging efficiency
(Menzel, 1968; Cartwright and Collett, 1983; Menzel, 1985).

Age-related changes in behaviour can be influenced by physiological factors, a bee’s
genetic makeup and the needs of the colony (Robinson and Page, 1988; Robinson and Page,
1989; Fahrbach and Robinson, 1996). A sudden decline in the number of pollen foragers, for
example, can increase the number of nurse bees becoming precocious foragers in the colony.
An increase in the number of new emergers may also push older nurses off the brood frames
and into performing other tasks (Robinson, 1992; Amdam and Omholt, 2003).

Changes in Responsiveness to Environmental Stimuli

Changes in sensitivity to environmental stimuli can trigger changes in task behaviour.
Sensory and response differences are thought to be influenced by specific behavioural
demands of each labour group (Wilson, 1985; Uribe-Rubio and Guzman-Novoa, 2008).
Genetic traits influence behavioural task responses, causing bees of similar age to vary in
behaviour, as combinations of patrilines vary between colonies (Lenoir et al., 2006). This is a
result of polyandry; the queen mating with several drones (Guzman-Novoa et al., 2002;
Arechavaleta-Velasco et al., 2003; Behrends and Scheiner, 2009). Expression of genes
affecting the behaviour of aging bees influences the sensitivity and responses to stimuli
(Oldroyd and Thompson, 2006). For example, genes in older bees determine if they forage
for nectar or pollen (Robinson and Page, 1989). Therefore, genetics can influence the
response to stimuli in bees and the labour they perform. The level of aggressive response or
sting extension to a negative stimulus may differ between colonies or nest mates because of
genetic variation (Rothenbuhler, 1964; Breed and Rogers, 1991; Behrends and Scheiner,
2009). Evidence implies that responses to environmental stimuli may change with age,
influencing movement into another behavioural task. Previous studies suggest that
associative olfactory learning and memory may also be affected by age related changes in
responsiveness to environmental stimuli (Morgan et al., 1998; Vergoz et al., 2007a; Behrends
and Scheiner, 2009).
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Learning Development

Olfactory associations begin in the hive where bees first begin to learn to distinguish
their kin by odour (Kalmus and Ribbands, 1952; Breed, 1981; Breed, 1983; Getz and Page,
1991). Kinship recognition is important. It enables bees to recognise intruders quickly, and to
locate the queen during swarming (Boch and Morse, 1974; Breed, 1981). As bees age, odour
recognition becomes important also for foraging. In the early 20™ century von Frisch and
others demonstrated bees could associate flower cues with a food reward. Bees returned daily
to man made feeders at specific times when sucrose solutions were made available and
indicated a preference for rewarding feeders over non-rewarding feeders (von Frisch, 1967;
Wenner et al., 1967; Waller, 1972; Waddington and Gottlieb, 1990). Menzel and colleagues
took advantage of this behaviour to study learning and memory in bees (Frings, 1944;
Takeda, 1961; von Frisch, 1967; Bitterman et al., 1983; Menzel and Muller, 1996). Bees
quickly learn to extend their proboscis in response to an odour if they have learned to

associate the odour with receiving a sucrose reward.

Aversive associations occur naturally also, from a single negative experience, or
several encounters. Examples of natural aversive associations include the survival and later
avoidance of entrapment in an orb-spinning spider web that imitates a flower (Craig, 1994,
Craig and Ebert, 1994) or being hit by violent sex organs of alfalfa flowers (Reinhardt, 1952;
Menzel and Miiller, 1996). Experienced honey bee foragers will avoid alfalfa flowers or feed
on the nectar from the side of the flower. Entering the flower activates the keel mechanism
hitting the bee on the head to ensure efficient pollen transfer and cross pollination in the next
flower, but operates as a negative stimulus for the honey bee (Reinhardt, 1952). Working the
flower from the side enables bees to collect nectar without triggering the keel but the flower
does not achieve cross pollination (Reinhardt, 1952). The study of aversive olfactory
association in bees is a recent occurrence (Vergoz et al., 2007a). A mild electric shock
stimulates the defensive response of a bee (Takeda, 1961; Breed et al., 2004; Vergoz et al.,
2007a; Vergoz et al., 2007b) and the bee can quickly learn to associate the presence of an
odour with this noxious stimulus.

In recent tests, evidence suggests that 2 day old bees might not be able to associate
the presence of an odour with the advent of a negative stimulus (electric shock) (Vergoz,

2008). In contrast, Vergoz found that 4 day olds showed aversive olfactory learning and
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Mushroom Bodies

Antennal Lobes

Antennae

~ ]
Syringe Odour
Compounds

Figure 1.3. Odour compounds are detected by receptors in the antennae. The signals are
carried via the antennal nerve to the antennal lobes. Information processed in the antennal
lobes is then conveyed to the mushroom bodies of the bee’s brain. The mushroom bodies
are involved with olfactory learning and memory.

retained aversive olfactory memories for at least 1 hour (Vergoz et al., 2007b). These
experiments suggest that aversive olfactory learning and the formation of aversive memories
might be age dependent. Aversive learning and memory formation in 4 day olds was only
possible when QMP (queen mandibular pheromone) was not present after emergence. QMP
is a multifunctional pheromone produced in the queen’s mandibular glands (Slessor et al.,
1988). Its purpose is to advertise her presence, health, and maintain behavioural control over
the colony. QMP affects the physiology and behaviour of the worker bees by reducing ovary
development (Winston et al., 1990) that would otherwise begin laying unfertilized eggs in a
gueen-less hive (Tamer et al., 2006). QMP encourages other hive activities like comb
building (Ledoux et al., 2001) but reduces locomotor activity and suppresses aversive
learning and memory of younger bees (Vergoz et al., 2007b). Previous experiments, showed
bees raised with QMP only began responding to an odour that had been conditioned with an

aversive stimuli by the age of 15 days (Vergoz et al., 2007a). One week old bees were not
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able to learn or retain aversive associations when exposed to QMP, but they did show
significant learning ability at 4 days and older when not raised with QMP (Vergoz et al.,
2007a). The pheromone reduces dopamine levels in the brain and influences dopamine
signalling (Beggs et al., 2007). If the dopaminergic neurons within the brain are blocked the
insect’s ability to form aversive associations is greatly reduced as dopamine is essential for

aversive learning (Schwaerzel et al., 2003; Unoki et al., 2005; Vergoz et al., 2007a).

This study will determine (i) whether sensitivity to puffs of air, odour puffs, and mild
aversive stimuli changes with age, (ii) how quickly responses to odour and mild aversive
stimuli habituate and whether this is age dependent, (iii) the age at which aversive learning in
worker bees can first be demonstrated, (iv) whether long-term aversive memories are
established in pollen foragers and guard bees, (v) whether seasonal change influences
aversive learning in pollen foragers, and (vi) how quickly conditioned responses can be
extinguished. The overall aim is to develop a better understanding of age-related changes in

sensory responsiveness, and the development of aversive learning in bees.
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2 Methods

2.1  Collecting worker bees

To identify bees of known age, newly emerged adults were collected from brood
frames (Fig. 2.1.A). Frames were taken out of the hives located at the Department of Zoology
and placed into incubators set at 36°C. Bees that emerged within a few hours of each other
had their thorax colour coded with paint (water based, non-toxic acrylic). The paint was
allowed to dry and the bees were returned into their parent hive (Fig. 2.1.B). The bees were
collected again from the hives when they were at the required age. To prevent exposure to
QMP some newly emerged bees were kept in cages in the laboratory from the time of adult
emergence until they were 2 or 3 days old. They were supplied 30% sucrose solution and
water via Eppendorf tubes. Collection of guard bees (Fig. 2.1.C) was done by selecting bees
policing the entrance and by provoking the hive entrance with a stick. The bees that exited
the hive within the first minute and remained on the entrance platform investigating the stick

were considered to be soldier bees, the second group of guard bees (Breed et al., 1990).

C‘

Figure 2.1. A newly emerged bee crawls out of her cell after chewing off the wax capping
(A). A painted bee of known age works amongst her sisters inside the hive (B). Guard bees
outside the hive entrance police all bees arriving (C). A pollen forager returning with her
pollen baskets fully loaded (D).
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Pollen foragers (Fig. 2.1.D) were collected from the hive entrance as they returned from
foraging. These bees are easily distinguished from others by the large pollen granules on their

hind legs.

2.2  Experimental Setup

Bees of the following ages from adult emergence were examined: 1, 2, 3, 4 and 6 day
olds. Guard bees and pollen foragers (>15 days old) were also examined. Only 20 bees were
collected at one time. All experiments required bees to be restrained in holding frames. The
same process of harnessing the bees was used at the beginning of all experiments. Firstly
bees were cooled down inside a glass jar covered with ice until they become stationary. They
were then placed onto a holding frame with their thorax between two brass plates (Figure.
2.2.C). The bee’s neck and petiole were fitted into small groves cut into the brass plates. A
conductive gel, electrophysiology cream (Reegraph M.E.I) was used to improve electrical
conductivity between the plates and the bee’s body. A thin strip of tape was wrapped over the
thorax to ensure the bee could not escape but had free movement of the head, antennae and
abdomen. Bees were left for one hour to become accustomed to the holding apparatus and the
unusual position. After 20 minutes into the hour bees were fed honey to replenish their
energy and to obtain better results. At the beginning of each experiment bees were placed
into the training arena (Figure. 2.2.B). The holder in which the bee was placed was connected
to a stimulator that was used to administer electrical stimuli of known voltage to the bee
(Figure 2.2.A).

2.3 General responsiveness to sensory stimuli

A series of tests were carried out to determine whether there are age-related changes
in responsiveness to stimuli, such as a puff of air or odour and a mild electric shock.
The bee was exposed to a puff of air or odour from a 20 ml syringe. The odour puff was
formed by placing 5ul of eugenol (Sigma) onto a small piece of filter paper (1 cm?) which
was then placed into the syringe. The syringe was held about 1cm from the bee’s antennae
and the puff was delivered for 5 seconds. The abdomen was observed for sting extension
during and directly after the puff was administered. The bee’s response to the stimulus was

recorded.
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B

Figure 2.2. (A) The apparatus setup used to test sensitivity to shock stimuli and for aversive
learning. Shock duration and voltage was controlled by the Grass SD9 stimulator (4). A
voltmeter (3) was used to double check the voltage being delivered to the bee (1). The
shock duration was timed using a stop watch (2) to ensure all bees received the correct
exposure length.

(B) Training arena. An air extractor (4) was used to remove odour from the arena. The stage
in the arena centre (2) was connected to the stimulator used to deliver a shock stimuli.

(C) A bee secured in a holder between two brass plates.
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To avoid using an odour containing a key odour cue previously experienced (Bruce et
al., 2002; Vereecken et al., 2010), eugenol, single compound odour, was used. Floral odours
contain compound mixtures, some compounds are stronger than others and are more likely to
become a key triggering component in a conditioned stimulus (Deisig et al., 2010). A novel
odour containing a pre-experienced key compound could trigger a reflex response to the
previous associations.

The voltage required to elicit sting extension (the response threshold; Figure 2.3.) was
determined in bees of different ages by exposing bees to voltages ranging from 0.1 to 8 volts.
The voltages tested were similar to those used by Roussel et al. (2009). The maximum
voltage administered in the present study was 8 volts as previous studies have observed
abnormal behaviour occurring in bees exposed to higher voltages (Vergoz, 2004) and
because approximately 90% of foragers exhibited a sting extension reflex at 8 volts. To
determine the response threshold the voltage was set at 0.1 volts and increased every two
minutes to 0.25, 0.5, 1, 2, 4, 8 V as described by Roussel et al. (2009). The bee’s abdomen
was observed before, during and after administering each shock stimulus but only the
response during stimulation was recorded. Five possible responses could occur; full sting
extension, partial sting extension, small or large body movements or no response. This

experiment highlights the changing threshold to aversive stimuli with age.
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Figure 2.3. Large sting extension in response to stimulation of 8 volts.
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2.4  Non-Associative Learning: Habituation

Rates of response habituation (non-associative learning) were examined in bees of
specified ages. The stimuli tested included odour puffs and mild (4v) shock stimuli of 2
seconds duration. Each bee was exposed to one stimulus 15 times with a 2 minute interval
between each stimulus. The bee’s defensive response (sting extension) was recorded. The
aversive stimulus of 4 volts was well above the threshold for large sting extension threshold
but not strong enough to cause physical harm. The rate of habituation to an odour puff given
to pollen foragers was also tested and compared to response curves obtained for the unpaired

stimulus (CS—) in differential conditioning trials (See section 2.6).

2.5  Associative Olfactory Learning

Associative olfactory learning was demonstrated using absolute conditioning as well
as differential conditioning using techniques similar to those described by Vergoz et al. (2007
a,b). Absolute conditioning involves conditioning with one odour which is paired with an
electric shock. Differential conditioning involves two odours one of which is reinforced with
mild shock (CS+) and the other is not reinforced (CS-).

2.5.1 Absolute Conditioning in 2 Day Old Bees

The odour eugenol was paired with a mild electric shock of 7.5 volts and 2s duration
(Fig 2.5). Six conditioning trials were used with 10 minute intervals between each
conditioning trial. A retention test was preformed one hour after the last conditioning trial
(Fig 2.4). The aim of this experiment was to confirm findings of Vergoz (2008) who showed
that 2 day old bees show little or no aversive learning.

Chilling Recovery 6 Conditioning Holding Retention
| & Setup | Time | Trials. | Period | Test |
15 minutes 60 minutes 60 minutes 60 minutes

Figure 2.4. Absolute conditioning timeline.
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2.5.2 Differential Conditioning

Each bee was placed into the training arena (see section 2.2.) and left for 20 seconds
to adjust to the new environment. Next, one of two odours, eugenol or 2-hexanol, was
delivered to the bee for 5 seconds. For the purposes of these experiments eugenol (CS+) was
paired with the unconditioned stimulus, mild electric shock (US), whereas 2-hexanol (CS-)
was not reinforced. The CS+ odour was puffed towards the bee for 3 seconds alone and then
together with the US, a mild shock (7.5 volts, 60 Hz, AC current) for a further 2 seconds (Fig
2.5.).

Before conditioning After conditioning

/ Electric Shock
No response to B

the odour.

| | | F, A
" ' AN

\ 1s 3s 55 T

/
N/
N/

Conditioned
response to odour.
e (sting extension
~ ) response)

Unconditioned response to L l l l l l >

the electric shock. (sting
extension reflex) 6 conditioning trials

Figure 2.5. Protocol used for aversive conditioning. Prior to conditioning no sting extension
occurs in response to the odour. The unconditioned response to the electric shock is a large
sting extension. In each trial the odour is presented for three seconds then continued
simultaneously with a 2 second mild electric shock (7.5 volts). Bees were conditioned 6
times to an odour (arrows). If a bee learns to associate the odour with punishment, she will
extend her sting to the odour in anticipation of the shock. Modified from Vergoz, 2008.
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Conditioning was repeated 6 times for each odour, with a 10 minute interval between
each trial (Fig. 2.5). The two odours were presented in an organised random order (A, B, A,
B, A A, B, B, A B, A, B) to ensure no pattern of odour exposure was learned. After
conditioning, bees were placed in an upright position for 1, 24 or 48 hours after which time
the retention test was performed. During the retention test bees were exposed to CS+ (alone),
and to CS-, each for 5 seconds. A sting extension during exposure to the conditioned odour
(CS+) indicates that the bee has learnt to associate the odour with punishment. No sting
extension to CS- helps confirm that the bee is able to distinguish between the two odours.
Responses to the US were retested also to confirm that the bee still showed a normal reflex
response.

Differential conditioning was used to examine aversive learning in 3 day old adults
that had not been exposed to QMP. As bees at this age showed signs of learning and memory
retention, 2 day old adults were tested also to determine at what age bees first exhibit

aversive learning.

2.5.3 Retention Duration

Short term memory (1 hour) following aversive learning has been demonstrated
(Vergoz et al., 2007a; Vergoz et al., 2007b; Roussel et al., 2009) but it is not known how
long aversive memories are retained beyond this time point. Pollen foragers and guard bees
were used to determine whether aversive memories are retained for longer periods. The
aversive learning procedure followed the same techniques as described above. However,
after the final conditioning trial, bees were placed into an incubator over night while still
restrained in their holding frames (Fig. 2.6). Bees were fed honey regularly to ensure

survival. Retention testing followed 24 or 48 hours after conditioning.

Chilling Recovery o Holding Retention
& Setup Time Conditioning Period Test
10 minutes 60 minutes 2 hours 1, 24 or 48 hours

Figure 2.6. Timeline for differential conditioning to CS+ and CS- odours.
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2.5.4 Extinction of Conditioned Responses

The following experiment was aimed to determine how quickly the conditioned
response towards CS+ odour can be extinguished if bees had elected a sting response during
retention testing. After the retention test (see section 2.5.3), bees were presented with the
conditioned stimulus for 5 seconds without reinforcement for 15 trials at 2 minute intervals.
Any sized sting during or directly after exposure was counted as a response to the odour.
Results indicated how fast the bee is able to extinguish the conditioned association when

reinforcement is not present.

2.5.5 Responses to CS-

During aversive learning, responses to CS- fell from 20-30% down to about 5-0%. To
determine if this rate of decline is influenced by presentation of CS+, two groups of pollen
foragers were presented with 2-hexanol alone, without reinforcement for 6 trials. The odour
was presented at 10 or 20 minute intervals for 5 seconds. A sting extension was considered as
a response to the odour. This experiment aimed to determine whether the decline in response
to a neutral stimulus varies depending on how frequently it is received, and if another
stimulus (CS+) is present for comparison.

16
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3 Statistical Analysis

Data were analysed using SPSS 17, SAS (Statistical Analysis Software version 9.1,
Institute Inc. Cary, NC, USA) and Minitab 15.

3.1  Responses to a novel stimulus

One-way ANOVA was used to compare the mean level of responses to a novel
stimulus (an air puff or odour puff) across all age groups. This gave an F statistic, a ratio of
variance between the means, post hoc comparison (Turkeys test). Two sample t-tests were

used to compare mean responses towards an air puff versus of an odour puff response in each

group.

3.2 Response changes resulting from repeated stimulation: Habituation

Habituation of sting extension in response to repetitive exposures to the same
stimulus (either an odour puff or a 4 volt electric shock stimulus) was tested using several
different methods of analysis. Bees that did not respond with an extended stinger in the first
trial were excluded from the data. The exclusion compensated for the possibility some bees

were not physically able to sting or sense the stimulus.

3.2.1 Habituation to repeated odour puffs

To examine changes in response levels within repeated stimulations non-linear
regression was used. Parameter estimates of the mean and standard deviation were then used
to compare groups using two-sample t-tests. The R2 value was calculated by using the model
expression of (a + b*exp(-k * Trial)) which indicates how closely the data points fit the
predicted curve. The numerical distance of the R2 value to 1 (predicted curve) indicates the
degree of variation of the response levels from the predicted curve. T-tests were conducted
using the standard error of the difference between angular coefficients to gauge if differences
between any of the three groups were statistically significant. This enabled us to determine if

the regression curve in one group is different from the regression curve of another group.
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3.2.2 Response to a repetitive negative stimulus

The changes in response levels and large response fluctuations meant non-linear
regression could not be used to analyse the 4 groups. The rate of habituation to 4 volts every
2 minutes was analysed first using a Chi-Squared test to compare the percentage of sting
extension reflexes occurring in the final trial across the 4 groups. After a significant variation
in the level of responses across groups was confirmed, a generalised linear model was used to
determine where the significant differences occurred between the groups last response levels.
Generalised linear models are a flexible overview of ordinary least squares regression using

binomial data.

3.3 Behavioural Threshold Limits

To form clarity from the low level behavioural responses to the increasing voltages a
response threshold was formed. The two sting extension responses from the first three
voltages administered to the bees were used to calculate X (the mean) and multiplied by 100.
A statistical equation taken from binomial distributions was used (Lo=((X+1) pa@2)viv2’)/(N-
X+(X+1) ry2)v1'v27)) to calculate the upper confidence limits for proportions (Zar, 1984). The
final result of L is multiplied by 100 and was used as the upper limit (behavioural threshold).
The calculated upper limit is used as a method to cancel out any ‘noise’ that occurs
randomly. The minimum voltage required to elicit a response above this threshold level was
recorded. A linear mixed model calculated the F-value from the change in behavioural
response levels corresponding to voltage change while the difference of least squares means
give the sidak values (a multiple comparison amongst a set of means) of every interaction
between the voltage and behavioural response patterns. These analyses show that different
behavioural patterns form in correlation to the voltages and the degree of difference.

A Pearson Chi-Squared test was used to verify variations of small or large sting
extension percentages at voltage points of interest between bee groups. Significant results
were investigated using a pairwise comparison from a generalised linear model to find

exactly which group was significantly different from other groups of bees.
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3.4  Absolute and Differential Conditioning and Retention

To determine whether the level of responses to CS+ (Fig 3. A, B see a,a.i) and CS-
(Fig 3. A, B see b,b.i) change significantly over the 6 conditioning trials Cochran tests were
used. The Cochran test is a non parametric statistical test which can be used to analyse
dichotomous data making it ideal for analysing changes in the acquisition curve (Zar, 1984).
Cochran testing will determine if a significant change occurs in the level of conditioned

responses over the six trials for CS+ or CS- within a group.

A B
al c ai c
d =]
b d b d
I I8 [ A i
CS5+ C5- CS+ C5-

Figure 3.1. An example diagram of differential conditioning and retention test results from
two separate groups of bees, A. (left) and B. (right). a to a.i: conditioned sting extension
response levels to CS+ odour paired with an electric shock. b to b.i: conditioned sting
extension response levels to CS- odour unpaired. c: responsive sting to the CS+ odour during
retention testing not accompanied with a shock. d: responsive sting towards CS- odour.

The McNemar test is a modified Chi-squared test for within group comparisons of
paired dichotomous data (Zar, 1984). The McNemar test is used to determine whether
response levels in the very first conditioning trial (prior to electric shock treatment) differ
significantly from the level of response observed in the retention test for CS+ and CS- (Fig 3.
A, B. see aand c, b and d). The reason for using the first conditioning trial is that this
represents the spontaneous response level prior to presenting the animal with an aversive
stimulus. To compare the level of responses to CS+ and CS- in the retention test (Fig 3. ¢ and
d) a McNemar test is also used. This analysis will show if bees have learned to associate the
CS+ odour with punishment.

Chi-Squared tests were used to compare the level of responses recorded in the

retention tests between two different bee groups e.g. (Fig 3. A.c vs B.c). Comparing the
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corresponding retention test response levels to CS+ or CS- with another bee group shows the
level of difference in memory retention.

To compare the response levels across the conditioning trials between two groups the
delta value is calculated first by (CS+)-(CS-). The new data points at each conditioning trial
are compared with the same trial number from another bee group using a Mann-Whitney test.
It is a non-parametric test for analysing if two levels of response are the same. In the
conditioning trails it is used to determine if calculated sum responses to the two odours are
different to those recorded in another bee group. The same analysis also assessed response

levels in the retention test among CS+ and CS- between bee groups.

35 Extinction Rate

Bees that displayed a conditioned response to the reinforced odour (CS+) in the
retention test were used to determine how quickly the memory could be extinguished by
presenting the odour without reinforcement. ANOVA residual tests gave an R? value that
correlates the variation of each data point at every trial from the best fit line calculated from
the original data. Next, groups were compared in a pairwise manner using two sample t-tests
to find out which groups were significantly different from one another. A significant result
shows the rate of response level decline to the odour from one group of bees varied from
another and was able to extinguish prior associations faster.

3.6 Changes in response to CS-

Changes in the level of responses to the non-reinforced odour (CS-) were analysed in
three ways. Firstly a Cochran test analysed the change in response levels over 6 trials to
determine if the change of response levels over the 6 conditioning trials were significant.
Secondly a linear regression, a linear line estimated from the data, is formed using a non-
standardised coefficient on the slopes to calculate the R? value. Thirdly, changes in the level
of responses elicited from all bee groups tested were compared between groups of interest
using a general linear model, univariate analysis of variance. The model calculates an
estimated curve and compares the two slopes. A significant difference between the groups

indicates the decline of response levels between them were not the same over the 6 trials.
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4 Results

4.1  Age-related Changes in Responsiveness to Air and Odour Puffs

4.1.1 Levels of Responses to a Novel Stimulus

The percentage of bees displaying sting extension in response to a novel stimulus, a
puff of air (Fig 4.1 grey bars) or an odour puff (Fig 4.1 white bars) to the antennae, was
recorded using 1-6 day olds, guards and pollen foragers. Significant differences were found
between the responses of bees of different ages to an air puff (1 factor ANOVA, F.5376= 3.63,
p=0.003) and to an odour puff (1 factor ANOVA, F.5379=4.47, p=0.001). Four day old bees
showed the highest level of responses to both stimuli. Responses tended to increase from 1
day to 4 days old and then declined.

The level of responses to an air puff in 4 day old bees was significantly higher than
the level received in 6 day olds, guards and forager bees (Fig. 4.1). Guard bees had the

lowest response level (12.12%). The level of responses to an odour puff remained relatively
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Figure 4.1. Percentage of bees responding with sting extension when either air or an
odour was puffed at their antennae.
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high in 6 day old bees and pollen foragers but the level of responses to an odour puff was
significantly lower in guard bees than in all other groups.

The levels of responses towards the two stimuli within a group were significantly
different for 6 day olds (two-sample t-test, t-value = -2.42, DF = 101, p = 0.017) and pollen
foragers (two-sample t-test, t-value = -2.34, DF = 204, p = 0.02). Responses to the two
stimuli within the other groups were similar to each other with responses to odour puffs

always being slightly higher except in guard bees.

4.1.2 Habituation to Odour Puffs

All groups showed a strong correlation between response levels and trial number,
with responses declining as a result of repeated stimulation (Fig. 4.2.; R?: 1 & 2 day olds =
0.977; 4 & 6 day olds = 0.945; Pollen foragers = 0.977). Most bees habituate to the odour
stimulus. However two sample t-tests revealed significant differences between the groups; 1
and 2 day old bees habituated faster in the first two trials than the other two groups (1 & 2
day olds versus 4 & 6 day olds: T-value = 16.64, DF = 27, p = 0.0001; 1 & 2 day olds versus
pollen foragers T-test = 20.55, DF = 23, p = 0.0001). A small percentage of pollen foragers

continued to respond even in the 15" trial.
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70 —— 4 & 6 days old
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—a— Pollen foragers

Sting Extension Reflex %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of Trials

Figure 4.2. Habituation of the sting extension reflex in response to odour puffs delivered
every two minutes, 15 times. (1 & 2 days n = 34; 4 & 6 days n = 28; Pollen foragers n = 33).
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4.2  Responses to Aversive Stimuli

4.2.1 Response Thresholds

Behavioural responses towards electric shock stimuli at a range of voltages were
tested in bees of different ages. At the lowest voltages tested (0.1-0.5 volts) only 0 to 5% of
bees responded. To deal with this ‘noise’ a threshold line was calculated from the upper
confidence limit of the average ‘noise’ level for sting extension responses. All behavioural
response levels above this line are considered to be above threshold for any particular

behaviour.

The threshold line for 1 day old bees was calculated to be 10.2% and small
movements were already higher than this with 27% at 0.1V (Fig. 4.3.). All other behavioural
responses did not pass the threshold level until 2 volts. Small movements decreased by 4
volts, while small sting extension responses peaked at 4 volts and dropped slightly by 8 volts.
Only large sting extension continued to increase with voltages above 4 volts indicating that it
is the most prominent response when a bee is harmed. The fixed effects comparison of the
behavioural response levels with voltage increase shows a highly significant difference
between the response changes as voltages increase (Figs 153 = 24.48, p = 0.0001).

In 2 day olds small movements began slightly above the threshold line (16.9%) (Fig
4.4). Large body movements and small sting extension remained under the threshold limit
until 2 volts. Large movements declined with voltages above 2 volts and small sting
extensions rose and then dropped in the same manner as seen in 1 day olds. Large sting
extension remains below the threshold at 2 volts but rises to about 70% at 4 volts. Small
movements decrease as large movements and small stings increase but also decline as large
sting extensions increase. The fixed effects comparison of the behavioural response levels
with voltage increase shows a highly significant difference between the response changes as

voltages increase (Fis 936 = 18.60, p = 0.0001).
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Figure 4.3. Defensive behavioural responses of 1 day old bees towards voltages from 0.1
to 8 volts. (n = 65).
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Figure 4.4. Defensive behavioural responses of 2 day old bees towards voltages from 0.1
to 8 volts. (n = 40).
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In four day old bees the behavioural response rise of small movement was noticeably
steeper and reached 77.5% by 0.5 volts (Fig. 4.5.). Its bell curve response was larger than
other bees under one week of age. The large body movements did not rise above the
threshold line (16.9%). Small sting extensions passed over the threshold at 2 volts and 4 volts
but had declined at 8 volts. The large sting extension response remained well below the
threshold until 4 volts and continued to increase at 8 volts. The fixed effects comparison of
the behavioural response levels with voltage increase shows a highly significant difference
between the response changes as voltages increase (Fig g3 = 21.80, p = 0.0001).
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Figure 4.5. Defensive behavioural responses of 4 days old bees towards voltages from
0.1 to 8 volts. (n = 40).

A similar result seen in younger bees is repeated with 6 day old bees taken from the
hive. Small movement is already above the threshold point (16.5%) at 0.1 volts (Fig. 4.6.).
Large movement does not rise above the threshold line. Small and large sting extensions rose
above the threshold line at 4 volts before small stings decreased at 8 volts while large stings
continued to increase. The fixed effects comparison of the behavioural response levels with
voltage increase shows a highly significant difference between the response changes as

voltages increase (Fig 1392 = 28.44, p = 0.0001).
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Figure 4.6. Defensive behavioural responses of 6 days old bees towards voltages from
0.1 to 8 volts. (n =59).

Guard bees had two behavioural responses above the threshold (8.8%) at 0.1V (Fig.
4.7.). Their upper limit was calculated only from two behaviour responses because small
sting extension response was unexpectedly higher than in previous groups. Small sting
extension at 0.1 volts was at 15% and increased as small movements increased, but small
stings dropped below the threshold at 2 volts only to rise above the threshold at 4 volts and
fall below at 8 volts giving the behavioural group two peaks. However the two remaining
behaviours did not register until 2 volts. Large sting extensions increased at similar rates seen
in other groups tested. The fixed effects comparison of the behavioural response levels with
voltage increase shows a highly significant difference between the response changes as

voltages increase (Fig 3 = 21.09, p = 0.0001).
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Figure 4.7. Defensive behavioural response of guard bees towards voltages from 0.1 to 8
volts. (n = 40).

100
920
80

70
---A& - - Small movement

60
0 A

-- -l - - Large movement

40 A —A— Small sting

30 .

Behavioural Response %

—B—large sting

20

10

0.1 0.25 0.5 1 2 4 8
Voltage (V)

Figure 4.8. Defensive behavioural responses of pollen foragers towards voltages from 0.1
to 8 volts. (n = 40).
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In pollen foragers all responses to 0.1 volts were below the threshold line of 18.6%
(Fig. 4.8.). Starting at 10%, small movements rises to 37.5% at 0.5 volts, clear of the
threshold and does not go below it until 4 volts. Large movement and small sting extension
did not cross the threshold. Large sting extension passes the threshold at 4 volts and
continues to rise at 8 volts. The fixed effects comparison of the behavioural response levels
with voltage increase shows a highly significant difference between the response changes as

voltages increase (Fis 36 = 14.88, p = 0.0001).

Comparing small sting extensions from all groups gives a clear visual indication of
the change in general response levels with increasing voltages (Fig. 4.9.). The response of
small sting extensions from bees was significantly different (y> =88.594, DF =3, p =
0.0001). Response level of guard bees at 0.5 volts was significantly higher than all other
groups (Sidak: 1&2 = 0.0001, 4&6 = 0.0001, pollen foragers = 0.0001).

Large sting extensions levels from the groups of bees were very close (Fig. 4.10.).
The statistical comparisons of large sting extensions at various voltages were very similar
among all age groups tested. A Chi-Squared test at 2 volts showed no statistical difference
between groups (x> = 3.85, DF =3, p =0.278). However the same test showed a significant
variation in the response levels at 8 volts between all groups (x> = 9.879, DF =3, p = 0.02).
Further testing using generalised linear model a pairwise comparison revealed the variation

was occurring between 1&2 day olds and 4&6 day olds (Sidak p = 0.02).
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Figure 4.9. Small sting extensions from all age groups tested. An early response of SER
among guard bees indicates they have a higher sensitivity response level than other
groups tested.
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Figure 4.10. Large sting extensions from all age groups tested. A very similar response
pattern between all bee groups throughout stimuli exposure.
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4.2.2 Habituation to Aversive Stimuli

In contrast to the bees’ responses to an odour puff, no group showed complete
habituation to electric shock stimulation (Fig.4.11.). The exposure of 4 volts over 15 trials to
young bees (1-6 day olds), guards and pollen foragers was not enough exposure trials for any
of the groups to reach complete habituation. Guard bees habituated faster than other groups
while bees less than one week old showed little habituation. The level of responses at trial 15,
was significantly different across the four groups (> =31.342, DF =3, p=0.0001). The data
were analysed again using a generalised linear model to determine where the differences lay.
A pairwise comparison indicated that the groups of bees could be segregated into two groups
(1 & 2 day olds and 4 & 6 day olds: (Sidak = 1) and Guards & Pollen foragers (Sidak =
0.276). Young bees (1 & 2 and 4 & 6 day olds) showed significantly less habituation than
Guards & Pollen foragers (p = 0.0001).
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Figure 4.11. Habituation of the sting extension reflex in response to a mild electric shock
stimulus (4 volts) delivered over 15 trials. (1 & 2 days n=80; 4 & 6 days n=60; Guard bees
n= 44; Pollen foragers n=53).
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4.3  Aversive Learning
4.3.1 Development of Learning in Young Bees

4.3.1.1 Absolute Conditioning and 1 Hour Retention

Two day old bees collected during summer were raised in an incubator without QMP
exposure to ensure the pheromone did not block possible learning (Vergoz et al., 2007b). The
level of conditioned responses between trials 1-6 changed significantly (Cochran test, Q =
16.917, DF =5, p = 0.005; Fig. 4.12.). A steep rise in the first three trials is likely to have
contributed to the significant output. A small decrease of response levels was observed
between trials 3-6. A comparative analysis between the sting extension reflex in trial one,
prior to the electric shock, and the response level in the retention test one hour after the last
conditioning trial showed no significant difference between the two (McNemar p = 0.344).
This suggests bees that had learned to associate the odour with an aversive stimulus during

the acquisition phase did not recall the memory 1 hour later.
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Figure 4.12. Two day old bees’ learning response to absolute conditioning using eugenol
paired with 7.5 volts and tested again one hour later for memory retention. (n = 60).
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4.3.1.2 Differential Conditioning and 1 Hour Retention

During summer two and three day old bees were raised in an incubator without QMP
exposure and were tested using a differential conditioning protocol. Differential conditioning
of bees was followed 1 hour later with a retention test. CS+ (eugenol) was paired with a mild
electric shock (7.5 volts). CS- (2-hexanol) was presented alone.

A significant change in response to CS+ occurred over the 6 conditioning trials of 2
day olds (Q = 14.907, DF =5, p = 0.011; Fig 4.13.). A steep rise in response levels to the
odour occurred in the first 3 trials similar to 2 day olds tested with absolute conditioning. It
was observed that the response level in the CS+ 6" trial (11.6%) was below the response
level recorded in the 1% trial (15%). Responses of two day old bees to CS- declined from
21.6% in the 1% trial down to 1.6% in the 4" trial (Q = 27.77, DF = 5, p = 0.0001). A
comparison of responses between CS+ and CS- in the retention test showed no significant
difference (McNemar: y*> = 13.067, DF = 1, p=0.125). Retention test responses to CS+ were
only slightly higher than responses to CS-, expected of a group that could not retain
memories. The comparison between the sting extension reflex in trial 1 and retention test

response levels to CS+ was not significant (McNemar p = 0.549).
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Figure 4.13. Percentage of two day old bees responding to an odour paired with a shock
(CS+) and an odour that was not reinforced (CS-). A retention test was formed 1 hour
after the last conditioning trial. (n= 60).
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However a comparative analysis of sting extension reflex levels to CS- in trial 1 was
significantly higher than the retention response levels (McNemar p = 0.001).

A comparison between absolute and differential conditioning in 2 day olds showed no
difference between CS+ response levels in either retention tests (McNemar p = 0.549).

The number of 3 day old bees exhibiting sting responses to CS+ did not change
significantly over the 6 conditioning trials (Q = 8.276, DF =5, p = 0.142; Fig 4.14.).
However the bees did demonstrate a change in responses to CS- that was highly significant
(Q =23.585, DF =5, p <0.0001). Between trials 1-6, responses to CS- declined gradually.
There was also a clear difference between CS+ and CS- response levels in the retention test
with a greater number of sting extensions in response to CS+ odour than CS- (McNemar p =
0.0001). The percentage of three day olds responding to CS+ in the retention test was not
statistically different to the percentage responding in trial 1 (McNemar p = 0.057). However
fewer bees responded to CS- during the retention test than in the first conditioning trial
(McNemar p = 0.001). The results show differentiation in 3 day olds if bees are not raised
with QMP.
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Figure 4.14. Percentage of three day old bees responding to an odour paired with a shock
(CS+) and an odour that was not reinforced (CS-). A retention test was formed 1 hour after
the last conditioning trial. (n= 60).
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Three day old bees’ response levels to a reinforced odour were significantly higher
than 2 day olds during the retention test (McNemar p = 0.003). CS- response levels between
2 and 3 day olds showed no difference (McNemar = 1).

A Mann-Whitney test was used to compare the delta values (CS+ responses - CS-
responses) of each conditioning between 2 and 3 day olds. Only the 5™ and 6™ trials in 3 days
old bees had higher percentage of CS+ responses over CS- responses than in 2 day olds
(Mann-Whitney test, 5" trial: Zqqj = 3.036, p = 0.002; 6™ trial: Zqj = 2.739, p = 0.006). In the
retention test comparison there was a greater difference between CS+ and CS- response
levels in 3 day olds than in 2 day olds (Zag; = 3.289, p = 0.001).

4.3.2 Differential Conditioning and Retention in Older Bees

4.3.2.1Learning in Summer Pollen Foragers and Guard Bees

Pollen foragers collected during October-January were considered summer pollen
foragers. The percentage of pollen foragers responding to CS+ increased significantly over
the 6 conditioning trials (Q = 27.239, DF = 5, p < 0.0001; Fig. 4.15.), whereas responses to
CS- declined significantly over the conditioning trials (Q = 13.659, DF =5, p = 0.018). In
the retention test performed 24 hours after the last conditioning trial the bees responded to
CS+ significantly more than to CS- (McNemar p = 0.0001). A comparison between response
levels in the 1% trial and response levels in the retention test showed a significant difference
for CS+ (McNemar p = 0.011), but not for CS- (McNemar p = 0.508).

Guard bees tested were collected in the morning from the entrance of the hive during
October-December. The graph shows the percentage of guard bees responding to CS+ and
CS- during conditioning and during a retention test 24 hours after the last conditioning trial
(Fig. 4.16). Guard bees’ response levels to the reinforced odour (CS+) over the 6
conditioning trials increased significantly (Q = 26.667, DF =5, p = 0.001), whereas no
significant change was shown in their responses to the non reinforced odour (CS-) (Q =
7.632, DF =5, p = 0.178). The responses to CS+ during the retention test were significantly
higher than CS- (McNemar p = 0.0001), showing that the bees still discriminate between the
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Figure 4.15. Pollen foragers collected during October-January from the hive entrance were
tested using differential conditioning and then tested for memory retention 24 hours after
the last conditioning trial. (n = 60).
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Figure 4.16. The guard bees were collected in October-December from the hive and were
conditioned to associate one odour with an electric shock (CS+) and one odour with no
reinforcement (CS-). The bees were then tested for retention 24 hours after the last
conditioning trial. (n = 60).
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two odours 24 hours after conditioning. The level of sting responses to CS+ recorded in the
retention test was higher than in the first conditioning trial (McNemar p = 0.0005). However
there was no difference in response levels to CS- retention test and in conditioning trial one
(McNemar p = 0.754).

A McNemar test formed on the retention response levels between pollen foragers and
guard bees 24 hours after the last conditioning trial showed no significant difference
(McNemar: CS+ = 0.265, CS- = 0.344). The analysis indicated no difference in
differentiating between odours and response levels in memory retention between the two
labour groups. A Mann-Whitney analysis of summer pollen foragers and guard bees tested
with differential conditioning and 24 hour memory retention, showed no significant

difference between conditioning trials and retention response levels.

4.3.2.2 Memory Retention: 24 vs. 48 Hours

Pollen foragers collected from the hive entrance during summer months (December-
February) were tested with differential conditioning using eugenol (CS+) and 2-hexanol (CS-
) and tested 48 hours after the last conditioning trial (Fig. 4.17.). The percentage of bees
responding to CS+ increased significantly over the 6 conditioning trials (Q = 22.217, DF =5,
p < 0.001). Responses to CS- also changed significantly (Q = 17.250, DF =5, p = 0.004)
with response levels dropping to 0% by trial 4. The reinforced odour (CS+) and non-
reinforced odour (CS-) were both presented to the bees 48 hours after the last conditioning
trial. Responses to CS+ and CS- in the retention test were different (McNemar: p = 0.016)
with more bees responding to the CS+ odour. However there was no difference between the
level of responses to CS+ in the 1* conditioning trial and in the 48 hour retention test
(McNemar p = 1.00). This was true also for CS- (McNemar: p = 0.687).

Pollen foragers tested for retention of learnt memory and differentiation at 24 hours
had a higher response level to CS+ than pollen foragers tested for memory retention at 48
hours (McNemar p = 0.043). While CS- response levels between the two groups were not
different (McNemar = 1).
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Figure 4.17. Pollen foragers collected during December-February from the hive entrance
were tested using differential conditioning and then tested for memory retention 48
hours after the last conditioning trial. (n = 42).

A comparison of the conditioning trial delta values between summer pollen forager
groups with 24 and 48 hours retention tests, using a Mann-Whitney test, was not significantly
different at any trial. A Mann-Whitney test was used to compare the delta values of retention
responses to CS+ and CS- odours from pollen foragers tested with 24 hours and 48 hours
retention periods to find a significant difference (Zag; = 2.462, p = 0.014). Pollen foragers

tested at 24 hours after the final conditioning trial had higher response levels.

4.3.2.3 Seasonal Effects on Learning and Memory in Pollen Foragers

Pollen foragers collected at the hive entrance while returning back with pollen loads
in August and September were considered as winter pollen foragers. The response levels to
CS+ declined slightly over the last 4 conditioning trials while CS- responses declined greatly
after the 2" trial. A Cochran test showed there was no significant change in the number of
bees responding to CS+ over the 6 conditioning trials (Q = 6.011, DF =5, p = 0.305; Fig
4.18.). However a highly significant change in responses to CS- occurred as a result of
response conditioning (Q =41.217, DF =5, p < 0.0001).
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In the retention test formed 24 hours after the last conditioning trial the response level
to the reinforced odour (CS+) was higher than the level of responses to the non reinforced
odour (CS-) (McNemar p=0.001). A comparative test for each odour between response
levels in the first trial and the level of responses recorded during the retention test showed a
significant difference for both odours, CS+ (McNemar p= 0.017) and CS- (McNemar p=
0.004).

A comparison of retention response levels to both odours between winter and
summer pollen foragers showed no significant difference (McNemar: CS+ = 0.176, CS- = 1).
The level of retaining memories is the same in both pollen forager groups despite seasonal
differences seen during conditioning trials. A Mann-Whitney test between summer and
winter pollen foragers found two delta response levels during conditioning trials to be
significantly different (2" trial Zg; = 2.847, p = 0.004; 6™ trial Z,q; = 1.961, p = 0.050).
Another comparison between the two delta retention test values was non-significant (Zagj =
1.003, p = 0.316).
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Figure 4.18. Pollen foragers collected in August-September from the hive were tested
using differential conditioning and then tested for memory retention 24 hours after the
last conditioning trial. (n = 60).
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4.4 Extinction of Aversive Memories

Only bees that showed a conditioned response in the retention test were used in this

experiment. The extinction rate was formed by the response levels to CS+ odour after the

retention test (Fig. 4.19.). The declining responses R2 values were calculated for guards (R? =

0.972), winter (R=0.997) and summer foragers (R? = 0.943). The graphs shows guard bees

reaching a nonresponsive state first. A two sample t-test indicated guards’ sting extension

reflex regression was significantly different from winter pollen foragers (T-value = 13.96, DF
=15, p =0.0001) and summer pollen foragers (T-value = 8.43, DF = 27, p = 0.0001).
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Figure 4.19. Extinction rate of sting responses towards CS+ odour following the 24 hour
retention test. Determining if there is a labour related difference in forming new response
association over the preconditioned ones. (Guard bees n= 21; Winter pollen foragers n=
20; Summer pollen foragers n= 20).
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45  Changes in Response to CS-

The declining response to CS- of bees has been taken from differential conditioning
trials and included two groups of pollen foragers exposed to the same odour (2-hexanol)
alone at different interval lengths, 10 and 20 minutes. This will enable the comparison of the
response decline between age and labour groups (Fig. 4.20.), and the effect of inter stimulus
intervals on response decline (Fig. 4.21).
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Figure 4.20. Reduction of sting extension response to CS- from all age groups tested in
differential conditioning. (2 day olds n= 60; 3 day olds n= 60; Guard bees n= 60; Winter
pollen foragers n=59; Summer pollen foragers n= 60).

A linear regression of 2 and 3 day olds showed a similar rate of decline (slope; 2
days: -3.667 and 3 days: -3.238. Appendix A: Table 1). An univariate ANOVA showed no
significant difference between the two slopes, suggesting a similar decreasing rate of
response levels to CS- in young bees (F15=0.078, p = 0.787).
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The guard bees’ responses to CS- had the lowest rate of decline among the three older
age groups (slope = -1.333. Appendix A, Table 2). Winter pollen foragers have the largest
decline rate (slope = -7.095) and largest standard error (S.E = 1.404) because this group had a
high initial response rate (35%, Figure 4.6.1). Summer pollen foragers’ response decline was
significantly different to a line of no change (p = 0.005). Univariate ANOVA comparison
between guards and winter pollen foragers showed there was a gradient difference of 5.762,
greatly influenced by winter bees’ high sting response in trial 1 and 2 (F15=14.472,p =
0.005). Gradient response levels of guard bees and summer pollen foragers are very similar,
0.952 and when analysed no difference was found (F1g=1.821, p = 0.214). A comparison
between winter and summer pollen foragers revealed a difference in the decline of CS-

response levels between the two groups (F1 g = 10.776, p = 0.011).

The gradient slope difference between pollen foragers with 10 and 20 minute
intervals were very similar (Appendix A, Table 3). An ANOVA univariate tested the decline
in response levels of summer pollen foragers (CS-) and pollen foragers with inter stimulus
intervals of 10 and 20 minutes. The tests revealed summer pollen foragers with a mixture of
10 and 20 minute inter stimulus intervals was significantly different to pollen foragers tested
with 20 minute inter stimulus intervals (F1 g = 5.483, p = 0.047). The comparisons between
response levels of summer pollen foragers (CS-) and pollen foragers tested with 10 minute
inter stimulus intervals (F1g= 1.651, p = 0.235) and pollen foragers tested with 20 minute

inter stimulus interval versus 10 minutes (F1 = 0.334, p = 0.579) were not different.
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Figure 4.21. Comparison of the decline in responses to an odour used as CS- in differential
conditioning paradigm and an odour used to test habituation. (Group 1: Summer pollen
foragers’ CS- responses with a mixture of 10 & 20 minute inter stimulus intervals n= 60;
Group 2: Pollen foragers with 10 minute inter stimulus interval, n= 63; Group 3: Pollen
foragers with 20 minute inter stimulus intervals, n= 80).
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5 Discussion

5.1  Age-related Changes in Responsiveness to Non-Threatening Stimuli

This study shows bees demonstrate interesting labour and age-related changes in
responsiveness to sensory stimuli. The sting extension reflex is a defensive response that can
be used to study response thresholds to stimuli. During the first 4 days of adult life the bees
responded strongly to novel stimuli (Fig.4.1). Defensive responses to air and odour puffs
peaked in 4 day olds suggesting that bees of this age are particularly sensitive to tactile
stimuli. However older bees (6 day olds, guards and pollen foragers) appeared to be less
responsive to novel tactile stimuli, especially air puffs.

This change in responsiveness between 4 and 6 day olds might be under hormonal
control. Juvenile hormone levels, for example, begin to rise at 4 days of age (Velarde et al.,
2009). The hormone rise may affect the bees’ sensitivity to antennal stimulation in
preparation for foraging (Jaycox, 1976; Robinson, 1987; Huang and Robinson, 1999).
Juvenile hormone plays an important role in age polyethism, influencing the movement from
specialised hive tasks to foraging and response changes to colony pheromones (Robinson,
1992). Hormonal control was demonstrated with young bees performing tasks precociously
after treatment with the juvenile hormone analog methoprene (Robinson, 1987). In the
mushroom bodies of the brain, juvenile hormone triggers an internal reorganisation of neural
circuits which may be responsible for changing the bee’s sensitivity to sensory stimuli
(Withers et al., 1995; Fahrbach and Robinson, 1996). Neural plasticity in the brain enables
older bees to cope with the demanding task of foraging (Robinson, 1987; Fahrbach and
Robinson, 1996).

Biogenic amines are also involved in the control of division of labour and may
modulate olfactory response thresholds to task related stimuli (Beshers et al., 1999; Schulz
and Robinson, 1999). Biogenic amine levels in the mushroom bodies and in the antennal
lobes increase with age (Taylor et al., 1992; Durst et al., 1994; Harris and Woodring, 1995;
Schulz and Robinson, 1999; Wagener-Hulme et al., 1999) and amine level changes have
been found to correlate with the performance of different behavioural tasks (Wagener-Hulme

et al., 1999). Octopamine levels in the brain, for example, are low in nurse bees but increase
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with age and are associated with foraging (Taylor et al., 1992; Wagener-Hulme et al., 1999).
Increasing octopamine levels experimentally in 4 day old nurses induces the onset of
precocious foraging (Schulz and Robinson, 1999). In moths, octopamine has been shown to
modulate activity at the peripheral level (Pophof, 2000; Brigaud and Grosmaitre, 2008). An
increase in octopamine levels in the moth also increases the activation in olfactory receptor
neurons, strongly influencing response thresholds (Pophof, 2000; Grosmaitre et al., 2001).

Interestingly, 6 day olds and pollen foragers responded with sting extension more to
odour puffs than air puffs perhaps because of the stronger saliency of an odour puff. Such
differences in responses to air and odour puffs were not seen in young (1-4 day old) bees or
in guards. Responses to puffs of air or odour were particularly low in the guard bees. The low
response levels to odour stimuli from guards may be related to their role in policing the
entrance of the hive. Guard bees on duty are reported to be more responsive to intruders than
they are to floral odours (Bowden et al., 1998). Guards recognise honey bee intruders by their
distinctive colony odour (Moritz and Hillesheim, 1990). They are also more responsive to
alarm pheromone than other behavioural groups (Moore et al., 1987b; Breed et al., 1989). A
higher sting extension threshold for tactile and olfactory stimuli in guards may be
advantageous for a guard bee. It is possible that guards avoid using excessive energy by not
responding to every stimulus they encounter and only responding to noxious stimuli that
threaten the colony. Guarding behaviour and sting extension are influenced by genetic traits
(Guzmén-Novoa et al., 2002; Arechavaleta-Velasco et al., 2003; Lenoir et al., 2006; Uribe-
Rubio and Guzman-Novoa, 2008). Bees that become guards are found to have a higher
frequency of an allele marker that is located next to a quantitative trait known to be a
phenotypic characteristic for stinging behaviour (Hunt et al., 1998; Guzman-Novoa et al.,
2002; Arechavaleta-Velasco et al., 2003).

All bees that responded to the odour puff also habituated to repetitive odour puffs.
Initial response levels to an odour puff among 1-6 day olds and pollen foragers were not
significantly different (Fig. 4.1). However 1 & 2 day olds habituated very rapidly to
repetitive odour puffs, faster than 4 & 6 day olds and pollen foragers (Fig. 4.2). These results
suggest that the nervous system of younger worker bees is possibly still undergoing

developmental changes.
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There is evidence suggesting that amine levels influence response habituation.
Depletion of amine levels in the nervous system of worker bees is reported to lead to a 30%
decline in the number of bees displaying proboscis extension reflex in response to sucrose
stimulation of the antennae (Braun and Bicker, 1992). Braun and Bicker found that the
proboscis extension of the remaining responsive bees habituated more rapidly to the
repetitive stimulation with sucrose than the control group. Treatment with octopamine was
found to restore the proboscis reflex in unresponsive bees (Braun and Bicker, 1992).

Further investigation into habituating responses could include examining response
levels to the habituated odour 24 hours following the 15™ trial. A low response level may
demonstrate bees had learnt and remembered the odour is not a threat. Another test may
include a second odour on the 16™ exposure trial to be exposure to the bees. Introducing a
new odour may indicate if bees are habituating to the specific odour fragrance or to repetitive

tactile stimulation.

5.2  Responses to Aversive Stimuli

All bee groups examined in this study responded to aversive stimuli. At the lowest
voltages used (0.1-1 volts) small body movements were observed in some bees. A
stimulation of 1 volt induced large body movement and, in some bees, small sting extensions
were seen until finally, at the highest voltages used, large sting extensions were induced.
Most bees showed little or no response to 0.1 volt stimuli, but some 1- 6 day olds showed
small body movements. Interestingly, some guard bees also responded to 0.1 volts, not only
with small body movements but also with small sting extensions. Guard bees were more
sensitive to the aversive stimuli than other bee groups, partially extending their sting in
response to the lowest voltages presented. This can be clearly seen in Fig. 4.9. For most bee
groups tested the threshold for small sting extensions was between 0.5 and 2 volts but in
guards the threshold appears to be lower than the 0.1 volts used. Guards have been reported
elsewhere to be less sensitive to aversive stimuli than foragers (Roussel et al., 2009).
However the study by Roussel et al. (2009) used a range of stimuli from 0.25-8 volts with

only foragers and they recorded large sting extensions only, smaller responses were not
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reported. The study suggested aversive responses of sting extension increases as the strength
of the aversive stimuli increases.

Sensitivity to negative stimuli has a significant genetic component and varies within a
colony depending on the patriline (Guzméan-Novoa and Page, 1994; Guzméan-Novoa et al.,
2002; Lenoir et al., 2006; Uribe-Rubio and Guzman-Novoa, 2008). However guard bees are
generally more aggressive towards threats than any other members of the colony (Breed et
al., 1990; Breed et al., 1992). The results of this study suggest that a small aggravation to
guard bees will stimulate a proportion of this group to respond with sting extension while the
same aggravation to other groups produces only small body movement.

The threshold for large sting extensions was very similar in all groups tested and
ranged between 1 and 2 volts. Changes in age or behaviour seem not to significantly affect
the large sting extension response to increasing voltages. The results indicate that large sting
extension is the main behavioural response to strong negative stimuli. Although the response
threshold for large sting extension was similar in all groups, repeated stimulation using a 4
volt stimulus revealed significant differences in habituation rate between young and old
worker bees (Fig. 4.11). Bees less than one week old habituated more slowly than older bees.
Differences in the rate of sting extension decline is further evidence that sensory information
processing in younger bees differs from that in older bees. However it is not currently known
why guards are more sensitive to low level voltages than other groups and habituate more

quickly to a mild aversive stimulus than other groups.

5.3  Aversive Learning and Memory Retention

This study has shown 2 and 3 day old bees are not able to retain aversive associations.
However, they do appear to learn which odour is not a threat and retain this memory for at
least 1 hour. Two and 3 day old bees showed poor aversive learning and no evidence of
aversive memory recall one hour after the last conditioning trial. The conditioned response
levels in the retention test did not differ significantly from the level of responsiveness to the
CS+ odour in the very first conditioning trial before reinforcement was given. While in the 2
day olds examined, the percentage of bees responding to CS+ increased over the first 3
conditioning trials, this was not apparent in the 3 day olds. Also, the response levels to CS+
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in absolute and differential conditioning of 2 day olds declined from conditioning trials 4 to
6. A decline in the percentage of bees displaying a conditioned response in trials 4 to 6 was
also observed in a study by Behrends and Scheiner (2009) who examined appetitive learning
in one day old bees. Their study showed an increasing proboscis extension response from
trial 1 to 3, but a decline in conditioning trials 4-6. The poor appetitive olfactory learning in
young bees compared to foragers was attributed to only 22% of young bees being able to
respond to sucrose stimulation with a proboscis extension. The study showed olfactory
learning could be demonstrated in only responsive young bees. Young bees have been shown
to be less responsive to sucrose stimulation than older bees (Morgan et al., 1998; Pankiw and
Page, 1999), affects their ability to form olfactory associations (Scheiner et al., 2001).

Although young bees did not show strong aversive learning, they did show consistent
changes in responsiveness to CS-. A decline in responses to CS+ from conditioning trials 1 to
6 was shown in both young bee groups suggesting that young bees do learn which odour not
to respond to. Young bees also appeared to retain information about which odour not to
respond to more readily than learning that a particular odour is associated with a punishment.
The ability of 3 day olds to differentiate between CS+ and CS- in the retention test also
appears to depend on their ability to recall that CS- offers no threat, rather than any memory
of an association between CS+ and punishment. Evidence in the fruit fly, Drosophila,
indicates that the formation of aversive memories occurs in the mushroom bodies and relies
on the neuromodulator dopamine (Schwaerzel et al., 2003). Dopamine levels in the
mushroom bodies of young bees are lower than foragers (Schulz and Robinson, 1999), which
may help explain why aversive learning is better in older bees than in younger bees.
However, the declined rate of sting extension responses to CS- was not affected by age,
behaviour or the presence of a reinforced odour (Fig. 4.20; 4.21).

Levels of response to CS+ and CS- observed in pollen foragers in the present study
are similar to those described in previous studies (Vergoz et al., 2007a; Roussel et al., 2009).
In contrast to the present investigation, Roussel et.al (2009) found that guard bees were less
responsive to aversive stimuli than the forager group they used in their study, and showed
poorer learning. In the present study, responsiveness to negative stimuli and aversive learning
levels in guards were similar to the response levels observed in summer pollen foragers.

However, sting extension responses to CS+, indicating retained aversive memories, were
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extinguished more rapidly in guards than pollen foragers (Fig. 4.5). The absence of
reinforcement meant that the odour quickly lost its influence over the defensive reflexes
within 15 trials. The rapid decline in responses observed in guard bees may be related to the
low level responses guards show to novel air and odour puffs.

The behaviour of guards described in the present study is however consistent with the
response threshold model described by Roussel et al. (2009). They found bees with a lower
threshold, responding more to a negative stimulus, show better learning and consequently
retain memories related to the conditioned stimulus better than individuals with a higher

stimulus response threshold.

5.4 Memory Retention: 24 vs. 48 Hours

All previous studies of aversive learning in honey bees have examined memory
retention 1 hour after the last conditioning trial. This study shows that pollen foragers are
able to retain aversive memories for 24-48 hours. Over 40% of the pollen foragers collected
in summer learned to associate an aversive stimulus with punishment and in the retention test
after 24 hours 35% could still differentiate between the two odours. In some pollen foragers
aversive memories are retained for at least 48 hours after the final conditioning trial (Fig.
4.17). However the level of conditioned responses is significantly lower after 48 hours than
24 hours. After 48 hours 16% of pollen foragers still have the ability to differentiate between
the two odours, but this appears to depend on bees showing a low response to CS- rather than
an enhanced response to CS+. After 48 hours, responses to CS+ were not significantly higher
than the spontaneous response levels observed in the initial exposure to the CS+ odour.

The results from this study, in comparison to previous studies of appetitive retention,
suggest that aversive memories do not last as long as appetitive memories. The literature
shows that after 3 conditioning trials, appetitive memories last at least 2 weeks (von Frisch,
1967; Menzel, 1968; Menzel and Erber, 1978) without indication of response decline
(Menzel and Erber, 1978; Gerber et al., 1998; Wiistenberg et al., 1998; Menzel, 1999).
However the retention duration is dependent on the strength of the stimulus (Menzel, 1968;
Bitterman et al., 1983), the amount of time between conditioning trials and the length of
stimulus exposure (Bitterman et al., 1983; Gerber et al., 1998). It has also been observed that
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conditioned response levels following aversive conditioning are generally lower than after
appetitive conditioning (Unoki et al., 2005; Vergoz et al., 2007a; Vergoz et al., 2007b), as a
result formation of aversive olfactory associations and memory are lower. It is possibly
advantageous for a bee to learn aversive associations quickly, but just as important to have
these memories decline after 1-2 days. An aversive stimulus in the field, a spider attack on a
specific flower, for example, may not be present later that day (Dukas, 2001; Dukas and
Morse, 2003). Continuous avoidance of the food source location may become a disadvantage
as the event would be one off or no longer in the same location. Further investigation of the
retention of aversive olfactory memories could examine the length of time responses to CS+

remain.

5.5  Seasonal Effects on Learning and Memory in Pollen Foragers

Interestingly aversive olfactory learning in pollen foragers appears to be affected by
season (Fig 4.15, Fig 4.18). Winter bees showed no significant change in levels of
responsiveness to CS+ over the 6 conditioning trials. But retention tests showed that winter
pollen foragers do form and retain aversive olfactory memories. No significant change in
responses during aversive olfactory learning in winter bees might be related to the high level
of ‘spontaneous’ responses to CS+ odour, particularly in the initial response of the first
conditioning trial. Initial responses to CS- were also high, however winter pollen foragers
showed a strong response decline to CS-. Winter pollen foragers also maintained low level
responses to CS- during the 24 hour retention test.

During winter, bees become generalists, performing tasks within the hive, similar to
nurse bees (Johnson, 2010). However they may adventure outside to forage, weather
permitting (Sekiguchi and Sakagami, 1966). During winter the absence of brood pheromone
within the hive increases the level of vitellogenin in the adipose tissue and in the hemolymph
of workers as they age (Amdam et al., 2004; Smedal et al., 2009). The increase of
vitellogenin in the hemolymph prolongs the life span of winter bees beyond the life span
observed in summer bees (Maurizio, 1950; Fluri et al., 1982; Omholt, 1988). The change of

vitellogenin levels between winter and summer months may be responsible for affecting the
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responsiveness of bees to sensory stimuli. This could explain the unusual acquisition curves

observed in winter bees.

Overall this thesis has identified age and caste related differences in responsiveness to
novel air and odour stimuli, with guard bees being least responsive. However, guards were
more sensitive to low level voltages and habituated to repetitive exposures of 4 volts more
rapidly than other groups. Aversive olfactory learning in 2 and 3 day olds was poor and there
was no memory retention for the conditioned stimulus (CS+) 1 hour after conditioning.
However, young bees did show associative olfactory learning and olfactory memory
retention to the CS- odour. Pollen foragers demonstrated that aversive olfactory memories
could be retained for 48 hours, but responses begin to diminish after 24 hours. Aversive
olfactory learning and memory in guards was similar to summer pollen foragers but not in
winter pollen foragers. Lastly, extinction of aversive olfactory memories had declined more

rapidly in guard bees than foragers.
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7 Appendix A

Tables from the analysis out puts of the gradient decline of CS- responses in section 4.5 for

all bee groups tested.

Slope S.E. t Sig. R?
2 Day olds -3.667 1.293 -2.836 0.047 0.668
3 Day olds -3.238 0.828 -3.911 0.017 0.793

Table 1. Coefficient outputs from linear regression
response to CS- during differential conditioning.

of 2 & 3 day old bees’ sting extension

Slope S.E. t Sig. R2
Guard bees -1.333 0.568 -2.347 0.079 0.579
Winter pollen -7.095 1.404 -5.054 0.007 0.865
foragers
Summer pollen -2.286 0.419 -5.458 0.005 0.882
foragers

Table 2. Coefficient outputs from linear regression from guards, winter and summer pollen
foragers’ sting extension response to CS- in differential conditioning.
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Slope S.E. t Sig. R2
Summer pollen -2.286 0.419 -5.458 0.005 0.882
foragers
Pollen foragers, -3.265 0.637 -5.125 0.007 0.868
10 minute ISl
Pollen foragers, -3.714 0.444 -8.372 0.001 0.946
20 minute ISI

Table 3. Coefficient outputs from linear regression from pollen foragers’ sting extension
reflex to CS- based on time length between conditioning exposure.
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