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Abstract

Recent observations illustrate fruit fly larval attraction to the distinct odour
emanating from food occupied by other larvae. Growing evidence of bacteria as
influential microorganisms of hosts suggested the closer examination of host-
microbial interactions. We investigated the origin of the volatiles that are
attractive to flies. Focal larvae showed no difference in attraction to axenic used
food with axenic larvae and axenic fresh food. Additionally, mated females
showed no difference in attraction to axenic used food with axenic larvae and
axenic fresh food. When we supplemented the axenic disks with L. brevis, larvae
showed a significant preference for the axenic used food with axenic larvae and L.
brevis over axenic fresh food. Also, the supplementation of L. plantarum to
axenic disks also resulted in larvae showing a significant preference for the axenic
used food with axenic larvae and L. plantarum over axenic fresh food. Focal
larvae showed a significant preference for L. brevis on scratched MRS agar and
axenic used food with axenic larvae, but did not show a significant preference for
L. brevis on scratched axenic food. In a learning experiment, focal larvae showed
no preference for novel odours previously paired with standard used food over
novel odours previously paired with axenic used food. In order to test whether L.
brevis improves food quality, the three fitness parameters observed, larval
development rate, egg-to-adult survival, and adult body mass, revealed
inexplicable findings. These results provide evidence for the role of bacterial

volatiles in mediating the social attraction observed in fruit flies.
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INTRODUCTION

Fruit flies: a model system for social behaviour

Fruit flies are a prime model system widely used to study evolution and
neurogenetic mechanisms. Their simple nervous system, learning abilities, and
ease of culturing and reproduction make them an ideal candidate for studying
social behaviour. While many socially influenced behaviours have been primarily
associated with vertebrates and social hymenoptera, the phenomenon has only
recently been examined in insects (von Frisch 1967; Heyes & Galef 1996;
Leadbeater & Chittka 2007; Kendal et al. 2009). Inherent conditions such as
parental care and overlapping generations have been identified to enhance the
utility of social learning behaviour (Dukas, 2010). Reducing the risk of incurring
costs in time, energy, and predation has also greatly contributed to the evolution
of this beneficial behaviour (Galef & Laland, 2005). Engaging in social
behaviours ultimately promotes the passage of information from experienced to
inexperienced individuals. We have established novel protocols examining fruit
fly social behaviour in an attempt to understand the evolution and neurogenetics

underlying social behaviour.

Social information use in larvae

The use of social information by Drosophila melanogaster larvae in
foraging decisions has been documented in our lab. In an experiment testing
simple social information use, fruit fly larvae exhibit social attraction to other
larvae and to a substrate frequented by others (Durisko & Dukas, in press). To
eliminate the possibility that focal larvae were simply attracted to other larvae out
of familiarity, since they were reared in groups, another experiment reared focal
larvae in isolation prior to testing with no experience of other larvae. Despite

being reared in isolation or in groups, larvae significantly preferred the food
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occupied and consumed by other larvae over the unoccupied food. This work was
then extended to a wild-caught population of flies. Consistent with larvae from the
previous two experiments, focal larvae preferred the banana slice occupied and
consumed by other larvae over the unoccupied banana slice. Food consumed by
fruit fly larvae has a distinctive odour and Durisko & Dukas (in press) tested
which component of the used food was attractive to larvae, whether it was the
used food or the presence of larvae. Work by Durisko & Dukas (in press) suggests
that larvae are attracted to the smell of used food as larvae showed significant
attraction to used food from which larvae are removed but not to fresh food
supplemented with larvae.

Following the observation of robust attraction by focal larvae to other
larvae, another experiment tested whether larvae were capable of learning novel
cues associated with other larvae (Durisko & Dukas, in press). Work by Durisko
& Dukas (in press) demonstrated the ability of focal larvae to prefer cues
previously paired with food occupied by other larvae over cues previously paired
with unoccupied food. In a learning experiment, focal larvae exhibited a
preference for novel odours previously paired with food occupied by other larvae

over novel odours previously paired with unoccupied food.

Social information use in adults

Social information use in adults fruit lies have been reported in several
studies. One study examining the preference of females to lay eggs, found a
greater number of females laying eggs on novel food present with mated models
than on novel food alone (Sarin & Dukas, 2009). Fruit fly social learning has also
been observed in Mery et al's (2009) study of mate choice. Females exhibited a
preference to males of a certain colour following exposure to those males
copulating, over males of colour who were not seen copulating. Durisko et al.’s

(submitted) study of egg laying preference, found a preference of focal females to
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lay eggs on novel food present with larvae over novel food unoccupied by larvae.
Recent work by Durisko et al. (submitted) extended their larval work and
examined social attraction and social learning in adult male and female fruit flies.
Adult male and female fruit flies showed a significant attraction to odours
emanating from foraging larvae, as they preferred vials containing larvae and used
food over vials containing unused food (Durisko et al., submitted). Additionally,
adults learned to prefer odours from food substrates occupied by larvae over
odours from unoccupied substrates of similar quality (Durisko et al., submitted.)

in a similar learning experiment.

Host-microbial interactions

In an attempt to determine the origin of the volatiles that are attractive to
the flies, Durisko & Dukas (in prep) hypothesized that the prominent compound
of larval fecal matter, ammonia (Borash et al. 1998), served as the attractant.
However, odour preference tests with varying concentrations of ammonia
solutions ruled out ammonia as the attractant (Durisko & Dukas, in prep).
Growing evidence of bacteria as influential microorganisms of hosts suggested
the closer examination of host-microbial interactions. Interactions between
bacteria and their animal hosts are plentiful in nature and occur in many different
hosts. Buchnera aphidicola, a bacterial endosymbiont of the pea aphid
(Acyrthosiphon pisum) confers resistance to Aphidius ervi, a natural enemy of to
the aphid host (Oliver et al., 2003). While infection of the aphids by the
ovipositing parasitoid is equal in aphids with or without B. aphidicola, infected
aphids reduced parasitoid larval development resulting in their mortality (Oliver
et al., 2003). Work by Bouskra et al. (2008) revealed developmental defects in
germ-free mice. Development and maturation of isolated lymphoid follicles were
compromised in germ-free mice (Bouskra et al., 2008). Infection of the germ-free

mice with their gut bacteria resulted in the normal development of these structures
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(Bouskra et al., 2008). The gut bacteria of rats have also proven to be an
important factor in stimulating and maintaining the mucosal barrier (Szentkuti et
al., 1990). The mucus layer overlaying the Gl-tract epithelium of conventional
rats was twice as thick as that of germ-free rats (Szentkuti et al., 1990).

While host-microbial interactions can encompass various relationships
such as colonization, defined as “a state in which the microbe may be present in
the host for a variable duration of time” (Casadevall & Pirofski, 2000) and
infection, described as the ‘“acquisition of a microbe by a host” (Casadevall &
Pirofski, 2000), our focus will remain on the commensal relationship between
hosts and microbes. Commensalism comes from a latin term meaning ‘‘eating at
the same table’’ and refers to “a host-microbial interaction that does not result in
perceptible, ongoing, and/or persistent host damage” (Casadevall and Pirofski,
2000). “Commensal bacteria colonize their host generally at birth, through
vertical transfer, and are acquired constantly during the host life from the

environment through ingestion” (Storelli et al., 2000).

Fruit fly-microbial interactions

Fruit flies are excellent model system to study host-microbial interactions
owing to their simple nature with less diverse microbiota than mammals. Storelli
et al. (2011) studied the contribution of Drosophila microbiota by comparing the
timing of adult emergence in germ free and conventionally reared siblings. A
significant delay in growth was observed between fruit flies experimentally
deprived of bacteria compared to conventional flies when larvae were reared on
poor-nutrient conditions but not when raised on rich-nutrient conditions (Storelli
et al., 2011). Poor-nutrient conditions refer to a diet containing only 10% of the
regular yeast extract and resulted in a 2.5 day delay in adult emergence for
conventionally reared individuals and an additional 2.9 day delay for germ free

adults (Storelli et al., 2011). Ridley et al. (2012) also assessed the impact of
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eliminating the microbiota by examining indices such as survival to adulthood,
adult weight, fecundity, nutritional status, and metabolic rate. While indices such
as survival to adulthood, adult weight, fecundity did not differ between the
conventional and axenic treatments, development time to adulthood differed
significantly (Ridley et al. (2012). Slower development of larvae was noted for
adults of the axenic treatment as a median value of 1-day delay was observed the
axenic treatment (Ridley et al. (2012). Work by Sharon et al. (2010) revealed a
role of the commensal bacteria of D. melanogaster in mating preferences.
Antibiotic supplementation to fly media abolished positive assortative mating
preference to random. An infection experiment with the supplementation of
Lactobacillus plantarum revealed a similar mating preference to flies prior to
antibiotic treatment and suggested a role of the symbiotic bacteria in mating
preference. The impact of the elimination of microbiota in the above studies
collectively makes bacterial odour a strong candidate as the attractant. Although
we suspected microbes, we limited our analysis to bacteria as we supplemented
the lab diet with antifungals. Larvae may be less attracted to food consumed by

conspecifics if it is experimentally deprived of microbiota.

Gut bacteria of the fruit fly

The diversity of microbiota in animal guts reveals the presence of two
ecologically distinct forms: the resident (autochthonous) and non-resident
(allochthonous) taxa (Wong et al., 2011). ‘“Autochthonous strains have a long-
term association with a particular host, and they form stable populations of a
characteristic size in a particular region of the gut” (Walter, 2008). Allochthonous
taxa on the other hand “are ingested with, and pass through, the gut with the food”
(Wong et al., 2011). Work by Wong et al. (2011) overcomes 3 major limitations
of previous studies attempting to characterize the bacteria of fruit flies. Wong et

al. (2011) attempted to identify low-abundance taxa that may have been missed in
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previous studies, bacteria specific to the gut, and minimized the incidence of non-
resident allochthonous groups which may have inflated the microbial diversity
reported previously. Although the abundance of taxa varied as a function of
developmental age, the taxa most common among samples included Acetobacter
pomorum, Acetobacter tropicalis, Lactobacillus brevis, Lactobacillus fructivorans
and Lactobacillus plantarum (Wong et al., 2011). A. pomorum, A. tropicalis, L.
brevis, L. fructivorans and L. plantarum accounted for 1.75%, 3.56%, 22.42%,
4.3%, 60.9%, respectively, of the reads in third-instar larvae. L. brevis and L.
plantarum were strongly represented in third-instar larvae (Wong et al., 2011), the

focal individuals of most of our experiments.

Lactic acid bacteria

“Bacteria belonging to the genus Lactobacillus are members of the lactic
acid bacteria (LAB), a broadly defined group characterized by the formation of
lactic acid as the sole or main end product of carbohydrate metabolism™ (Walter,
2008). Storelli et al. (2011) examined the ability of Lactobacillus plantarum to
accelerate larval growth upon nutrient scarcity and found that the addition of
Lactobacillus plantarum to poor medium conditions was sufficient to accelerate
larval growth and resulted in earlier emergence of adults (Storelli et al. 2011).
Sharon et al. (2010) conducted infection experiments to determine whether
Lactobacillus plantarum could restore the abolished mating presence of
Drosophila melanogaster following antibiotic treatment. Lactobacillus plantarum
isolated from the flies was partially responsible for the mating preference. Work
by Tannock (1992) in rodents, chickens and pigs describes an ‘“adherence of
lactobacilli to the surface of the nonsecretory epithelium lining of these sites,
which enables the bacteria to form a biofilm-like structure that provides a
bacterial inoculum of the digesta”. More recent work by Storelli et al. (2011)

illustrates Lactobacillus plantarum’s ability to reside in the midgut and “resist the
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passage through the digestive tract of its host” (Storelli et al., 2011). This suggests
the closer examination of bacteria residing in the gut of Drosophila larvae as the

attractant.

GENERAL METHODS

We conducted population maintenance of Drosophila melanogaster Canton S
in a population cage kept at 25°C, 60% relative humidity (RH), on a 12:12 hour
light/dark cycle with lights on at 1 am. The Canton S population cage is supplied
with 2 bottles of the standard lab diet and 1 bottle of the standard lab diet
sprinkled with live yeast for population maintenance egg collection. 1 L of the
standard lab diet contains 75 g cornmeal, 20 g agar, 60 g dextrose, 30 g sucrose,
32 g yeast and 2 g methyl paraben. We collected eggs for experiments using 100
mm Petri dishes of standard food media. We collected eggs for the axenic
conditions approximately 24 hours prior to egg laying for the standard conditions
to control for size disparities that occur between the standard and axenic larvae
when eggs are collected for both conditions at the same time.

We generated axenic cultures using the protocol used by Brummel et al
(2004). Under a laminar flow cabinet, we created axenic cultures by sterilizing 12
hour embryos with 2 minutes of immersion in 2.5% sodium hypochlorite,
followed by 2 washes each with 70% ethanol and sterile distilled water. We
transferred sterilized embryos to autoclaved axenic food dishes, which consisted
of autoclaved standard food supplemented with ampicillin (50 mg/l food) and
chloramphenicol (20 mg/l) and methyl paraben (2 g/I) and fluconazole (10 mg/1).
We verified the achievement of axenic cultures by plating homogenates on LB
agar plates. For standard flies, we washed 12-hour embryos 4 times with sterile
distilled water before transferring to standard food dishes supplemented only with
methyl paraben. We transferred Petri dishes containing standard or axenic

embryos to a Tupperware chamber maintained at 25°C, 90% RH and kept in total
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darkness. For all experiments, an observer blind to the experimental treatments

recorded the data.

CHAPTER 1: ORIGIN OF VOLATILES ATTRACTIVE TO FLIES

1a. Are larvae attracted to bacterial volatiles?

Rationale

The purpose of this experiment was to test whether bacterial volatiles
serve as the attractant to larvae displaying attraction to a substrate frequented by
others. We predicted that focal larvae would show no difference in attraction to
axenic used food with axenic larvae versus axenic fresh food. As in previous
research, we expected that focal larvae would be more attracted to standard used

food with larvae than to standard fresh food.

Protocol

The experimental setup and design is a modified version of the social
attraction protocol described by Durisko and Dukas (in press). We randomly
selected axenic mid third-instar larvae (approximately 120 hours after egg-laying)
as characterized by morphological traits such as large mouth parts and orange
ringed posterior spiracles and behavioural traits such as voracious foraging as
focals individuals. We stayed away from late third-instar larvae characterized by
wandering behaviour in which larvae cease to forage and search a site for
metamorphosis instead. Focal larvae are maintained on low-density dishes (~65
focals/ 100mm dish) prior to testing. We tested one focal individual at a time in a
trial alternating between 1 of 2 food type conditions (standard or axenic). We
randomly used 128 axenic third-instar larvae as focal individuals for this
experiment. One focal individual at a time was placed (head pointing up) in the

center of a 100 mm agar Petri dish through a 1 cm opening in the lid.
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Depending on the trial (standard or axenic), focal larvae had a choice
between 1) standard used food occupied and consumed by 30 standard larvae for
24 hours and standard fresh food or 2) axenic used food occupied and consumed
by 30 axenic larvae for 24 hours and axenic fresh food. The 2.5 ml food disks
were located 0.5 cm equidistantly from the midline and alternated sides between
trials. We recycled pairs of used and fresh food disks for 6 trials but used a new
agar dish for each trial. We recorded the choice of focal larvae, as indicated by
physical contact with a food disk, within a maximum time window of 5 minutes.
We excluded from the analyses the focal larvae that did not make a choice within
5 mins. We analyzed larval choices using generalized linear models with a
binomial distribution, logit link function, and included side chosen as a factor. We
also compared the frequency of choices between treatments using generalized

linear models with a binomial distribution, logit link function, and side as a factor.

Results

While larvae showed significant preference for the standard used food
with standard larvae over standard fresh food (66.1%, N = 62, GzLM: 2, -6.2, p
= 0.01), they showed no preference between the axenic used food with axenic
larvae and axenic fresh food (47.5%, N = 59, GzLM: 42, -0.138, p = 0.8). Larval
preference for the used food was significantly higher when it was standard than
axenic (GzLM: ¥2;-4. 1, p = 0.04), but they showed no significant side preference
(GzLM: %, -0.001, p = 1.0).
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0.9
=0.04
0.8 P
N=62Z
0.7 p=0.01

Proportion choosing food with larvae

Standard + larvae vs standard Axenic + axenic larvae vs axenic

Figure 1. Focal larvae were observed in a binary choice task. Focals were given
either a choice between standard used food with standard larvae and standard
fresh food (left) or a choice between axenic used food with axenic larvae and

axenic fresh food (right).

10
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1b. Are adults attracted to bacterial volatiles?

Rationale

The purpose of this experiment was to test whether bacterial volatiles also
serve as the attractant to mated females displaying social attraction to a substrate
frequented by others. We predicted that focals would show no difference in
attraction to axenic used food with axenic larvae versus axenic fresh food. As in
previous research, we expected that focals would be more attracted to standard

used food with larvae than to standard fresh food.

Protocol

The experimental setup and design will be a modified version of the adult
male attraction to larvae protocol described by Durisko et al. (submitted) Sexing
of adult flies took place post-clearing within eight hours of eclosion, three days
prior to testing. We randomly selected 180 3-day-old mated females as focal
individuals for this experiment. We tested one focal individual at a time in a trial
alternating between 1 of 2 food type conditions (standard or axenic). One focal
individual at a time was gently aspirated into a cage containing two vials located
in the posterior corners of each cage. Stimuli for the adult social attraction
experiment consisted of vials containing approximately 5 ml of food.

Depending on the trial (standard or axenic), focals had a choice between 1)
standard used food occupied and consumed by 30 standard larvae for 24 hours
and standard fresh food or 2) axenic used food occupied and consumed by 30
axenic larvae for 24 hours and axenic fresh food. Funnels were placed atop the
two vials to trap the focal adults after making a choice. Sixteen hours later, the
choice of focal adults, indicated by their presence inside vials, was recorded. We
conducted three replicates of this experiment during which 60 females were tested

per replicate. We excluded from the analyses the focals that did not enter a vial.

11
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We analyzed adult female choices using generalized linear models with a
binomial distribution, logit link function, and included side chosen as a factor. We
also compared the frequency of choices between treatments using generalized

linear models with a binomial distribution, logit link function, and side as a factor.

Results

We replicated the social attraction results using mated females. While flies
showed significant preference for the standard used food with standard larvae
over standard fresh food (69.3%, N = 88, GzLM: »?; - 12.5, p = 0.000), they
showed no preference between the axenic used food with axenic larvae and axenic
fresh food (53.4%, N = 88, GzLM: %2, -0.455, p = 0.5). Larval preference for the
used food was significantly higher when it was standard than axenic (GzLM: ¥?; =
4.5, p = 0.03), but they showed no significant side preference (GzLM: ¥?; - 0.000,
p=1.0).

12
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Figure 2. Mated females were observed in a binary choice task. Depending on the
treatment, focals were given a choice between standard used food with standard
larvae and standard fresh food (left) or axenic used food with axenic larvae and

axenic fresh food (right).
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1c. Are larvae attracted to volatiles of the internal bacterium we isolated

from larvae?

Rationale

The purpose of this experiment was to test whether larvae are attracted to
volatiles of the internal bacterium we isolated from larvae. We predicted that focal
larvae would be more attracted to axenic used food with axenic larvae and the
internal bacterium isolated from larvae than to axenic fresh food. As in previous
research, we expected that focal larvae would be more attracted to standard used

food with larvae than to standard fresh food.

Protocol

The experimental setup and design is a modified version of the social
attraction protocol described by Durisko and Dukas (in press). We maintained
focal individuals on low-density dishes (~65 focals/ 100mm dish) prior to testing.
We randomly used 120 axenic third-instar larvae as focal individuals and tested
one focal individual at a time in a trial alternating between 1 of 2 food type
conditions (standard or axenic + L. brevis). For the standard condition,
approximately 24 hours prior to testing, we transferred 30 standard larvae per 2.5
ml of new standard food disks for consumption. For the axenic + L. brevis
condition, approximately 24 hours prior to testing, we transferred 30 axenic larvae
and 50 ul of L. brevis per 2.5 ml of axenic food disks, which consisted of
autoclaved standard food supplemented with two antifungals (methyl paraben and
fluconazole) and no antibiotics. One focal individual at a time was placed (head
pointing up) in the center of a 100 mm agar Petri dish through a 1 cm opening in
the lid.

Depending on the trial (standard or axenic + L. brevis), focal larvae had a

choice between 1) standard used food occupied and consumed by 30 standard

14
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larvae for 24 hours and standard fresh food or 2) axenic used food occupied and
consumed by 30 axenic larvae and L. brevis for 24 hours and axenic fresh food.
The 2.5 ml food disks were located 0.5 cm equidistantly from the midline and
alternated sides between trials. We recycled pairs of used and fresh food disks for
6 trials but used a new agar dish for each trial. We recorded the choice of focal
larvae, as indicated by physical contact with a food disk, within a maximum time
window of 5 minutes. We excluded from the analyses the focal larvae that did not
make a choice within 5 min. We analyzed larval choices using generalized linear
models with a binomial distribution, logit link function, and included side chosen
as a factor. We also compared the frequency of choices between treatments using
generalized linear models with a binomial distribution, logit link function, and
side as a factor.

In order to isolate the internal bacteria from larvae, we transferred 25
third-instar larvae into a 12 ml two-staged centrifuge tube. We washed these
larvae twice with 70% ethanol and twice with sterile distilled water. Using a
sterilized loop, we crushed the larvae and streaked the liquid remains on a
Lactobacilli MRS plate, a special growth medium that fosters good growth of a
number of Lactobacilli strains (De Man et al., 1960).

We incubated the Lactobacilli MRS plate in a high humidity chamber at
25°C. Following growth of the bacteria, we streaked out cells from a single
colony onto a second plate of Lactobacilli MRS to achieve a pure culture. Using a
sterilized loop, we transferred cells from a single colony to an Erlenmeyer flask
containing 100 ml of Lactobacilli MRS Broth incubated at 31°C on a rotary
shaker. Prior to inoculation, to prevent carryover of medium components, we
centrifuged 12 ml of the bacterial culture in each of two two-stage capped test
tubes at 4000 rpm for 4 minutes.

We conducted DNA extractions with an alkaline lysis miniprep procedure

(Miller 1992). We added cells to a 1.5 ml microfuge tube containing 500 ml of
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nuclease free water. We centrifuged the tube at 13000 rpm for 5 minutes. We then
discarded the supernatant and resuspended the pellet in 467 pul of TE buffer. We
added 30 pl of 20% SDS and 3 pl of proteinase K before incubating for an hour at
37°C. We repeatedly added phenol-chloroform and followed-up with vortexing
and centrifugation. We precipitated the DNA by adding 100% ethanol and 50 pl
sodium acetate. Following subsequent vortexing, centrifugation and washing with
70% ethanol, we dried the pellet by incubating the tube for 30 minutes at 37°C.
The primers we used for the 16S PCR are 5'-GTGCCAGGMGCCGCGGTAA and
5'-CCGTCAATTCMTTTRAGTTT. We used gel electrophoresis and UV light
exposure for PCR product visualization. The PCR products were sequenced by
fluorescence-based DNA sequencing (Mobix Laboratory, McMaster University,
Hamilton). The sequences were then used to search for homologs using the Blast
program at the National Center for Biotechnology Information.Identification of

the bacteria using 16S PCR yielded L. brevis.

Results

While larvae showed significant preference for the standard used food with
standard larvae over standard fresh food (67.6%, N = 37, GzLM: ¥, -7.7, p =
0.005), they also showed a significant preference for the axenic used food with
axenic larvae and L. brevis over axenic fresh food (67.1%, N = 70, GzLM: y?; =
5.3, p = 0.02). Larval preference for the used food was not significantly higher
when it was standard than axenic with L. brevis (GzLM: 2, - 1.5, p = 0.2), and
they showed no significant side preference (GzLM: %, -0.08, p = 0.8).
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Figure 3. Focal larvae were observed in a binary choice task. Depending on the
treatment, focals were given a choice between standard used food with standard
larvae and standard fresh food (left) or axenic used food with axenic larvae and L.

brevis and axenic fresh food (right).
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1d. Are larvae attracted to volatiles of a common internal bacterium isolated

from larvae in other labs?

Rationale

The purpose of this experiment was to test whether larvae are attracted to
volatiles of a common internal bacterium of larvae as indicated in other
laboratories. We predicted that focal larvae would be more attracted to axenic
used food with axenic larvae and the common internal bacterium isolated from
larvae in other labs than to axenic fresh food. As in previous research, we
expected that focal larvae would be more attracted to standard used food with

larvae than to standard fresh food.

Protocol

The experimental setup and design is a modified version of the social
attraction protocol described by Durisko and Dukas (in press). We maintained
focal individuals on low-density dishes (~65 focals/ 100mm dish) prior to testing.
We randomly used 199 axenic third-instar larvae as focal individuals and tested
one focal individual at a time in a trial alternating between 1 of 2 food type
conditions (standard or axenic + L. plantarum). One focal individual at a time was
placed (head pointing up) in the center of a 100 mm agar Petri dish through a 1
cm opening in the lid.

Depending on the trial (standard or axenic + L. plantarum), focal larvae
had a choice between 1) standard used food occupied and consumed by 30
standard larvae for 26 hours and standard fresh food or 2) axenic used food
occupied and consumed by 30 axenic larvae for 26 hours and 50 pl of L.
plantarum for 2.5 hours and axenic fresh food. The 2.5 ml food disks were located
0.5 cm equidistantly from the midline and alternated sides between trials. We

recycled pairs of used and fresh food disks for 6 trials but used a new agar dish for
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each trial. We recorded the choice of focal larvae, as indicated by physical contact
with a food disk, within a maximum time window of 5 minutes. We excluded
from the analyses the focal larvae that did not make a choice within 5 mins. We
analyzed larval choices using generalized linear models with a binomial
distribution, logit link function, and included side chosen as a factor. We also
compared the frequency of choices between treatments using generalized linear
models with a binomial distribution, logit link function, and side as a factor.

We cultured L. plantarum, obtained from the American Type Culture
Collection (ATCC strain 14917), in an Erlenmeyer flask containing 100 ml of
Lactobacilli MRS Broth incubated at 37°C on a rotary shaker. Prior to
inoculation, to prevent carryover of medium components, we centrifuged 10 ml of
the bacterial culture in each of two 12 ml two-stage capped test tubes at 4000 rpm

for 4 minutes.

Results

While larvae showed significant preference for the standard used food with
standard larvae over standard fresh food (73.1%, N = 93, GzLM: ¥2, - 184, p =
0.000), they also showed a significant preference for the axenic used food with
axenic larvae and L. plantarum over axenic fresh food (62.5%, N = 80, GzLM: ¥?
=4.6, p = 0.03). Larval preference for the used food was not significantly higher
when it was standard than axenic with L. plantarum (GzLM: ¥2, - 2.4, p = 0.1),
and they showed no significant side preference (GzLM: %, -0.728, p = 0.4).
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Figure 4. Focal larvae were observed in a binary choice task. Depending on the
treatment, focals were given a choice between standard used food with standard
larvae and standard fresh food (left) or axenic used food with axenic larvae and L.

plantarum and axenic fresh food (right).
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CHAPTER 2: ATTRACTIVENESS OF L. BREVIS TO LARVAE

2.1 Are L. brevis attractive on their own, or only in the presence of other

larvae?

Rationale

The purpose of this experiment was to test whether L. brevis are attractive
to larvae on their own or only in the presence of larvae. We predicted that focal
larvae would be more attracted to a few types of media when supplemented with

L. brevis than when they are bacteria-free.

Protocol

The experimental setup and design is a modified version of the social
attraction protocol described by Durisko and Dukas (in press). We maintained
focal individuals on low-density dishes (~65 focals/ 100mm dish) prior to testing.
We randomly used 200 axenic third-instar larvae as focal individuals and tested
one focal individual at a time in a trial alternating between 1 of 3 conditions
(Lactobacilli MRS, axenic food, and axenic food with axenic larvae). For the
scratched Lactobacilli MRS + L. brevis disks, approximately 24 hours prior to
testing, we transferred 50 pl of L. brevis per 2.5 ml of axenic Lactobacilli MRS
agar scratched on the surface and bottom with a sterilized needle to create
grooves. For the scratched Lactobacilli MRS disk, we only scratched the
Lactobacilli MRS agar with a sterilized needle. For the scratched axenic food +
Lactobacilli brevis disks, approximately 24 hours prior to testing, we transferred
50 ul of L. brevis per 2.5 ml of axenic food disks scratched with a sterilized
needle. The axenic food consisted of autoclaved standard food supplemented with
1 ml and 5 ml of fluconazole and methyl paraben, respectively. For the scratched
axenic food, we only scratched the axenic food disks, which consisted of

autoclaved standard food supplemented with 1 ml and 5 ml of fluconazole and
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methyl paraben, respectively. For the axenic food with axenic larvae and
Lactobacilli brevis disks, approximately 24 hours prior to testing, we transferred
30 axenic larvae and 50 pl of L. brevis per 2.5 ml of axenic food disks, which
consisted of autoclaved standard food supplemented with 1 ml and 5 ml of
fluconazole and methyl paraben, respectively. For the axenic food with axenic
larvae, we transferred only 30 axenic larvae per 2.5 ml of axenic food disks,
which consisted of autoclaved standard food supplemented with 1 ml and 5 ml of
fluconazole and methyl paraben, respectively. One focal individual at a time was
placed (head pointing up) in the center of a 100 mm agar Petri dish through a 1
cm opening in the lid.

Depending on the treatment, focal larvae had the choice between 1)
scratched axenic Lactobacilli MRS agar with Lactobacilli brevis and scratched
axenic Lactobacilli MRS agar 2) scratched axenic food with L. brevis and
scratched axenic fresh food 3) axenic food with axenic larvae and L. brevis and
axenic food with axenic larvae. The stimuli disks for treatments excluding larvae
were scratched in order to mimic an effect of foraging by the larvae. Perhaps the
foraging behaviour of the larvae increases the surface area and allows the volatiles
of the medium to dissipate better. The food disks were located 0.5 cm
equidistantly from the midline and alternated sides between trials. We recycled
pairs of used and fresh food disks for 6 trials but used a new agar dish for each
trial. We recorded the choice of focal larvae, as indicated by physical contact with
a food disk, within a maximum time window of 5 minutes. We excluded from the
analyses the focal larvae that did not make a choice within 5 mins. We analyzed
larval choices using generalized linear models with a binomial distribution, logit
link function, and included side chosen as a factor. We also compared the
frequency of choices between treatments using generalized linear models with a
binomial distribution, logit link function, and side as a factor. Post-hoc pairwise

comparisons were conducted using the sequential Bonferroni method adjusting for
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multiple comparisons.

Results

Larvae showed a significant preference for L. brevis on scratched MRS
agar (66.0%, N = 50, GzLM: %2, -4.9, p = 0.03 and axenic used food with axenic
larvae (65.3%, N = 49, GzLM: »2; - 49 p = 0.03). Larvae did not show a
significant preference for L. brevis on scratched axenic food (44.9%, N = 49,
GzLM: %2, -0.568, p = 0.451) or a significant side preference (GzLM: ¥2, -0.202,
p = 0.653). Adjusting for multiple comparisons revealed no significant differences
between the three treatments (all p > 0.07). Using plate counting to estimate the
number of viable bacterial cells in both types of media revealed a statistically
significant difference (t = 33.98, p<0.001) in the number of colony-forming units
(cfu). With a mean + SE of 5065 cfu/50 ml + 43.98 of L. brevis on MRS agar and
a mean of 2275 cfu/50 ml + 69.36 of L. brevis on axenic food.
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Figure 5. Focal larvae were observed in a binary choice task. Depending on the
treatment, focals were given a choice between scratched MRS food and scratched
MRS food with L. brevis (left) or scratched axenic food and scratched axenic food
with L. brevis (middle) or axenic food with axenic larvae and axenic food with

axenic larvae and L. brevis (right).
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CHAPTER 3: PERCEPTION OF FOOD WITH L. BREVIS

3.1 Do larvae perceive food with L. brevis as better than axenic food?

Rationale

The purpose of this experiment was to test whether larvae perceive food
with L. brevis volatiles as better than axenic food. We predicted that focal larvae
would be more attracted to novel odours paired with standard used food over

novel odours paired with axenic used food.

Protocol

The experimental setup and design is a modified version of the social
learning protocol described by Durisko and Dukas (in press). We randomly
selected 96 axenic mid third-instar larvae (approximately 120 hours after egg-
laying) as focal individuals and provided them droplets of blue food colouring 24
hours prior to testing. Each focal individual was provided with 6 3-minute
trainings. One focal individual at a time was trained by placing the larvae (head
pointing up) in the center of a 100 mm agar Petri dish containing food and 2
odour cups (polypropylene NMR tube caps, Sigma).

Depending on the trial (control or treatment), focal larvae were trained
with novel odours paired with either 1) standard used food occupied and
consumed by 30 standard larvae for 24 hours and standard fresh food (control) or
2) standard used food occupied and consumed by 30 standard larvae for 24 hours
and axenic used food occupied and consumed by 30 axenic larvae for 24 hours
(treatment). For both treatments, we removed larvae consuming the food prior to
testing. The novel odours used in this experiment were equally preferred by
inexperienced larvae and consisted of 10 ul 1-butanol and 10 pl of propyl acetate
diluted in paraffin oil (1:300). Between each training session, focal larvae were

rinsed with a fresh droplet of water. We recycled pairs of training food disks for 2
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trials but used a new agar dish for each test. Following the 6 training sessions,
focal larvae were placed in the center of a 100 mm Petri dish and given the choice
between two odour cups containing 10 pl of the respective odours placed atop 1
cm diameter axenic fresh food disks on opposite sides located 3 cm from the
midline. We randomized the sides of the odours by shuffling the odour cups and
perforated the lids of the test Petri dishes along the midline. We recorded the
choice of focal larvae, as indicated by physical contact with a food disk, within a
maximum time window of 10 minutes. We excluded from the analyses the focal
larvae that did not make a choice within 10 mins. We analyzed larval odour
choices using generalized linear models with a binomial distribution, logit link
function, and included the order of training, the odour, side chosen, and relevant
interactions as factors. We also compared the frequency of choices between
treatments using generalized linear models with a binomial distribution, logit link
function, and included the order of training, the odour, side chosen, and relevant

interactions as factors.

Results

While flies showed significant preference for novel odours previously
paired with standard used food over novel odours previously paired with standard
fresh food (70.3%, N = 37, GzLM: 42, -5.2, p = 0.02), they showed no preference
for novel odours previously paired with standard used food over novel odours
previously paired with axenic used food (54.3%, N = 35, GzLM: 2, -0.221, p =
0.6). Larval preference for novel odours previously paired with standard used
food was significantly higher when it was paired against standard fresh food than
axenic used (GzLM: ¥?; = 3.9 p = 0.047), but they showed no significant side
preference (GzLM: 2, - 1.7, p = 0.2).

26



664
665
666
667
668
669

670
671

672
673
674
675
676
677
678

MSc Thesis — I. Venu; McMaster — Psychology, Neuroscience & Behaviour

Ik

o
o

standard used food
o = o
(#)} ~J co

Proportion choosing odour paired with

e
n

0.4

Standard used vs standard fresh  Standard used vs axenic used

Figure 6. Focal larvae were observed in a learning task. Depending on the
treatment, focals were given a choice between novel odours paired with standard
used food over novel odours paired with standard fresh food (left) or novel odours

paired with standard used food over novel odours paired with axenic used food

(right).
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CHAPTER 4: POTENTIAL BENEFIT OF L. BREVIS

4.1 Does L. brevis improve food quality?

Rationale

The purpose of this experiment was to test whether L. brevis improves
food quality and to assess whether standard larvae placed on standard used food
(used by standard larvae) perform better than standard larvae placed on axenic
used food (used by axenic larvae). We predicted that the standard focal larvae
would perform the worst on standard fresh food because food wouldn’t be pre-
dug as in other treatments, which may be beneficial to forage through. We
predicted that standard focal larvae would perform best on artificially used food
because the food would be pre-dug without an accumulation of toxic waste
products such as ammonia (Borash et al., 1998). We predicted that standard focal
larvae would perform equally on the standard used food and axenic used food
because a potential benefit of L. brevis, if any, for larvae might be counteracted by

an accumulation of toxic waste products such as ammonia.

Protocol

The experimental setup and design is a modified version of the protocol
described by Durisko and Dukas (in press) to assess the developmental effects of
foraging density. We adopted the three fitness parameters (larval development
rate, egg-to-adult survival, and adult body mass) used by Durisko and Dukas (in
press). We randomly used 720 standard eggs as focal individuals for this
experiment. The experiment consisted of 4 treatments each containing 15 2.5 ml
food disks of standard used, axenic used, artificially used, and standard fresh. We
began by collecting eggs for the standard and axenic conditions as described

above under General methods.
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Following the development of axenic and standard eggs into mid third-instar
larvae, depending on the used treatment (standard used or axenic used) we
transferred 1) 30 standard larvae to 2.5 ml of standard food and 2) 30 axenic
larvae to 2.5 ml of autoclaved standard food supplemented with 1 ml and 5 ml of
fluconazole and methyl paraben, respectively. For the artificially used treatment,
we scratched 2.5 ml food disks with a sterilized needle as in the previous
experiment to imitate the texture of foraging larvae and increase the surface area
of the food. The standard fresh food disks were not manipulated and were
transferred with the other treatment disks to a high humidity Tupperware chamber
maintained at 25°C and in total darkness. We removed larvae from the two used
treatments 24 hours after transferring. We collected standard eggs as our focal
individuals 2 hours prior to the removal of larvae from the used treatments.
Following the removal of all larvae from the used treatments, we used sterilized
brushes to transfer 12 standard focal eggs to each food disk. Prior to the expected
beginning of pupation (at approximately 118 hours after egg laying), we recorded
larval developmental rate by noting the number of larvae developing into pupae
every 2 hours for 4 days. We also counted the number of adults eclosing in order
to calculate the survival rate from eggs to adults. Throughout the monitoring of
pupation and eclosion, we collected vials completely eclosed with adults and
stored them in the freezer. Following the collection of all adults, we sexed adult
flies, dried them in the oven at 70°C for 3 days and weighed 5 flies at a time on a
microbalance for our measure of adult body mass. Larval developmental rate was
analyzed using a generalized linear model with a gamma distribution and log link
function. Egg-to-adult survival was analyzed using a univariate ANOVA. Adult
body mass was analyzed using a generalized linear model with a gamma
distribution, log link function, and sex as an independent factor. Post-hoc pairwise
comparisons utilized the sequential Bonferroni method adjusting for multiple

comparisons.
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Results
Development rate

Larvae developed significantly fastest in the axenic used and standard fresh
treatments, intermediate in the standard used treatment, and then slowest in the
artificially used treatment (Figure 7). The generalized linear model showed a
significant effect of treatment (Wald ¥%=259.5, p=0.000). Post-hoc pairwise
comparisons showed that each treatment was significantly different from the other
three (all p<0.012) except the axenic used and standard fresh treatments

(p=0.159).

Egg-to-adult survival
Analysis of egg survival to adulthood revealed no overall significant effect

of treatment (F=1.23, p=0.307, Figure 8).

Adult body mass

The generalized linear model revealed a significant effect of treatment
(Wald y%=31.7, p=0.000). As expected, analysis of adult body mass showed a
significant effect of sex since sex-specific differences in body mass exists in fruit
flies. Post-hoc pairwise comparisons showed that flies in the axenic treatment
were significantly heavier than flies in all other treatments (all p<0.02). Post-hoc
pairwise comparisons showed that flies of the standard used treatment, standard
fresh treatment, and artificially used treatment were not significantly different

from one another (all p>0.07).
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Figure 7. Larval development was observed for focal larvae reared in axenic

used, standard used, standard fresh, and artificially used food.
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DISCUSSION

Major findings

In our first experiment investigating the origin of the volatiles that are
attractive to flies, we tested whether larvae are attracted to bacterial volatiles. As
in previous research, focal larvae were more attracted to standard used food with
larvae than to standard fresh food but showed no difference in attraction to axenic
used food with axenic larvae versus axenic fresh food (Figure 1). Consistent with
our prediction, removal of the bacteria via sterilizations had abolished the social
attraction observed in previous work (Durisko & Dukas, in press). This indicates
that focal larvae do not merely show an attraction to food that has been occupied
and consumed by conspecifics; rather the attractive odour responsible for the
social attraction is the bacterial volatiles. Storelli et al. (2011) observed a
significant delay in adult emergence between fruit flies experimentally deprived
of bacteria compared to conventional flies when larvae were reared on poor-
nutrient conditions. Furthermore, slower development of larvae was noted for
adults of the axenic treatment compared to their conventionally reared siblings
(Ridley et al. (2012). These results suggest that larvae are able to pay attention to
volatiles of the food consumed by others.

We replicated the social attraction results using 3-day-old mated females,
indicating that females as well show no preference between the axenic used food
with axenic larvae and axenic fresh food and confirm that the attractive odour
responsible for the social attraction is the bacterial volatiles (Figure 2).

Moreover, in our experiment testing whether larvae are attracted to
volatiles of the internal bacterium we isolated from larvae, we predicted that the
supplementation of the internal bacterium isolated from larvae to axenic used food

would restore the social attraction observed in our previous experiment.
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Consistent with our prediction, L. brevis recapitulated the bacterial volatiles social
attraction effect (Figure 3).

In our other experiment, we tested a common internal bacterium isolated
from larvae in other labs, L. plantarum, as a potential attractant. Given the ability
of L. plantarum to accelerate larval development in germ free individuals upon
poor-nutrient conditions (Storelli et al., 2011) on its own, we predicted that the
supplementation of L. plantarum would also restore the social attraction observed
in our previous experiments. Consistent with our prediction, L. plantarum also
recapitulated the bacterial volatiles social attraction effect (Figure 4).

In sum, our results illustrate that L. brevis and L. plantarum, commensal
bacteria of D. melanogaster, are sufficient to elicit the social attraction observed
previously (Durisko & Dukas, in press). This suggests that a single bacterial
species, such as L. brevis and L. plantarum, can reestablish the social attraction
effect evident in previous work (Durisko & Dukas, in press).

In our second experiment investigating the attractiveness of L. brevis, we
tested whether L. brevis are attractive to larvae on their own, or only in the
presence of other larvae. We predicted that focal larvae would be more attracted
to a few types of media when supplemented with L. brevis than when they are
bacteria-free. Focal larvae showed a significant preference for L. brevis on
scratched MRS agar and axenic used food with axenic larvae, but did not show a
significant preference for L. brevis on scratched axenic food (Figure 5).

This indicates that focal larvae do not merely show an attraction to media
containing L. brevis only in the presence of larvae; rather L. brevis is also
attractive to larvae on its own. Plate counting revealed a statistically significant
difference in the number of colony-forming units between the axenic food with L.
brevis and MRS agar with L brevis. A plausible explanation for the absence of
attraction to axenic food with L. brevis over bacteria-free axenic food is that L.

brevis did not grow well enough on the axenic food to elicit an attraction. Despite
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a lack of attraction of larvae to the axenic food with L. brevis, our results still
suggest that L. brevis is sufficiently attractive on its own to larvae and that an
interaction of the larvae and bacteria is not necessary.

In our third experiment, investigating why larvae are attracted to L. brevis,
we tested whether larvae perceive food with L. brevis as better than axenic food.
We predicted that focal larvae would be more attracted to novel odours previously
paired with standard used food over novel odours previously paired with axenic
used food. As per previous research, larvae showed significant preference for
novel odours previously paired with standard used food over novels odours
previously paired with standard fresh. Interestingly, larvae showed no preference
for novel odours previously paired with standard used food over novel odours
previously paired with axenic used food, suggesting that experiencing the
presence of bacteria does not increase the apparent quality of food.

In our final experiment investigating whether L. brevis improves food
quality, we tested whether standard larvae placed on standard used food (used by
standard larvae) perform better than standard larvae placed on axenic used food
(used by axenic larvae). Contrary to our predictions, the three fitness parameters
observed, larval development rate, egg-to-adult survival, and adult body mass,
revealed inexplicable findings. The egg-to-adult survival was significantly lower
than observed in previous research (Durisko & Dukas, in press). The experimental
setup and design used a modified version of the protocol described by Durisko
and Dukas (in press). In the protocol described by Durisko and Dukas (in press),
focal eggs were placed in dishes of 2.5 ml of food. For easier adult collection, we
opted to place focal eggs into vials instead of dishes. It is possible that there was a
problem placing focal eggs into the narrow vials, which may have in turn reduced
their survival. While larval development rate partially mirrored previous work
(Golden & Dukas, unpublished) with larvae in the standard fresh treatment

developing significantly faster than larvae in the artificially used treatment, adult
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body mass for males and females were much higher than previously observed
(Golden & Dukas, unpublished). Since our observations of the fitness parameters
revealed differences from previous research (Golden & Dukas, unpublished), we

will need to replicate our results before being able to interpret our data.

Comparison to other species

Bacteria as attractants have been documented in several studies examining
other species. Work by Verhulst (2009) et al., illustrates the role of skin
microbiota in the attraction of African malaria mosquitos, Anopheles gambiae, to
human hosts. Upon examining the attraction of A. gambiae to volatile organic
compounds produced by human skin microbiota, experimenters observed
significantly more A. gambiae caught on blood agar containing skin microbiota
than sterile blood agar. Hasselschwert and Rockett’s (1988) investigation of the
attractiveness of bacteria to gravid mosquitos, Aedes aegypti revealed bacteria
such as Bacillus cereus and Pseudomonas aeruginosa as ovipositional attractants.
Bacterial filtrates from 11 strains of bacteria were significantly more attractive to
Mexican fruit flies, Anastrepha ludens than uninoculated media. Chemicals, such
as ammonia, aliphatic amines, pyrazines, imines and acetic acid, identified from
the investigated bacteria were observed as attractants (Robacker et al., 1998).
Work by Dillon et al. (2000) on desert locusts, Schistocerca gregaria, reveals the
role of Pantoea agglomerans in the production of guaiacol, a volatile compound
promoting locust aggregations. Analysis of the fecal pellets of axenic locusts
revealed the lack of guaiacol as a reason for the significant difference in smell
between locusts with and without their normal gut biota (Dillion et al., 2000).
Work by Leroy et al. (2011) illustrate the role of bacterial volatiles, which
function as semiochemicals between bacteria and insects, are plentiful in nature
(Leroy et al., 2011). It is important to remember that these semiochemicals

“encompass pheromones, allomones, kairomones, attractants and repellents”
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(Leroy et al., 2011). Leroy et al.’s (2011) work on the pea aphid Acyrthosiphon
pisum, reveals the role of a host-associated bacterium, Staphylococcus sciuri, as
an effective attractant and ovipositional stimulants for the pea aphid’s natural
enemy. While the above mentioned literature describes bacterial volatiles which
serve as pheromones, kairomones or attractants, work on Drosophila
melanogaster illustrates the role of a microbial odorant, geosmin, in functioning
as a repellent (Stensmyr et al.,, 2012). Work by Stensmyr et al. (2012) reveal
geosmin to be a potent repellent activating a single class of sensory neurons
sufficient to result in aversive behaviour. Our finding that social attraction is
mediated by bacterial volatiles in fruit flies conforms to literature in which

bacteria produce volatiles that can function as attractants.

Conclusions and Prospects

This thesis presents strong evidence that social attraction is mediated by
bacterial volatiles in fruit flies. Prospective research can attempt to unravel the
volatile chemicals produced by bacteria that are attractive to fruit flies. Work by
Pripis-Nicolau et al (2004) illustrates the role of lactic acid bacteria in forming
products of methionine metabolism with salient odours during malolactic
fermentation of wine. One can conduct odour preference tests using chemicals
such as 3-(methylsulphanyl) propionic acid as the attractant and can use a
modified version of the ammonia protocol described by Durisko and Dukas
(unpublished) to test the presence of any such preference. Another way to identify
the volatile compounds is to identify volatile components of bacteria-produced-
supernatants using a capillary gas chromatography and gas-chromatography-mass
spectrometry like Lee et al. (1995) in their investigation of volatiles of bacterial
fermentation, which are attractive to the Mexican fruit fly. Investigation of the

chemical odours and identification of the potential volatiles will result in a better
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945  understanding of the cues involved in the social attraction exhibited by focal
946  larvae.
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