A State-Dependent Memory for Sodium
Chloride in Drosophila melanogaster and
Comparative Neural Transcriptomic Analyses
of Drosophila and Apis mellifera

DOMI | MINA
NVS TIO
ILLV MEA

Isabel C Morgan
Green Templeton College

University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Trinity 2025



Acknowledgements

First, | would like to thank my supervisors, Scott Waddell and David Sims, for their
support and guidance throughout various stages of my DPhil. Scott, thank you for
allowing me to explore my research interests and for integrating me so well into the
Waddell group. It was a privilege to learn how to become a true scientist within your
lab, and | was grateful for the times we discussed science. David, | am so appreciative
of your time and patience in helping me learn computational biology, and for taking me
on as an additional DPhil student in your group. Your wisdom and mentorship helped
me gain confidence in my computational ability, and your encouragement to develop
transferable skills has prepared me well for the next stage of my professional career.
Although the issues with my health have been unfortunate, | could not have been more
fortunate to be fully immersed in two fields of research. | have learnt more than | could
have hoped for during my DPhil. So, thank you.

To the Waddell group, thank you for the kindness, support and friendship. Special
thanks to Bhagyashree, for being an excellent team mate. | always admired your
incredible knowledge of the literature and your ambitious nature. To Charly, for sharing
your knowledge, for helping shape the single-cell RNA sequencing experiments and for
collecting and processing the samples. To the Sims group, thank you so much for taking
me under your wing and helping me grow into a more confident computational scientist.
| am grateful to have attended the OBDS course and to have had the continued support
from the Sims group. Lena, | am thankful for the time that you dedicated to my
projects and for helping me grasp a general understanding of the principles behind the

computational tools | was using.

To my friends and family, | could not be more lucky. Thank you for being with me
on this journey. To my parents, Terry and Claire, to my sister Jess, her partner Jack
and their dog (for emotional support) Dina. | couldn't put into words how appreciative
| have been to have your support and kindness over the last 4 years. To my parents,
for always teaching me that there is no task too large and just to "eat the elephant
with the teaspoon”, and to Jess and Jack who have always been around for a pep talk
and an adventure. To my friends, Ellen, Chloe, Jenny, Claire, Katherine, Brittany, the
Continuity family and the climbing community. You bring me so much joy and remind
me that there is more to life than keeping my head in my books.



Abstract

Associative learning and memory, combined with internal state signals, optimise the
behaviours of foraging animals. The Mushroom Bodies (MBs) of insects coordinate
associative learning and are comprised of intrinsic neurones called Kenyon Cells (KCs).
KCs represent sensory information in a parallel stream. Valence information, like
rewarding nutrient signals, is provided to the MB by dopaminergic neurones (DAN).
DANSs direct learning-relevant plasticity of connections between KCs and downstream MB
output neurones. This thesis investigates a state-dependent NaCl-memory in Drosophila
melanogaster and explores midbrain transcriptomic changes in response to NaCl-feeding.
In addition, transcriptomic profiles of Apis mellifera KCs and DANs were characterised
and compared to those of Drosophila to understand conserved transcriptomic cell profiles
between the two species.

Using an olfactory associative learning paradigm, with a naively appetitive (low) or
naively aversive (high) concentration of NaCl as the unconditioned stimulus, we tested
the existence of a state-dependent NaCl memory in Drosophila. Nutrient-deprived
Drosophila form an immediate, but short-lived, low NaCl memory. A long-lasting
memory was found for high NaCl; the valence of this memory depended on nutrient
status. Nutrient-deprived Drosophila approached the conditioned odour, NaCl-fed
Drosophila showed no detectable preference for either the conditioned nor alternative
odour and satiated Drosophila avoided the conditioned odour. This aversive behaviour
was more pronounced in females. To understand the transcriptional changes that
occur in the brain in response to NaCl feeding, we analysed single-cell RNA sequencing
(scRNA-seq) data of nutrient-deprived or NaCl-fed Drosophila midbrains. However, the
quality of this data was impacted by a high level of adapter sequence contamination in
sequenced reads, but preliminary analysis identified potential nutrient-deficit signals.

ScRNA-seq analysis of twelve pollen-foraging Apis dorsal protocerebra identified nine
KC clusters. Transcriptomic comparison of Drosophila and Apis KC clusters found
little similarity; however, marker genes for Drosophila reward and punishment-encoding
DANs annotated two discrete Apis DAN clusters.
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Chapter 1

Introduction

Contents
1.1 Motivation . . . . . ... 1
1.2 The Circuits Involved in Learning and Memory . . . . . . .. 2
1.2.1 The Mushroom Bodies . . . . . . . . . ... ... .. 3
122 TheKenyon Cells . . .. ... ... ... ... ... 4
1.2.3 The Dopaminergic Neurones . . . . . . . . .. .. .. 6
1.3 Nutrient Preference and Learning . . . . . . .. .. ... .. 10
1.4 Single-cell RNA Sequencing Technology for Cell Type Annotation
and Understanding Internal State . . . . . .. .. ... ... 12
1.5 Thesis summary . . . . . . ... 13

1.1 Motivation

Obtaining sufficient nutrition from one's environment is essential for normal organismal
function. Memories of sensory cues associated with essential nutrition or harmful
substances help animals optimise foraging behaviours. Examples of nutrition-related
associative learning have been shown across insect species. For instance, the Heliconius
butterfly can use visual colour cues to guide feeding behaviours towards rewarding nutrient
sources (Young et al. 2024), locusts can learn to seek out odours previously paired with
food rewards (Simdes et al. 2011), and honey bees will reduce reward-seeking behaviours
to a previously rewarding sucrose-associated cue when paired with malaise (Wright
et al. 2010). Social insects such as the honey bee, Apis mellifera, exhibit more complex
behaviours compared to non-social insects, such as the fruit fly Drosophila melanogaster.
Social insects use both private and social information to guide foraging behaviours
(Griter et al. 2011), to meet both personal and colony nutritional requirements. The
specialised brain structures, called the Mushroom Bodies (MBs), coordinate associative
learning in insects (Heisenberg 1998). The MB circuitry has been most extensively

studied in Drosophila due to the wealth of genetic tools and connectomic information
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that has allowed scientists to probe the learning and memory circuits (Owald et al.

2015b; Scheffer et al. 2020; Li et al. 2020a).

This thesis outlines the research contributing to the scientific literature by the identification
of a novel nutrient-memory to sodium chloride in Drosophila, the transcriptomic
characterisation of cells associated with learning and memory in Apis mellifera, and

performing a comparative analysis of these cells to those of Drosophila melanogaster.

1.2 The Circuits Involved in Learning and Memory

Associative olfactory learning protocols in insects have been indispensable for understanding
mechanisms for learning and memory. Protocols for associative olfactory learning involve
pairing a novel odour (conditioned stimulus, CS) with a rewarding (such as sweet sugars)
or punishing (such as bitter tastes) unconditioned stimulus (US) (Krashes et al. 2008;
Huetteroth et al. 2015; Burke et al. 2012; Das et al. 2014; Quinn et al. 1974). Memory is
tested by recording behavioural performance after presentation of the CS odour without
the US. In Drosophila, associative learning is often carried out using a T-maze where
groups of flies (~100) are exposed to an unpaired novel odour (CS-), then exposed
to a US paired odour (CS+). The testing phase of the protocol involves presenting
the flies with a binary choice of the CS+ and CS- odours without the US. Flies that
have an appetitive memory will approach the CS+ odour, but flies with an aversive
memory will avoid the CS+ odour (Tempel et al. 1983; Krashes et al. 2008; Krashes
et al. 2009; Tully et al. 1985; Krashes et al. 2011a; Krashes et al. 2011b). Flies that
show no memory performance will be distributed randomly between the CS+ and CS-
odours. In Apis, the proboscis extension response (PER) assay is commonly used to test
associative olfactory learning (Takeda 1961; Bitterman et al. 1983). The training phase
of the PER assay starts with exposing a restrained Apis to a CS odour paired with the
US (like sucrose) delivered to the antenna, which causes the proboscis to extend, and
then to the proboscis. The testing phase includes exposing the Apis to CS odour and
measuring the PER; in untrained Apis, odour exposure does not elicit PER (Bitterman

et al. 1983). Both the T-maze assay with Drosophila and the PER assay with Apis can
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be used to test memory persistence (Hammer et al. 1995; Wright et al. 2007; Eisenhardt
2006).

Associative learning experiments, such as the T-maze and PER assays, have been used
to identify cells that coordinate associative learning. For example, cooling of the MB in
Apis and experiments using Drosophila MB mutants revealed the importance of the MBs
in associative learning and memory in these insects (Erber et al. 1980; Heisenberg et al.
1985). In Drosophila, dopaminergic neurones (DANSs) provide the teaching signals to
reinforce appetitive and aversive memories. Replacing the US with optogenetic activation
of DAN clusters, like the protocerebral posterior lateral 1 (PPL1) or protocerebral anterior
medial (PAM) DAN clusters, during associative olfactory training is sufficient to create
an aversive or appetitive memory, respectively (Lin et al. 2014; Liu et al. 2012; Burke
et al. 2012; Yamagata et al. 2015; Huetteroth et al. 2015; Claridge-Chang et al. 2009;
Aso et al. 2012). In Apis, evidence suggests that octopaminergic signalling is required
for appetitive memories, but dopaminergic signalling is required for aversive memories.
VUMmx1 is an octopaminergic neurone that innervates the Apis MB and depolarisation
of the VUMmx1 neurone is sufficient to act as a US to reinforce appetitive memories
(Hammer 1993). Aversive learning in Apis is coordinated by dopaminergic signalling.
Dopaminergic antagonists impaired the sting extension response that occurs in Apis
when presenting the CS odour that was previously paired with electric shocks (Vergoz
et al. 2007). Given that the comparative analysis between Apis and Drosophila in this
report was focused towards the intrinsic cells of the MB and DANSs, | will focus the rest

of the introduction on these cell types.

1.2.1 The Mushroom Bodies

The MBs of insects are a pair of dorsal protocerebral neuropil structures important
for integrating sensory information for associative learning. The intrinsic neurones of
the MB are called Kenyon Cells (KCs); these cells receive sensory information from

projection neurones, mostly olfactory information in Drosophila from the antennal lobes,
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but also some visual inputs from the optic lobes (Li et al. 2020a; Ganguly et al. 2024;
Li et al. 2020b; Vogt et al. 2016). The Apis KCs receive olfactory information from the
antennal lobes via olfactory projection neurones (OPNs), which travel via the medial
antenno-glomerular tract or the lateral antenno-glomerular tract to innervate the MB
calyces (Malun 1998). The bee MB also receive visual information from the optic lobes’

medulla and lobula that innervate the MB calyces’ collar region (Malun 1998).

The MBs of Apis vary in size, morphology and proposed cell types compared to
Drosophila. There are about 2000 KCs per hemisphere in Drosophila compared to about
170,000 KCs per hemisphere in Apis brains, making up about 4% and 34% of the total
neurones in the brain, respectively (Witthoft 1967; Aso et al. 2014; Schatton et al.
2017). The enlarged MB structures in Apis are likely a reflection of the greater need to

perform more complex tasks as eusocial insects (O'Donnell et al. 2004).

1.2.2 The Kenyon Cells

Drosophila melanogaster

The MBs of Drosophila comprise three main types of KCs and can be identified by
their anatomical location. The cell bodies of the KCs are located posteriorly in the
brain and the KC dendrites form the MB calyx. A structure called the peduncle carries
the KC neurites to the MB lobes (as reviewed by Lin 2023, see Figure 1.1a). The v
KCs innervate the MB horizontal lobes, and the a3 and the o/3’ KCs innervate both
the vertical and horizontal MB lobes (Aso et al., 2014; Crittenden et al. 1998, Figure
1.1a). The different KC populations have distinct transcriptomic profiles and form three
separate clusters in single-cell RNA sequencing (scRNA-seq) data of Drosophila brains
(Croset et al. 2018; Park et al. 2022). The KC cluster subtypes were identified using
the expression of marker genes such as, short neuropeptide F (sNPF), Ca-alphalT and
Eip93F for o/ KCs, trio and CG8641 for o/’ cells and sNPF, trio and ab for the
KCs (Awasaki et al. 2000; Johard et al. 2008; Park et al. 2022; Shih et al. 2018). sNPF
is required for appetitive olfactory learning in Drosophila (Knapek et al. 2013). Ab and

December 19, 2025
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trio are involved in axonal development and KC temporal specification (Lin, 2023).

Apis mellifera

The MB of Apis consists of two cup-like structures, the medial and lateral calyces, which
sit adjacent to one of two classes of KC bodies, Class I. Class [I KC somata are positioned
outside of the calyx, next to the basal ring and collar. The two peduncles carry the
neurites from the KCs to the medial, vertical and +y lobes of the MB (Figure 1.1b, Malun
1998; Strausfeld 2002). | will refer to the MB lobes as described in Strausfeld, (2002).
Initially, the Apis MB lobes were called « and /5 (Malun 1998; Mobbs et al. 1982),
which comprise the vertical and medial lobes, respectively; Strausfeld, however, renamed
the lobes to prevent confusion between o and 3 lobes of Drosophila. Apis Class | KC
axons bifurcate to the vertical and medial lobes, whereas the Class || KCs extend axons
to populate the «y lobes (Strausfeld 2002). The - lobes were named as such due to

their developmental and anatomical similarities to the Drosophila + lobes.

KCs of Apis MB are split into five main groups based on anatomical and gene expression
data (Suenami et al. 2018; Kubo et al. 2012). Class-1 KCs divide into large-KCs (IKCs)
with their cell bodies at the edge of the calyces, small-KCs (sKCs) and middle-KCs
(mKCs) whose cell bodies are close to the centre of the MB calyces (Figure 1.1b). IKCs
are the first to develop from the Class-1 KCs (Suenami et al. 2016). The IKCs express
the marker gene mushroom body large-type Kenyon-cell specific protein-1 (Mblk-1),
an ecdysone signalling-related transcription factor (Takeuchi et al. 2001; Matsumura
et al. 2022). Mblk-1 is suggested to target genes related to synaptic plasticity in the
MBs (Matsumura et al. 2022). sKCs develop after the IKCs and can be identified by
their expression of E74, a transcription factor also involved in the ecdysteroid-signalling
pathway (Suenami et al. 2016; Paul et al. 2005). mKCs are the last to develop
from the Class-| KCs (Suenami et al. 2016). They were identified by their expression
of middle-type KC-preferential arrestin-related protein (mKast). mKast is similar to

mammalian ARRDCs (arrestin domain-containing protein) and is suggested to have a
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role in neuronal receptor regulation (Kaneko et al. 2013). An additional KC subtype was
identified with the expression of FoxP (FoxP-KCs). FoxP is a transcription factor that
serves a function in decision-making in Drosophila (Das et al. 2014). Apis FoxP-KCs cell
bodies are positioned adjacent to mKCs, evidenced by expression of FoxP and mKast in
the Apis adult brain (Schatton et al. 2017). Class-Il KC bodies are located on the MB
calyx's outer surface (Fahrbach 2006); these cells do not have any specific marker genes.
A scRNA-seq analysis comparing cells of the Apis brain between different castes (Queen,
nurse and pollen-forager) found clusters associated with IKCs, sKCs and FoxP-KCs.
However, this analysis did not identify mKC or Class-Il KCs (Zhang et al. 2022). The
authors found additional KC clusters that they left unannotated. The transcriptomic

profiles of mKCs and class-1l KCs remain incomplete.

1.2.3 The Dopaminergic Neurones

Drosophila melanogaster

As mentioned above, DANs are required for signalling value to reinforce memories
during associative learning. Two major DAN clusters are involved in olfactory learning
and memory: the PAM DANSs, which innervate the horizontal lobes, the PPL1 DANSs,
which innervate the vertical lobe, the peduncle and the site where the horizontal
and vertical lobes diverge (Waddell 2013). Per hemisphere, there are ~100 PAM
neurones and 12 PPL1 neurones (Mao et al. 2009). Subsets of DANs innervate discrete
non-overlapping compartments of the MB (Aso et al., 2014a; Li et al. 2020a). The release
of dopamine from specific DANs within the corresponding MB compartments is suggested
to reduce the synaptic strength between the odour-activated KCs and the MB output
neurones (MBONSs) associated with this compartment. MBONs coordinate approach
or avoidance behaviours; DANs associated with reward signalling share compartments
with avoidance MBONSs, therefore, during reward learning, dopamine release from
reward-encoding DANs causes the depression between the odour activated KCs and

avoidance MBONs, which causes a skew in MBON output and leads to more approach
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behaviours (Owald et al. 2015a; Perisse et al. 2016; Felsenberg 2021; Hige et al. 2015;
Cohn et al. 2015; Handler et al. 2019).

Apis mellifera

There are four major clusters of dopaminergic cells in the Apis brain, C1-C4 (Tedjakumala
et al. 2017; Schiirmann et al. 1989; Schafer et al. 1989, see Figure 1.1b). C1 - C3
dopaminergic clusters innervate the Apis MB vertical and medial lobes. Tedjakumala
et al., (2017) suggest C1 and C2 clusters are homologous to the Drosophila PAM
cluster because of their location and because they innervate the medial lobe of the
MB. They also suggest that C3 is similar to Drosophila PPL clusters. MBONSs have
also been described in the Apis brain. Like Drosophila, dendrites from Apis MBONs
innervate different sections of the MB lobes where KC terminals sit (Strausfeld 2002).
Considering subsets of DANs innervate the MB lobes, it is possible that DAN signalling
could modulate the KC-MBON connection to drive changes in MBON activity after

associative learning (Strube-Bloss et al. 2011; Okada et al. 2007).

ScRNA-seq analysis of the Apis brain by Zhang et al., (2022) identified monoaminergic
cells by the expression of Vmat. They found that these cells made up ~10% of their
data; however, Vmat was broadly expressed across their dataset and not in a specific
cluster. Drosophila scRNA-seq data from Park et al., (2022) found distinct clusters
for monoaminergic cells that were separate from the other cell types. Further analysis
by Park et al., (2022) found additional granularity within the monoaminergic clusters
based on the expression of different transmitter types (dopaminergic, serotonergic,
tyraminergic, octopaminergic). The scRNA-seq data used in this report utilised cells
from the dorsal protocerebrum from twelve pollen-foraging Apis honey bees to increase
the representation of DAN and MB cell types to aid cell type identification and annotation.
A transcriptomic comparison between KC and DAN cell types would be beneficial for

understanding if similar cell types have similar functions between Apis and Drosophila.
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(b) Apis mellifera

Mushroorp Bodies

Class | KCs

ateral
horn

Antennal
lobe
(AL)

Figure 1.1: Schematic of the Drosophila melanogaster and Apis mellifera brain - with
focus on the learning and memory relevant cells.

For both brains, Drosophila melanogaster (a) and Apis mellifera (b) have two neuropil
structures that sit in the dorsal protocerebrum, called the mushroom bodies (MB). a. The
Drosophila MB houses three main types of Kenyon Cells (KCs). The KC cell bodies are
positioned posteriorly, with their dendrites forming the calyx and their axons bundled to form
the peduncle. The af and o'’ KCs bifurcate to innervate the « and 3 (green) and o’
and /3’ lobes (blue), respectively. The v KCs do not bifurcate; they send their projections
medially to make the «y lobe (Aso et al. 2014). Two dopaminergic neurone (DAN) clusters are
shown that innervate the MB; the Protocerebral Anterior Medial (PAM) DANs innervate the
horizontal lobes, and Protocerebral Posterior Lateral (PPL) DANSs, innervate the vertical lobe,
peduncle and the region where vertical and horizonal lobes branch off (Waddell 2013). b.
The Apis MBs comprise of two cup-like structures, the medial and the lateral calyces. Each
calyx is divided into subregions: the lip, collar and basal ring. The Class | KC cell bodies are
positioned in the calyces cup; Class | KCs project their axons via a peduncle to the medial
(M) and vertical (V) of the MB. The cell bodies of the Class-1 sKCs (yellow) and mKCs (red)
are located towards the centre of the calyces cup, and the IKCs (green) are positioned to the
outside of the cup. FoxP-KC cell bodies (pink) are positioned adjacent to mKCs. Class Il KC
cell bodies are found on the outer surface of the MB calyces (blue); Class Il KCs project their
axons to the «y lobe (Suenami et al. 2018; Kubo et al. 2012; Malun 1998; Strausfeld 2002).
Four main clusters of dopaminergic neurones C1-C4 (orange). There are ~75 dopaminergic
cells in clusters C1 and C2, ~140 in C3 and ~80 in C4 (Tedjakumala et al. 2017).

December 19, 2025



1. Introduction 10

1.3 Nutrient Preference and Learning
Nutrient preference

Animals require adequate consumption of macronutrients and micronutrients to survive.
Drosophila will seek out nutrients during periods of deprivation or when nutritional
demand increases after copulation (Corrales-Carvajal et al. 2016; Ribeiro et al. 2010;
Walker et al. 2015). Honey bees and flies will self-select for sodium at different
concentrations (Zhang et al. 2013; De Sousa et al. 2022), likely based on internal
requirements and taste preference. For example, flies can discriminate between low and
high NaCl concentrations, opting for solutions containing sucrose plus 0.05 M NaCl
compared to sucrose alone. However, when the concentration of NaCl increased to
0.2 M or more, flies opted for the sucrose solution (Zhang et al. 2013). When NaCl
deprived, Drosophila exhibited a greater PER to solutions with high NaCl concentrations
compared to NaCl-fed Drosophila (Jaeger et al. 2018). Mated female Drosophila have a
greater PER response to high NaCl concentrations compared to mated males and virgin
females (Walker et al. 2015). The evidence above suggests that insects can discriminate

and self-regulate NaCl to match internal needs.

Although NaCl learning has been reported in rats, crickets and Drosophila larvae (Cone
et al. 2016; Robinson et al. 2013; Mizunami et al. 2010; Russell et al. 2011; Niewalda
et al. 2008), there is currently no published evidence that NaCl learning occurs in adult
Drosophila. This report explores NaCl learning and memory persistence at different

concentrations in adult Drosophila, considering virgin and mated, males and females.

Nutrient Learning

Pathways for taste and nutrient memories, such as those of sweet and nutritious sugars,
have been studied in the Drosophila brain. Drosophila will approach odours previously
paired with sweet-tasting sugars, but will avoid odours previously paired with bitter

tastes, like DEET (Das et al. 2014; Huetteroth et al. 2015; Burke et al. 2011).
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Taste memories, like those associated with sweet-tasting, non-nutritious sugars, can
be detected immediately, but are short-lived. Short-term memories of non-nutritious
sweet-tasting sugars can be reinforced into long-term memories when combined with
nutritious sugars without a sweet taste (Huetteroth et al. 2015; Burke et al. 2011; Musso
et al. 2015). Taste valence and nutrient information are provided to the Drosophila
MB by different subsets of DANs. Bitter tastes are signalled via the PPL DANs (Das
et al. 2014). Sweet-taste and nutrient information is provided by different subsets of the
PAM DANs. Blocking the output from a population of PAM-DANSs, represented by the
R48B04-GAL4 driver line, impaired immediate memory to sweet-tasting sugars, but not
long-term memory of nutritious sugars. Blocking the output from a different subset of
PAM-DANS, covered by the R15A04-GAL4 driver line, which labels 52, 5’1, a1 and ~5
neurones, impaired long-term memory to sucrose, but not short-term memory. Artificial
activation of R48B04-GAL4 neurones, which covers 3’2, ¥4 and ~5, was sufficient
to create a short-term memory only, whereas activation of R15A04-GAL4 neurones
implanted a long-term appetitive memory only. These results suggest that there are
different subsets of neurones that supply information to the MB about taste and nutrient
content of the US to reinforce different components of the memory (Huetteroth et al.
2015; Yamagata et al. 2015). The idea that there are different components to nutrient
memory was further evidenced by Das et al., (2014), where the aversive tastant DEET
was combined with a nutritious sugar during olfactory learning. Drosophila learned to
avoid the conditioned odour in the short term, this short-lived aversive memory was
replaced with an appetitive long term memory. This report aimed to understand if there

could be a taste and a nutrient component to NaCl memory in adult Drosophila.

State-dependent memories in Drosophila

The internal state, such as thirst and hunger in Drosophila, influences learned behaviours
(Lin et al. 2014; Senapati et al. 2019; Krashes et al. 2009; Dus et al. 2011). For
example, Krashes et al., (2009) found that sugar memory performance was reduced
the more satiated the animal was. Water memory is affected by thirst (Lin et al.

2014; Senapati et al. 2019), but not affected by hunger, suggesting that motivation for
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the water seeking behaviour was a result of water deprivation (Senapati et al. 2019).
Neuropeptides such as Drosophila Neuropeptide F (dNPF, ortholog of mammalian
NPY) and Leucokinin (Lk) signal hunger and thirst in Drosophila (Krashes et al. 2009;
Senapati et al. 2019). Receptors for dNPF (npfrl) are found on a subset of PPL1
DANs (PPL1-v1pedc), and inhibition of these PPL1 DANs promotes sugar memory
performance in satiated Drosophila (Krashes et al. 2009). Lk provides both a hunger and
thirst signal to the Drosophila MB. Lk activates a subset of PAM-DANs (PAM-/3"2mp)
to signal hunger, but inhibits a different subset of PAM-DANs (PAM-/'2a, but also
PPL1-72a/1) in the context of thirst, gating water memory expression (Senapati et al.
2019). This report aims to understand if the internal state of adult Drosophila influences
learnt behaviours towards different concentrations of NaCl. In addition, scRNA-seq
data from adult virgin or mated, males or female Drosophila midbrains experiencing
different NaCl feeding conditions (0 M NaCl or six hours of 0.2 M NaCl feeding) was
analysed for this report to understand how NaCl feeding status is represented in the

brain and what cell types might be involved.

1.4 Single-cell RNA Sequencing Technology for Cell
Type Annotation and Understanding Internal
State

ScRNA-seq technologies have been integral for an unbiased approach to cellular
characterisation based on gene expression. SCRNA-seq experiments start with isolating
single-cells from a tissue of interest. The RNA from these single-cells are captured,
uniquely barcoded, converted into cDNA before amplification and library preparation
(Jovic et al. 2022; Zheng et al. 2017). The unique barcoding for each RNA contains
sequences unique for the cell and for the RNA (unique molecular identifier, UMI). UMlIs
are used to combat amplification-bias and the cell barcode allows each read (a sequenced
representation of the RNA) to be associated with the cell of origin after sequencing.
Following sequencing, reads are then mapped to a reference genome. Clustering analysis
groups cells by transcriptional profile, and cell types are annotated by known marker

genes. ldentifying cell type clusters by known marker genes allows for the identification
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of additional marker genes. Novel cell types could be identified if the transcriptional

profile does not match known marker genes.

ScRNA-seq technology has also been used to identify changes in brain states under
different conditions. For example, Park et al., (2022) used scRNA-seq data of midbrains
from Drosophila that experienced different levels of dehydration. Park et al., found
that the expression of astray (aay) and Drat were increased in different glial cell
types in Drosophila experiencing greater levels of dehydration. These changes in gene
expression were biologically significant as RNAi knockdown of aay in astrocytes reduced
water consumption. Dietary consumption of D-serine, the product of aay-encoded
phosphoserine phosphatase, caused an enhanced water memory performance at 24 hours
compared to control Drosophila. Usually, control Drosophila would have a reduced

water memory performance at 24 hours (Lin et al. 2014, Figure 1b).

1.5 Thesis summary

The research outlined in this thesis aimed to establish a model for NaCl learning in
adult Drosophila, use scRNA-seq data to understand how NaCl status is represented in
the Drosophila brain, to characterise the learning and memory-related cells in Apis and
to perform a comparative analysis of scRNA-seq data from the KC and DAN clusters

between the two species.

The research outlined in this thesis found the existence of short-term and long-lasting
memory for NaCl in Drosophila experiencing different internal states. Short-term
appetitive memory for low (0.05 M) NaCl was detected in nutrient-deprived Drosophila.
The valence of the detected long-lasting memory for high (0.2 M) NaCl was dependent on
sex and nutrient status. 6 hour memory to high NaCl was appetitive in nutrient-deprived
Drosophila, but aversive in Drosophila fed a standard diet. This aversive memory in fed

Drosophila was more pronounced in female Drosophila.

December 19, 2025



1. Introduction 14

This thesis also aimed to use scRNA-seq technology to explore the transcriptional
changes that occur in the brains of Drosophila that were nutrient-deprived, compared
to those that were fed a 0.2 M NaCl solution. Unfortunately, the data was impacted
by a high level of adapter contamination, resulting in reads mapping to the reference
transcriptome by 1.5-4.9%. Despite this, the data clustered into the major cell types
and the proportion of cell types was similar to the data published by Park et al., (2022).
DESeq? differential gene expression analysis of a pseudobulk version of the scRNA-seq
data in this report identified one differentially expressed gene. Myosuppressin was
up-regulated in the nutrient-deprived female Drosophila compared 0.2 M NaCl-fed

female Drosophila in one cholinergic cluster.

Finally, scRNA-seq analysis of twelve Apis dorsal protocerebrum identified nine KC
clusters, suggesting greater granularity to the Apis KC subtypes compared to what was
published previously in the literature. Comparing the KC clusters of Drosophila to those
of Apis found little correspondence between the two species; however, marker genes for
Drosophila PAM and PPL1-DANs annotated two Apis DAN clusters, this could suggest

a similarity in function between the species.

In summary, this report outlines the existence of a novel memory to NaCl in adult
Drosophila and that the neuropeptide myosuppressin may signal NaCl status in the
brain. This report also shows that there is additional granularity to the Apis KCs than
previously thought in the literature and that two Apis DAN clusters express marker

genes for Drosophila PAM and PPL1-DANs.
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2.1 Fly Husbandry

Drosophila melanogaster were maintained on the standard cornmeal diet at 40-50%
humidity and 25°C in 12:12 hours of a light:dark cycle. Canton-S wild-type (WT)

Drosophila were used for all experiments.

2.2 Behavioural Experiments

20 hours before behavioural experiments, populations of ~ 100 Drosophila were
transferred to 25 mL vials containing 1% agar, 2.5 mL of Milli-Q® water, and a 20 x
60 mm sized filter paper to mineral and food deprive the Drosophila (‘nutrient-deprived
Drosophila’). Drosophila that were not nutrient-deprived before experiments were instead
transferred to 25 mL vials containing 2.5 mL of standard cornmeal-agar food (‘fed
Drosophila’), with 20 x 60 mm sized filter paper. Mixed-sex populations of Drosophila
were used for each experiment, unless otherwise stated. Male and female Drosophila

were counted separately.

The olfactory associative learning assay protocols were adapted from those previously
outlined by Krashes et al. 2008 and Krashes et al. 2009 to test immediate and long-term
memory of NaCl in Drosophila experiencing different internal states. In brief, these
experiments were performed using a T-maze (as described by Tully et al. 1994 and Yin
et al. 1994), where the Drosophila were trained for 2 minutes in one training arm of the
maze where the Drosophila were exposed to a 50 x 70 mm dry piece of filter paper paired
with a novel odour (A) (CS-). The Drosophila were exposed to a 30-second stream of
fresh air, before being tapped into the second arm lined with the experimental condition
(1% agar plus different concentrations of NaCl (0-0.2 M NaCl) set onto a 50 x 70 mm
piece of filter paper) (CS+) which was paired with a different novel odour (B) for a
further 2 minutes. To test immediate memory, the Drosophila were directly transferred
to a two-choice assay containing the training odours A and B (Figure 2.1). To test the
influence of feeding status on long-lasting memory, Drosophila were transferred either

to nutrient-deprivation or feeding vials (as previously described), or vials containing 1%
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agar, 2.5 mL of Milli-Q® water, 0.1 M or 0.2 M NaCl and a 20 x 60 mm sized filter
paper for 3, 6 or 24 hour time periods before entering the two-choice assay (Figure
2.2). After 2 minutes, the Drosophila were trapped and frozen. A performance index
(P1) was calculated by subtracting the number of Drosophila in the CS- arm from the
number of Drosophila in the CS+ arm and dividing by the total number of Drosophila.
The PI calculated from one experiment was averaged with another experiment’s Pl

where the order of odours A and B were reversed.

i
] cs- CS+
Nutrient 2minutes 2 minutes 2 minutes
deprivation

QOdour A
OR 20 hours
—

Two-choice
assay

Figure 2.1: T-maze protocol for testing immediate memory to 0 - 0.2 M NaCl.
Protocol for this olfactory associative learning assay adapted from Krashes et al. 2008
and Krashes et al. 2009. For this assay, ~ 100 mixed-sex populations of male and female
Drosophila were either fed a standard yellow food diet or nutrient-deprived for 20 hours before
training. During training, the populations of Drosophila were exposed to a novel odour (A)
within one arm of the T-maze for 2 minutes (CS-). The Drosophila were then exposed to 30
seconds of fresh air before being transferred to a second arm of the T-maze, where a second
novel odour (B) was paired with the presentation of different NaCl concentrations (0 - 0.2 M
NaCl) (CS+). The Drosophila were then transferred to a two-choice assay with both odours
A and B. After two minutes, the Drosophila were trapped, frozen, and the Drosophila from
the two arms were counted.

2.3 Statistical Analysis

Two-tailed one-sample T-tests were used to compare the statistical significance of
learning scores compared to a hypothetical mean of zero, which suggests no memory
expression. Data analysis was performed using R programming language version 4.3.0.
All graphs and data expressed are stated as mean + SEM. Significance is given as

*p<0.05 and ***p< 0.001.
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CS- CS+
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Figure 2.2: T-maze assay for testing memory persistence to 0.2 M NaCl. ~ 100
mixed-sex populations of male and female Drosophila were nutrient-deprived 20 hours before
training. During training, the populations of Drosophila were exposed to a novel odour (A)
within one arm of the T-maze for 2 minutes (CS-). The Drosophila were then exposed to 30
seconds of fresh air before being transferred to a second arm of the T-maze, where a second
novel odour (B) was paired with the presentation of 0.2 M NaCl (CS+). After training, the
Drosophila were transferred to vials containing different feeding conditions. The Drosophila
were either exposed to a standard yellow food diet, nutrient-deprivation or 0.1 or 0.2 M
of NaCl in an agar and Milli-Q® water solution. After 3, 6 or 24-hour time intervals, the
Drosophila were transferred to a two-choice assay with both odours A and B. The number of
male and female Drosophila in each decision arm were counted.
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2.4 ScRNA-seq Experiment Preparation

2.4.1 Drosophila melanogaster

Mated and unmated, female and male Drosophila were used in this experiment. To
ensure the capture of virgin male and virgin female Drosophila, Drosophila were taken
at pupal stage and transferred to separate feeding containers. Mated Drosophila were
taken from a mixed population of female and male Drosophila to ensure copulation. 10
females and 10 males were used for each sample. All Drosophila were nutrient-deprived
(as described previously) for 20 hours before 6 hours of continued nutrient-deprivation
or 6 hours of NaCl-feeding in vials containing 1% agar, 2.5 mL of Milli-Q® water, 0.2
M NaCl and a 20 x 60 mm sized filter paper ('NaCl-fed Drosophila’); similar to the

protocol explained in Figure 2.2. The four experimental conditions were as follows:
1. Mated male and female Drosophila. Nutrient-deprived for 26 hours.
2. Unmated male and female Drosophila. Nutrient-deprived for 26 hours.

3. Mated male and female Drosophila. Nutrient-deprived for 20 hours, then 6 hours

of NaCl feeding.

4. Unmated male and female Drosophila. Nutrient-deprived for 20 hours, then 6

hours of NaCl feeding.

Two replicates of each condition were collected. The Drosophila brains were dissected
and dissociated as described in Croset et al., (2018) and Park et al., (2022). During

dissection, the optic lobes were removed, leaving the Drosophila midbrain.
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2.4.2 Apis mellifera

Apis mellifera var. carnica honey bees were collected by Professor Geraldine Wright's
group from the The John Krebs Field Station, Wytham, Oxford, UK. The bees were
processed for sequencing by members of Professor Scott Waddell's group at the Centre
for Neural Circuits and Behaviour, University of Oxford, UK. To ensure the capture
of newly emerged Apis, a capped brood frame from a parent hive was housed within
an incubator (Sanyo: at 34 °C, 60% RH). Four bees were collected from a single hive
in Oxfordshire (UK) in August 2019, and eight more were collected in October 2020
from the same location but from a different colony (Queen from the same supplier).
~ 200 bees were tagged with a numbered tag (Opalith, Germany), applied to the
bee's shaved thorax with a drop of cyanoacrylate glue (Gorilla Super glue). The bees
were placed back into their parent hive after tagging to mature. Foraging Apis were
collected 36 days post-emergence to allow for approximately 15 days of foraging, which
typically occurs 21 days post-emergence. To ensure the Apis were the desired class of
pollen-forager, only the bees which were returning to the hive that had visible pollen
baskets on their legs and a numbered tag on their thorax were captured. The captured
bees were placed in a plastic feeding box with feeding tubes (2.0 ml eppendorf tubes,
modified as in Stabler et al. 2021), with ad libitum 1.0 M sucrose in an incubator (same
conditions as above) for 22 hours before dissection. The Apis brains were dissected
and dissociated as described in Stabler et al., 2021, adapted to remove the optic lobes,

trachea and the ventral portion of the brain, leaving the dorsal protocerebrum.

2.5 Dissection and Dissociation Procedure

For both Apis and Drosophila samples, brains were dissected in DPBS (ThermoFischer,
14190094) supplemented with toxin (toxin supplement: 20 mM 6,7-dinitroquinoxaline-2,3-dione,
0.1 mM tetrodotoxin and 50 mM d(-)-2- amino-5-phosphonovaleric acid) and transferred
to 500 pL of Schneider's medium supplemented with toxin (tSM: ThermoFischer,
21720024, plus the toxin supplement) in a Protein LoBind tube on ice. Samples were

washed in ImL tSM and then incubated with a dissociation solution (PaCo: 25uL
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papaine, Sigma P4762, and 25ul collagenase, Sigma C2674, in 450uL Schneider
medium) for 20 minutes. Samples were then washed with tSM. The samples were
titrated using a flame-rounded P200 tip before straining through a 10 mm CellTrix
strainer (Sysmex, 04-0042-2314) into a Protein LoBind microcentrifuge tube, rinsing with
Schnider's culture medium. Cell concentration was measured using a Leica DMIL LED
Fluo microscope and a disposable Fuchs-Rosenthal haemocytometer (VWR, 631-1096)

with a 1:10 solution of cell suspension.

2.6 Library preparation and scRNA-seq

The 10X Genomics, Chromium Single Cell 3" Reagent Kit V3 was used, as per the
manufacturer’s instructions, to perform mRNA barcoding. To capture a high proportion
of cells in Apis samples, two libraries were prepared per replicate. Samples were
processed at the Oxford's Wellcome Trust Centre for Human Genetics using NovaSeq

6000 (lllumina).

2.7 Cell Ranger and Read Quality Checks

Sequencing output files were checked for quality using FastQC (V 0.11.9 Andrews 2010)
and MutiQC (V 1.14). Fastq output files were processed using CellRanger (v5) to
align reads to Ensembl’s reference genome Amel_Hav3.1 for Apis and Dmel_6.50 for

Drosophila.

2.8 Quality Control in R

For both experiments, the output from Cell Ranger was read into RStudio using
Read10X(), and a Seurat object was built for each sample using CreateSeuratObject(),

filtering for min.cells = 3 and min.features = 200.

2.8.1 Drosophila melanogaster

Drosophila data was filtered similar to what was described by Park et al., (2022).

Barcodes were filtered by removing those with >15% ribosomal proteins and mitochondrial
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RNA, and >10% rRNA. Barcodes with <200 or >2500 features, or >8000 UMIs were
removed as these were assumed to be empty droplets or multiplets. Data was scaled and
normalised, and variable features were identified using SCTransform(). Replicates for
each condition were merged before integrating with Seurat V3 using reduction = "cca"
and dims = 1:40. For both Apis and Drosophila datasets, dimensionality reduction was
performed using runPCA(). Elbow plots identified PC 1:40 as the range that captures
the most variation in the data for each sample. RunUMAP(), FindNeighbors() and
FindClusters() was used to find clusters. SingleR() was used to transfer labels from
the Park et al., (2022) paper to the Drosophila data in this report.

Differential gene expression analysis was carried out using Bioconductor's DESeq?2
package (Love et al. 2014) on both the Park et al., (2022) data as a reference, comparing
satiated Drosophila with 12-hour water-deprived Drosophila, and the NaCl-related
scRNA-seq data in this report. For this report, | analysed differential expression of
genes between the nutrient-deprived and NaCl-fed conditions in all Drosophila, female
Drosophila and the interaction effect of mating status on condition effects. DESeq2 was
performed on count data from each cluster. Counts for each cluster were aggregated
by sample to create pseudobulk data. Clusters with less than three cells per condition
were excluded from the analysis. Genes were considered differentially expressed if the

adjusted p-value <0.05 and the absolute log2(FC) values >1.

2.8.2 Apis mellifera

The data was filtered for cells with >250 features and >500 UMlIs. As two libraries
were prepared for each sample, the two datasets per sample were filtered by UMI and
feature count before being merged together. Each sample was processed using the
SCTransform() to normalise and scale the data, and to find variable features. Clustering
at a resolution of 0.1 found a range of 11-17 clusters per sample. scDblFinder() and
decontX() were used to identify doublets and cells with high contamination, respectively.
Cells which were identified as "doublets" were removed. Samples were integrated using
Harmony(), correcting for sample batch effects. FindAllMarkers() with only.pos =

TRUE, a log2c.threshold of 1 and a cluster resolution of 0.1 unless otherwise stated.
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2.9 Machine Learning Methods for Classifying Kenyon
Cell Clusters

For classifying Apis Kenyon Cell clusters, Kenyon Cell cell-by-feature count matrices were
filtered for neuropeptide, neurotransmitter, neuropeptide receptor and neurotransmitter
receptor genes from FlyBase (accessed 06/12/2024) that have an identified homologous
gene in Apis. For this, genes that were found using the search terms "Neurotransmitter
receptor", "Neuropeptide receptor", "Neurotransmitter" and "Neuropeptide" in FlyBase
were then matched with Apis mellifera homologues identified from EnsemblMetazoa
BioMart. For the comparison of top ranked features output from classifying Apis and
Drosophila Kenyon Cell clusters, cell-by-feature count matrices were filtered for all

homologous genes between Apis and Drosophila from EnsemblMetazoa BioMart.

To classify Kenyon Cell clusters a Random Forest machine-learning model run in
Python's scikit-learn was used based on cell-by-feature count matrices as described above.
train_test_ split was imported from sklearn.model_selection and run with random_state
= 17 and test_size = 0.2. This was fit to the RandomForestClassifier() and the
classification_report imported from sklearn.metrics and run to produce the output report
for the model. Feature importances were found using feature_importances_. Confusion
matrices were produced by importing confusion_matrix and ConfusionMatrixDisplay

from sklearn.metrics.
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3.1 Introduction

Optimal intake of sodium chloride is required for normal muscle and nerve function,
and osmotic balance. Drosophila melanogaster can discriminate low from high NaCl
concentrations. Drosophila will choose to consume low NaCl concentrations (~ 0.05
M NaCl) in a sucrose solution compared to sucrose alone, but will avoid high NaCl
concentrations (> 0.2 M) (Zhang et al. 2013). Feeding behaviours towards high NaCl
concentrations change with sodium deprivation or when the nutritional demand increases
after copulation (Walker et al. 2015; Jaeger et al. 2018). Considering Drosophila can
form state-dependent associative olfactory memories to other essential nutrients, such as
nutritious sugars and water (Burke et al. 2011; Huetteroth et al. 2015; Lin et al. 2014;
Senapati et al. 2019), we wanted to understand if Drosophila can also form memories of
NaCl, if memory valence is affected by NaCl concentration, and if the animal’s internal
need for NaCl (NaCl deprivation or post-copulation nutritional changes) influences these

memories.

As mentioned in Chapter 1, a memory for NaCl has been identified in rats, crickets and
Drosophila larvae. In crickets, a high concentration of NaCl (2 M NaCl) was used as the
US during aversive olfactory conditioning (Mizunami et al. 2010). In these experiments,
one of two odours (CS+) was present to the cricket's antenna before the US was
presented to the mouth. During a preference test between the CS+ and CS- odours,
the crickets showed a greater preference for the CS- odour, compared to the CS+ odour,
suggesting the cricket formed an aversive associative memory to the high NaCl solution.
In experiments using Drosophila larvae, larvae were placed onto a petri dish with either
agarose or agarose mixed with different concentrations of NaCl (US) and each petri
dish was associated with a different odour (CS- and CS+, respectively). During the
odour preference test, more larvae chose the CS+ odour when the US was 0.375 or
0.750 M NaCl. No memory performance could be detected at higher concentrations of
NaCl unless the preference test was presented with the US (US presented with both

CS- and CS+ odours); under these conditions, more larvae approached the CS- odours
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when the US was 1.5 M NaCl (Niewalda et al. 2008). In rats, behaviours towards a
previously aversive cue associated with a solution of high NaCl became appetitive when

in a sodium-deficient state (Robinson et al. 2013).

Drosophila is a desirable model organism for studying nutrient memories for the
well-established appetitive olfactory learning paradigm (Tempel et al. 1983; Krashes
et al. 2008), that has been adapted to study state-dependent learning and memory
dynamics of essential nutrients such as nutritious sugar and water (Burke et al. 2011;
Huetteroth et al. 2015; Lin et al. 2014; Senapati et al. 2019). This assay, combined
with the use of powerful genetic tools such as the GAL4/UAS system, has allowed for
the dissection of the neuronal circuits involved in these nutrient memories (see section
1.3). Experiments such as these also identified neuropeptide signalling on DANs that
project to the MBs which coordinate state-dependent memories for water and nutritious

sugar (Krashes et al. 2009; Senapati et al. 2019).

Considering a state-dependent memory for NaCl has been identified in rats, and appetitive
or aversive memories have been found in Drosophila larvae depending on the US NaCl
concentration, we wanted to explore the existence of a state-dependent memory for
NaCl in adult Drosophila. Because adult Drosophila have different preferences for NaCl
depending on the concentration and their nutritional status, we also wanted to understand
if the nutrient-status and / or the concentration of the NaCl solution presented as the US
influence approach or avoidance behaviours to the CS+ odours. Therefore, this chapter
aims to utilise state-of-the-art behavioural assays to identify novel NaCl memories in
Drosophila. Further, we aimed to understand if the formation or expression of these

memories was influenced by the animal’s internal state, such as mating or nutrient status.

The data in this chapter was collected by me and Dr. Senapati from Prof. Waddell's

group, CNCB, unless stated otherwise.
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3.2 Results

3.2.1 Appetitive Immediate Memory to Cues Predictive of 0.05
M NaCl

The essential micronutrients in NaCl elicit an appetitive or an aversive behavioural
response in Drosophila depending on the concentration (see introduction section 3.1).
Given that taste memories for nutrients, such as nutritious sugars, can be measured
immediately after training, and the expression of these memories is affected by the
animal’s internal state (Lin et al. 2014; Senapati et al. 2019; Krashes et al. 2008; Krashes
et al. 2009), we wanted to understand if this was also the case for NaCl. Additionally, we
hypothesised that the valence of the memories for different concentrations of NaCl would
correspond to the results observed in feeding assays (Zhang et al. 2013). We utilised the
olfactory associative learning assay using a T-maze to condition nutrient-deprived or fed
Drosophila to associate the second of two odours with different concentrations of NaCl
in a 1% agar solid medium (see Methods). The performance index (Pl) was calculated
by subtracting the number of flies trapped in the CS- arm from the number of flies in the
CS+ arm, divided by the total number of flies in the experiment. The Pl score from one
experiment was averaged with the Pl score from another experiment where the odours
for CS- and CS+ were reversed. A positive Pl score suggests more flies were choosing the
conditioned odour and a negative score suggests more flies were choosing the alternative
odour. In experiments where hungry Drosophila were trained with sucrose, the Pl score
after testing immediate memory was ~0.3 (Krashes et al. 2008; Krashes et al. 2009),
whereas, Drosophila trained with the aversive tastant, DEET mixed with a sugar solution
(0.4% DEET, 3 M Xylose and 0.1 M sucrose), had an immediate memory Pl score
of ~-0.4 (Das et al. 2014). Drosophila trained with 0 M NaCl showed no significant
behavioural response. Nutrient-deprived Drosophila preferred the odour previously paired
with 0.05 M NaCl, with an average performance index (Pl) score of 0.13 (see Figure 3.1).
This appetitive score was lower than the appetitive scores obtained from sucrose learning
(Krashes et al. 2008; Krashes et al. 2009), however, this score was significantly different

from zero (p-value = .04, t(7) = 2.517, mean= 0.134, SD=0.053, two-tailed one-sample
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t-test, Figure 3.1), therefore evidencing the detection of an appetitive memory. This
behaviour was not seen in Drosophila that were fed a standard diet. This suggests that
the presentation of 0.05 M NaCl was sufficient for learning, and nutrient-deprivation
increases motivation to seek out the odour predictive of the low NaCl concentration.
Considering the appetitive concentration of NaCl provided an appetitive Pl score, we
expected that the aversive concentration of NaCl would provide an aversive Pl score.
However, both nutrient-deprived and fed Drosophila showed no preference for the

conditioned odour previously paired with 0.2 M NaCl or the alternative odour.
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Figure 3.1: An appetitive immediate memory performance detected in

nutrient-deprived Drosophila to low concentrations of NaCl (0.05 M NaCl). Performance
index scores from 20-hour fed (grey bars) or nutrient-deprived (blue bars) mixed-sex populations
of Drosophila trained with 0 - 0.2 M NaCl and testing immediate memory. Nutrient-deprived
Drosophila preferred the conditioned odour associated with 0.05 M NaCl compared to the
unconditioned odour (p-value = .04, t(7) = 2.517, mean= 0.134, SD=0.053, two-tailed
one-sample t-test). Fed-Drosophila showed no preference for either the conditioned or
unconditioned odour (p-value = .922, t(5) = -0.103, mean = -0.004, SD = 0.103, two-tailed,
one-sample t-test). N = 6-8, all data is shown as mean + SEM.
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3.2.2 The Valence of long-lasting Memory to NaCl is Dependent
on Nutrient Status

Memories of sweet-tasting, non-nutritious sugars are short-lived in Drosophila. However,
memories of sugars with a nutrient value are remembered long-term (Huetteroth et al.
2015; Burke et al. 2011), with approach behaviours towards the odour previously paired
with nutritious sugar detected at 36 hours in hungry Drosophila (Krashes et al. 2008).
Feeding the Drosophila reduces memory performance (Krashes et al. 2009, Figure 1a),
suggesting the Drosophila's internal state affects the animal’s motivation to seek out the
odour paired previously with the nutritious sugar also in the long term. We, therefore,
aimed to understand if the presentation of 0.05 M NaCl or 0.2 M NaCl could provide
value to the animal to reinforce the immediate memory into a detectable long-lasting
memory performance, and if the animal’s internal state affects the performance outcomes.
Here, we nutrient-deprived Drosophila before training with 0.05 M or 0.2 M NaCl and
then put Drosophila into different feeding conditions before testing 0, 3, 6, and 24-hour

memory. Drosophila were either nutrient-deprived or fed a standard diet before testing.

As evidenced in section 3.2.1, an immediate memory for 0.05 M NaCl can be detected in
nutrient-deprived Drosophila. However, the Pl scores for both nutrient-deprived and fed
Drosophila decreased with time, tending towards zero (Figure 3.2). This suggests that
the low concentration of NaCl was sufficient for short-term memory, like sweet-tasting
sugars, but was not sufficient to provide the additional rewarding values to reinforce
the short-term memory into long-lasting memory. Interestingly, when testing 24-hour
memory, Drosophila trained with 0.2 M NaCl and then nutrient-deprived preferred the
previously NaCl-paired odour compared to the alternative odour, with a mean average
positive Pl score of 0.126. The opposite was true in Drosophila trained with 0.2 M
NaCl and fed before testing 6-hour memory, with a mean average negative Pl score of

-0.194 (Figure 3.2).

The results from 0.2 M NaCl suggest that, although this concentration of NaCl was not

sufficient to provide detectable short-term memory (section 3.2.1) it did provide value to
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the animal to create long-lasting memories. The memory of 0.2 M NaCl has an opposing
valence that depends on the animal’s internal state. This result is similar to those reported
by Das et al., (2014) where the aversive stimulus, DEET, combined with an appetitive
nutritious sugar, formed parallel and opposing memories. The Drosophila exhibited an
aversive short-term memory which later became a robust appetitive long-term memory 30
minutes after training, suggesting two memory components were guiding their behaviours
(Das et al. 2014). In contrast, the memory for 0.2 M NaCl appears to have opposing
values, but to the same stimuli, the memory output appears to be gated by the animal’s

internal state.
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Figure 3.2: Behaviour towards odours predictive of high NaCl (0.2 M NaCl) depends
on the feeding status of the Drosophila before testing. Performance index scores from
populations of mixed-sex nutrient-deprived Drosophila trained with low or high concentrations
of NaCl (0.05 M and 0.2 M, respectively), which were placed into different feeding conditions
before testing 3, 6 or 24-hour memory recall. Drosophila which were nutrient-deprived before
testing 24-hour memory approached the odour predictive of 0.2 M NaCl (p-value = 0.027, t(7)
= 2.795, mean = 0.126, two-sided, one-sample t-test). However, Drosophila fed a standard
diet before testing 0.2 M NaCl memory approached the alternative odour (p-value <0.001,
t(6) = -7.69, mean = -0.194, two-sided, one-sample t-test). In both nutrient-deprived and
fed Drosophila, the learning scores associated with 0.05 M NaCl tended towards zero over
time. N = 8 for all.
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3.2.3 Aversive 6-hour Memory Performance in Fed Drosophila
is Significant in Females

Feeding behaviours towards NaCl increase in female Drosophila after copulation (Walker
et al. 2015). We, therefore, evaluated the Pl scores from females and males by splitting
the data from Figure 3.2 into male and female counts. This revealed that the aversive
Pl score when testing 6-hour memory in Drosophila fed a standard diet was only
significantly different from zero in female Drosophila, although the Pl score for male

Drosophila fed a standard diet was negative.

Memory Persistance
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0.0
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sjeway
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Figure 3.3: Female Drosophila fed a standard diet before testing, expressed an aversive
high NaCl memory at 6 hours. The same data is shown in Figure 3.2, but male and female
counts were plotted separately. Pl scores in female Drosophila fed a standard diet before
testing 6-hour memory were significantly different from zero (p-value <0.001, t(7) = -6.41,
mean = -0.2, two-sided, one-sample t-test). The 6-hour Pl scores for fed male Drosophila,
however, was not significantly different from zero (p-value = 0.086, t(7) = -2.00, mean =
-0.10, two-sided, one-sample t-test). N = 7-8 for all. Due to some uncertainty with the count
data collected for one trail of 24-hour 0.2 M NaCl memory in female Drosophila that were
nutrient-deprived before testing, the corresponding Pl score was removed from analysis. It is
likely, as result of removing this Pl, the sex-specific average Pl scores no longer align with the
average total Pl scores in Figure 3.2.
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3.2.4 High NaCl 6-Hour Memory Performance is State-Specific

Given that providing the Drosophila with ad libitum access to standard fly food before
testing 0.2 M NaCl memory performance affected the behavioural output, we wanted to
understand if providing NaCl before testing would affect 0.2 M NaCl memory scores.
We, therefore, tested 6-hour 0.2 M NaCl memory performance in nutrient-deprived
Drosophila, fed Drosophila and Drosophila with ad libitum access to 0.1 M NaCl before
testing. Interestingly, the Pl scores for Drosophila that were fed 0.1 M NaCl before
testing were close to zero (Figure 3.4a), with no observable difference between males
and females (Figure 3.4b). This suggests that providing NaCl reduced the Drosophila's

motivation to approach or avoid the previously NaCl-paired odour.
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Figure 3.4: Feeding Drosophila 0.1 M NaCl before testing 6-hour memory recall to
odours predictive of 0.2 M NaCl resulted in a Pl score close to zero.

Populations of mixed males and females were nutrient-deprived for 20 hours before
olfactory associative learning conditioning with 0.2 M NaCl. After training, the
Drosophila were fed a standard diet, nutrient-deprived or fed 0.1 M NaCl before testing
memory performance. As seen in Figures 3.2 and 3.3, Drosophila fed a standard diet
before testing high-NaCl memory had an aversive response to the conditioned odour.
When fed NaCl before testing memory, all Drosophila (males and females) showed no
preference towards the conditioned or alternative odour (p-value = 0.73, t(7) =
-0.35951, mean = -0.013, N = 8).
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Unfortunately, due to the development of severe allergies to the Drosophila, | had to
abandon this project. Further behavioural experiments were collected by Dr. Senapati
from Prof. Waddell's group, CNCB. The preparation of the single-cell RNA sequencing
experiment (outlined in Chapter 4) were carried out by Dr. Christoph Treiber and

colleagues from the Waddell group, CNCB.
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3.2.5 High NaCl-Fed Virgin Female Drosophila Tend to Avoid
the Odour Predictive of High NaCl

Given that NaCl feeding behaviours of mated females are different from those of males
and virgin females (Walker et al. 2015), we wanted to understand if there is a difference
in Pl scores when testing 6-hour 0.2 M NaCl memory in nutrient-deprived Drosophila
compared to Drosophila fed 0.2 M NaCl, in mated and unmated female and male
Drosophila. As before, the scores for NaCl-fed mated males and females were close to
zero, however, the Pl score for virgin female Drosophila tended towards an aversive Pl
score, but this was not significantly different from zero (p = 0.06, Figure 3.5). Data
collection for behavioural experiments were usually collected over two or more days.
On this occasion, the data for the experiment shown in Figure 3.5 was collected in
one day. There may have been external variability that may have contributed to the
behavioural scores from this experiment. It would be valuable to collect more data to
improve confidence in the results from this experiment.
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Figure 3.5: NaCl fed (salt fed) virgin female Drosophila tend to avoid the odour
predictive of high NaCl 6 hours after conditioning.

Populations of mixed males and females, virgin females and virgin males were
nutrient-deprived for 20 hours before training. Drosophila were trained as described in
Figure 3.4. Salt-fed virgin-female Drosophila tend towards conditioned odour aversion
(p-value = 0.06, t(7) = -2.234, mean = -0.07, two-tailed, one-sample t-test). N = 8.
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3.3 Discussion

3.3.1 Results Summary

The results from this chapter provide evidence for the existence of NaCl olfactory
memories in Drosophila. Appetitive olfactory memories are formed to 0.05 M NaCl,
these are short-lived and decay over time. Short-term memory performance was not
detected in Drosophila trained with 0.2 M NaCl, however, the valence of the memory
detected at 6 hours and 24 hours depended on the internal state of the Drosophila.
Drosophila that were nutrient-deprived before testing 24-hour 0.2 M NaCl memory
performance approached the previously NaCl-paired odour, whereas, Drosophila fed a
standard diet before testing 6-hour memory avoided the paired odour. The detected
aversive behaviour was more pronounced in female Drosophila. Feeding the Drosophila
NaCl before testing 6-hour 0.2 M NaCl memory seemed to abolish memory expression
as no performance was detected. Virgin female Drosophila fed NaCl before testing

6-hour 0.2 M NaCl memory tend to avoid the CS+ odour.

3.3.2 Dissecting the Components of NaCl Memory

Drosophila can remember different components of the US. For example, there are two
memory components to the memory of nutritious sugars, like sucrose, the sweet-taste
short-term component and the long-term nutrient component (Huetteroth et al. 2015;
Yamagata et al. 2015). These elements can be of opposing valence. For example, the
memory of the US combining DEET (bitter taste) with sucrose was stored as a short-term
aversive memory component and a long-term appetitive component (Das et al. 2014).

These different components are controlled by different subsets of DANs (Das et al. 2014).

Short-term NaCl Memory

The results from this report detected an appetitive short-term memory to a low NaCl
concentration (0.05M NaCl) in nutrient-deprived Drosophila. This short-term memory
might be taste-related. Preliminary feeding experiments carried out by Dr. Bhagyashree

Senapati showed that nutrient-deprived male and female Drosophila will consume NaCl
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at different concentrations. These experiments detected staining on the proboscis
and the abdomen of Drosophila after presenting solutions containing 0, 0.05 or 0.2
M NaCl dyed blue (Appendix Figure A.1). Different taste modalities are detected by
subsets of Gustatory Receptor Neurones (GRNs) located in the proboscis (and also
the tarsae and wing margin, Hiroi et al. 2004). Different GRNs respond to low and
high salt concentrations (Jaeger et al. 2018; Zhang et al. 2013). GRNs project their
axons to the brain region that processes gustatory information, the subesophageal zone
(SEZ, Kendroud et al. 2018; Talay et al. 2017). Work carried out by Otto et al.,
(2020) identified neurones which project from the SEZ to the PAM-DANs which signal
information on taste (bitter and sweet components) to reinforce memories. Given
this information, it is possible that taste information detected by the GRNs could
be carried to the DANs via the SEZ. To dissect the circuits involved in low-NaCl
appetitive memory, target neurones identified from the connectomics data downstream
of the NaCl-associated GRNs could be artificially inactivated using the optogenetically
activated anion channel rhodopsin (GtACR1, Mohammad et al. 2017) during NaCl
olfactory learning acquisition. Inactivation of neurones that are involved in low NaCl
memory acquisition would impair learning, the Drosophila would show no preference

for the conditioned or the alternative odour when testing memory recall.

Long-lasting NaCl Memory

24-hour and 6-hour high NaCl memory in nutrient-deprived and in Drosophila fed a
standard diet, respectively, were of opposing valence. These memories of opposing
valence could be created in parallel but independently. These NaCl memories may be
coordinated by different DAN subtypes, such as those that are involved in long-term
memory for sucrose (like PAM-al, Yamagata et al. 2015) and those involved in
aversive long-term memory for shock (like PPL-DANs, see section 1.3 and Placais
et al. 2012). To test if PAM or PPL-DAN clusters are required for coordinating the
opposing memories, their activity could be blocked during training, before testing 6
or 24 hour high-NaCl memory recall in Drosophila that are either nutrient-deprived or

fed a standard diet. | would anticipate that blocking the activity of PAM-DANs during
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training, and nutrient-depriving the Drosophila, would result in no approach behaviours
during testing at 24 hours. | would expect that blocking PPL-DANs during training and
then feeding the Drosophila before testing 6-hour memory would result in a reduced

aversive response to the conditioned odour.

Detection of a long-lasting memory for high-NaCl suggests a nutritional element to
this memory. Kim et al., (2024) identified a set of anterior enteric neurones that they
refer to as 'internal sodium-sensing’ (INSO) neurones. Inactivating these neurones in
salt-deprived Drosophila reduced the preference for NaCl in sucrose compared to sucrose
alone and ex vivo calcium imaging of the INSO neurones recorded neuronal activity
when applying sodium-containing salts. This suggests that INSO neurones are sodium
sensors and provide sodium-associated state-dependent signals. The INSO neurones
project their axons to the SEZ of the Drosophila brain. Trans-synaptic tracing analysis
tools (such as trans-Tango, Talay et al. 2017) could be employed to identify downstream
connections between INSO neurones and higher Drosophila brain regions. It is possible
that INSO neurones do not make direct connections to the DANs to provide the teaching
signals to reinforce the nutrient memory. For example, neurones carrying the fructose
sensor gustatory receptor 43a (Gr43a, Yamagata et al. 2015; Miyamoto et al. 2012;
Miyamoto et al. 2013) are required for long-term sucrose memory, but they do not form
direct connections with the PAM-DANs involved in signalling for the long-term memory

for sucrose.

As INSO neurones are suggested to provide a sodium-associated state-dependent signal,
it is possible that signalling by these neurones could affect 6 and 24-hour memory
recall. For example, inactivating these neurones before testing 24-hour memory recall
in nutrient-deprived Drosophila might reduce the approach behaviours. Other possible

mechanisms for internal state signalling are discussed below.
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3.3.3 Internal State

Nutrient-Status

In Drosophila, neuropeptides such as dNPF and Lk gate sucrose and water memories by
providing internal state signals (such as thirst and hunger, see section 1.3). Neuropeptides
may be responsible for signalling sodium-status. Given that Lk neurones respond to
solutions of different osmolality (Senapati et al. 2019), they may respond to changes in
sodium content of the fly's hemolymph. To understand if Lk signalling plays a role in
state-dependent NaCl memory, RNAi knockdown of the Lk receptor (Lkr) in subsets
of DANs (such as PPL1-DANSs that gate water memory, Senapati et al. 2019) would
help us understand its role in NaCl-memory. Once the DANSs involved in NaCl-memory
have been identified, single-cell RNA sequencing data could be used to identify other

neuropeptide receptors that might be involved in signalling NaCl nutrient-status.

Mating-Status

Drosophila feeding behaviours towards NaCl change after copulation as nutritional
demand shifts to support reproduction (Walker et al. 2015). This behaviour change is
attributed to the changes in the post-mating circuit. The female Drosophila post-mating
circuit involves the sex peptide receptor (SPR), the sex peptide sensory neurones (SPSNs)
and the sex peptide abdominal ganglion (SAG). The SAG projects to the brain. SPR
activation depresses the post-mating circuit (Feng et al. 2014). Walker et al., (2015)
found that depressing the circuit (such as inactivating SAG and SPSN using the genetic
tool UAS-Kir2.1) increased PER to a NaCl solution in virgin female Drosophila, similar
to levels measured with mated-female Drosophila. As there was a difference in memory
performance to high-NaCl 6-hour memory in mated female Drosophila compared to
mated male Drosophila, it is possible that these differences are due to the post-mating
circuits in female Drosophila. Repeating this experiment using virgin female Drosophila
that were fed a standard diet before testing 6-hour high-NaCl memory would be useful to
understand if the post-mating circuit is involved. | would expect virgin female Drosophila
to perform similarly to male Drosophila. To probe the post-mating circuit, | would use

RNAi against the SPR in SPSNs of mated female Drosophila. If these receptors are

December 19, 2025



3. A State-Dependent Nutrient Memory for NaCl in Adult Drosophila 40

involved in coordinating the differences in behaviour between mated males and females
| would expect there to be no difference between memory performance between mated

and virgin female Drosophila.

Interestingly, when testing 6-hour high-NaCl memory in virgin female Drosophila that
were fed NaCl before testing, there was a trend towards aversion, whereas mated males
and females showed no preference for the conditioned or the alternative odour. This
difference in behaviour in virgin female Drosophila could also be attributed to the
post-mating circuit. | expect that blocking the activity of SPSN and SAG neurones using
GtACR1 in virgin female Drosophila during 6-hour high-NaCl memory tasks would create
behaviours similar to mated females. As the SAG projects to the brain, it would be
important to understand if the post-mating circuit connects with learning and memory
circuits. To probe this, trans-Tango and connectomics would help identify potential

connections between these circuits.

3.3.4 Conclusions

The results from this report identify the existence of a new NaCl olfactory associative
memory in Drosophila adults. Memory dynamics appear to be influenced by the
concentration of NaCl and the expressed valence is influenced by nutrient status and
sex. Further research is required to understand the circuits involved in NaCl memories
and how these circuits are influenced by signals associated with nutrient or mating
status. The next chapter in my thesis (Chapter 4) outlines the research performed to
understand how NaCl-related nutrient status is represented in the Drosophila brain, and

how this might be influenced by mating status.
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4.1 Introduction

The results outlined in Chapter 3 provided evidence for the existence of a NaCl long-lasting
memory in adult Drosophila. The valence of this NaCl long-lasting memory depended
on nutrient status. Drosophila that were nutrient-deprived before testing 0.2 M NaCl
long-lasting memory recall approached the conditioned odour. Whereas Drosophila fed
a standard diet avoided the conditioned odour, and Drosophila fed NaCl before testing
memory recall showed no preference for the conditioned or alternative odour (see Figures
3.2 and 3.4a). The conditioned aversion was more pronounced in fed female Drosophila
(Figure 3.3), and the 6-hour memory performance of NaCl-fed virgin female Drosophila
tended towards aversion (Figure 3.5). This chapter, therefore, aimed to use scRNA-seq
data to understand how internal sodium status is represented in the Drosophila brain

and how this is influenced by mating status.

The experiment outlined in this chapter was modelled on the scRNA-seq experiment
published by Park et al., (2022). Park et al., (2022) compared gene expression between
Drosophila that were satiated (no water deprivation) with Drosophila that were water
deprived for twelve hours. As outlined in the Introduction section 1.4, their analysis
identified biologically relevant differential gene expression (DGE) events in glial cell
clusters. The scRNA-seq data for this chapter consisted of eight samples, each containing
twenty Drosophila midbrains, ten of which were male and ten of which were female. Four
samples contained midbrains of Drosophila that were nutrient-deprived, and the other
were fed 0.2 M NaCl (see Methods). Of the four samples for each feeding condition,
two samples contained midbrains from virgin Drosophila, and the other two samples
contained midbrains from mated Drosophila (see Methods section 2.4). The cells from
each sample could be classed as male or female based on the expression or absence of

the male-specific gene IncRNA:roX1.

This chapter aimed to identify DGE events between all Drosophila that were nutrient-deprived

and those fed 0.2 M NaCl. In addition, as the long-lasting NaCl memory behaviours were
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more pronounced in fed female Drosophila than males, | aimed to compare DGE events
from the two feeding conditions in female-only cells. Finally, | wanted to understand if
there was an interaction effect of mating status on the DGE events between the two

feeding conditions.
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4.2 Results

4.2.1 Quality Control of Raw Sequencing Reads

The quality of the FASTQ files output from scRNA-seq was assessed using FastQC and
visualised using MultiQC. The confidence score for base calling was high for each of the
reads (measured using a Phred score, Figure 4.1a). However, reviewing the percentage
sequence content across the bases for each read found a repeating pattern in the base
sequence (see example Figure 4.1b from sample 1, evidenced by the over representation
of certain bases along the sequence). The percentage GC content for good-quality
reads should be approximately normally distributed. For the reads in this report, the GC
content was not normally distributed, suggesting there were overrepresented sequences
or contamination (Figure 4.1c). A high proportion of the overrepresented sequences
were from the "Clontech SMARTer Il A Oligonucleotide" (Figure 4.1d), with more than

40% of reads in sample 6 containing this sequence.

To address the possibility of contamination caused by sample preparation, FastQ Screen
was used to compare reads to multiple reference genomes, including Drosophila, Yeast,
Mouse and Human. ~1.9% of reads for each sample mapped to the Drosophila genome,
~2.6% of reads mapped to the yeast genome and ~22.7% of reads mapped exclusively
to the "contamination" reference, which was the Clontech SMARTer Il A Oligonucleotide
sequence (Figure 4.2). This suggests that a large portion of the contamination is due

to the Clontech adapter sequence, with a minor contribution from yeast.
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Figure 4.1: FastQC and MultiQC output reports.
a. Mean quality scores (Phred scores) for each sample across read sequences. The quality
for each read and sample were overall good (within the green zone). b. Base content across
read sequences. There is a high representation of specific bases along the read sequences. c.
Percentage sequence GC content. The GC content for each sample is not normally distributed,
suggesting sequence contamination or over representation of sequences. Each line represents
a sample. d. Overrepresented sequences. A high level of overrepresented sequences contained
the "Clontech SMARTer Il A Oligonucleotide" adapter sequence.
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Figure 4.2: High level of sequence contamination in reads, from samples 1-4.
Fastq Screen analysis comparing reads to different reference genomes. The "Contamination”
column is the Clontech SMARTer Il A Oligonucleotide sequence. For all samples, ~22.7% of
reads are contaminated with the Clontech adapter. ~1.9% of reads mapped to the Drosophila
reference genome and ~2.6% mapped to the yeast genome. See the appendix Figures A.2 for

FastQ Screen plots for the other samples.
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4.2.2 Few Reads Mapped to the Drosophila melanogaster Reference
Genome

Cell Ranger was used to align sample reads to the Drosophila reference genome (dmel650).
Between 1.8% and 5.5% reads mapped to the reference genome and between 1.5%
and 4.9% of reads mapped to the reference transcriptome (see Table 4.1). The low
percentage of reads mapping to the reference transcriptome is likely a reflection of reads
that were contaminated with the "Clontech SMARTer Il A Oligonucleotide" adapter

sequence.

Barcode rank plots from Cell Ranger identify barcodes associated with likely cells and
barcodes associated with background noise (empty droplets containing ambient RNA).
Figure 4.3 is a ranked barcode by UMI counts plot. These plots will typically have a
"knee" or "cliff" when the number of UMIs drops, separating cells from empty droplets.
The number of cells for Cell Ranger to expect was set to 10,000, this captured most
samples just after the "knee"/"cliff" in the data (see Figure 4.3). For some samples,
the cut-off point includes barcodes with few UMI. Barcodes associated with low UMI

counts were filtered out in section 4.2.3.
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Figure 4.3: Barcode by UMI counts. The cut off for number of barcodes retained in each
sample was 10,000. This captured most samples towards the end of the "knee" or "cliff"
which is characteristic of the separation between barcodes associated with cells and those

associated with empty droplets. Each line represents a sample.
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Table 4.1
Sample | Percentage of reads Percentage of reads
mapping to the mapping to the
reference genome. | reference transcriptome.
Sample 1 1.8% 1.5%
Sample 2 3.0% 2.6%
Sample 3 5.5% 4.9%
Sample 4 2.0% 1.7%
Sample 5 2.3% 1.9%
Sample 6 3.9% 3.5%
Sample 7 1.9% 1.6%
Sample 8 1.9% 1.6%

Percentage of reads mapping to the reference genome or transcriptome per sample.
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Cell Ranger BAM output files contain additional bitwise flags which provide information
about which reads are included in the UMI count. Cell Ranger was effective at identifying
good quality reads as the population of reads identified as "confidently mapped to the
transcriptome" had an improved GC content (Figure 4.4a) and a greater representation
of reads mapping exclusively to the Drosophila genome (Figure 4.4d). Some of the
mapped reads contained the Clontech SMARTer II A Oligonucleotide sequence (Figure
4.4b), however, these were mostly at the start of the reads (Figure 4.4c), and Cell

Ranger 'soft clips' these sequences before alignment.
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Figure 4.4: Cell Ranger improved the representation of good quality reads.

FastQC and FastQ Screen output plots from reads tagged with the bitwise flag xf25 in the Cell
Ranger output BAM files. a. GC content of mapped reads. The GC content is more normally
distributed. b. The Clontech SMARTer Il A Oligonucleotide sequences are found in less than

3% of reads. c. Sequence content across all bases

is biased to the Clontech SMARTer Il A

Oligonucleotide sequence at the start of reads. d. ~ 70% of reads were mapped exclusively

to the Drosophila melanogaster genome.

December 19, 2025



4. The Transcriptomic Representation of Sodium Status in the Adult Drosophila
Midbrain 53

4.2.3 Cell Quality Analysis

To further investigate cell quality, read counts from Cell Ranger for each sample were
loaded into R as Seurat objects (see Methods). Park et al., (2022) filtered out cells
that had <300 or >4500 features or >25,000 UMls. Feature and UMI counts for the
dataset used in this report fall well below these thresholds (Figures 4.5a and 4.5b). |,
therefore, adjusted the thresholds manually to filter cells based on our data. The dotted
lines in Figures 4.5a and 4.5b show the thresholds for filtering. The cells were filtered
for cells that had >200 and <2500 features and <8000 UMIs. This filtered out 28535
cells. 33 cells had greater than 2500 features, and 76 cells had more than 8000 UMIs.
Like Park et al., (2022), | also filtered out cells with >15% mitochondrial RNA and
ribosomal proteins, and cells with >10% rRNA (see Methods, and Appendix Figures A.3a
and A.3b). Reviewing the distribution of the percentage of reads that are mitochondrial
by UMI count shows that cells with greater than >15% of mitochondrial RNA are unlikely
to be healthy cells, as many have low UMI counts but high mitochondrial counts (Figure

4.5d). After filtering, between 2672 and 6618 cells per sample remain (Table 4.2).
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Figure 4.5: Reviewing quality of cells for each sample.

a. Number of features per cell for each sample. Dotted lines show the lower (200) and upper
(2500) threshold cut-off values. b. Number of UMIs per cell for each sample. The dotted line
shows the cut-off threshold of 8000. c. Percentage of mitochondrial RNA (%) per cell for each
sample. The dotted lines show the cut-off threshold of 15%. d. Percentage mitochondrial
RNA (%) by UMI counts. The cut-off threshold for cells with >15% mitochondrial reads
appears to remove many cells with low UMI counts but a high representation of mitochondrial

reads.
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Table 4.2
Sample Number | Median Median
of cells UMI | feature count
20230110 S1 unmated MQ repl 2672 459 341.5
20230110 S1 unmated MQ rep2 6618 621 4325
20230110 S3 unmated NaCl repl 7055 77 516
20230110 S4 unmated NaCl rep2 5213 505 371
20230110 S5 mated MQ repl 3236 515 377
20230110 S6 mated MQ rep2 5458 824 536
20230110 S7 mated NaCl repl 3887 471 347
20230110 S8 mated NaCl rep2 3281 450.5 334

Total number of cells, median number of UMIs and feature counts per sample.

4.2.4 Sample Integration and Clustering Analysis

Replicates from each condition were merged before the samples were integrated together
(see Methods section 2.8.1). Clustering using the first 40 principle components (PCs)
and a clustering resolution of 0.1 identified seventeen clusters (Figure 4.6a). PCs were
selected using an Elbow plot (see Methods); 1:40 PCs seemed to explain most of the
data's variance. Selecting a greater number of PCs would likely increase noise in the
data. Integrating the samples together appeared to achieve a good representation of

each sample within each cluster (Figure 4.6b).

4.2.5 Identification of Male and Female Cells

As | was interested in the genes that might be differentially expressed in NaCl-fed
compared to nutrient-deprived female Drosophila, | separated males and female Drosophila
cells by the expression of the male sex-specific gene IncRNA:roX1 (Kelley et al.
2003). Plotting the distribution of module score values for IncRNA:roX1 identified two
populations of cells (Figure 4.7a). Cells with a module score >0 were classified as male,
and the other cells were classified as female. Plotting the distribution of cells classified
as male and female in UMAP space shows good integration of these cells for most

clusters (Figure 4.7b). Cluster 6 showed some male and female separation (Figure 4.7b).
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Figure 4.6: UMAP plot of the integrated samples.

a. Integrating the samples and clustering at a resolution of 0.1 revealed 17 clusters. b.
Separating the integrated data in UMAP space by sample identity shows a good representation
of each sample within each cluster.
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Figure 4.7: Identifying male and female cells for each sample.

a. Density plot of IncRNA:roX1 module scores for each sample. Cells with a IncRNA:roX1
module score (labelled 'sex1') greater than zero were classified as male. b. The distribution
of cells classified as male and female in UMAP space. Male and female cells seem to be
distributed well for most clusters. Cluster 6 appears to be split by male and female cells in
UMAP space.

December 19, 2025



4. The Transcriptomic Representation of Sodium Status in the Adult Drosophila
Midbrain 58

4.2.6 Transfer Labels Using SingleR

Due to the low feature and UMI numbers per cell for each sample, there was likely
some dropout of key marker genes for annotating clusters. To overcome this challenge,
| employed the label transfer tool, SingleR, to transfer the cell identity labels from the
Park et al., (2022) dataset onto the data outlined in this report (referred to as the
"salt dataset"). This tool transfers labels by considering and comparing the expression
profiles of each cell type between the datasets and is not reliant on single marker genes
(Aran et al. 2019). Out of the 184 possible cluster labels from the Park et al., (2022)
dataset, 171 were transferred over, with 156 labels associated with three or more cells.
Grouping cells based on major cell type classes, such as cholinergic, GABAergic, glial,
monoaminergic and Kenyon Cell types found that the ratios of cell type numbers were
similar between the salt dataset and the Park et al., (2022) dataset (Figures 4.8a and
4.8b). However, there appears to be a greater representation of cholinergic cells in the
salt dataset, and a lower representation of glial cell types. Appendix Figure A.4 created
from the Park et al., (2022) dataset shows that glial cells have a lower UMI count
compared to other cell types. It is possible that the glial cell types were filtered out when
filtering for cells with greater than 200 UMI counts. It is also possible that there was an
over-classification of cholinergic cells. This could be due to ambient RNA contamination.
Further analysis using the contamination evaluation tools, such as DecontX (Yang et al.
2020), could be valuable to understand if ambient RNA has influenced cluster labelling.
The male and female cell contributions were consistent across the different cell types

(Appendix Figure A.5).
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(a) Salt data. (b) Park et al., (2022).
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Figure 4.8: Major cell types labelled in UMAP space showing labels transferred from
Park et al., (2022, b) to the salt data (a) and cell type proportions (bottom, right
and left, respectively).

a-b. UMAP plot and pie chart representing the major cell types within the salt dataset, (a)
and the Park et al., (2022) dataset, (b).

Cholinergic cells: blue, GABAergic cells: dark orange, Glia and Astrocytes: light blue,
Glutamateric cells: light orange, Kenyon Cells: grey, Monoaminergic cells: green and other:
pink. The proportion of the different major cell types were similar between the two datasets.
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4.2.7 The Proposed DGE Setup was Sufficient to Identify DGE
Events From Published Work

Due to the low UMI and feature counts in the salt dataset (Table 4.2), it is possible that
important gene expression was missed in many cells. Therefore, the data for each cluster
was aggregated by sample to create a 'pseudobulk’ dataset. Pseudobulk data preserves
cell-type information whilst allowing the use of bulk differential expression methods like
DESeq?2 (Love et al. 2014). This approach reduces the risk of false positives by treating
individual samples as replicates, unlike single-cell methods that compare individual cells
(Squair et al. 2021). To understand the pseudobulk workflow, | performed differential
gene expression (DGE) analysis on a good quality scRNA-seq dataset published by Park
et al. 2022 which had a similar experimental design. For this analysis, | aggregated
the single-cell count data by sample replicate to create a pseudobulk count matrix
for each cell-type sub-cluster (see Methods). | used DESeq2 to test DGE between
the experimental conditions - twelve-hour dehydrated Drosophila compared to satiated

Drosophila.

The output from DESeq2 DGE analysis from subclusters was grouped into volcano plots
for each major cell type (as was done Park et al. 2022). Similar to the results from Park
et al., (2022), the greatest number of DGE events were found in glial cells (Figure 4.9a).
| also found that aay and Drat were upregulated in dehydrated Drosophila compared

to satiated Drosophila in some glial cell clusters (Figure 4.9a).
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Figure 4.9: Differential gene expression analysis of Pseudobulk data from Park et al.,
(2022). Performing differential expression analysis using a modified workflow published by
Park et al., (2022) reproduced similar results. When comparing gene expression between
satiated Drosophila (no water deprivation, represented on the left-hand side of the volcano
plots) compared to 12-hour dehydrated Drosophila (right side of the volcano plots), there were
greater DGE events in the glial cell clusters compared to the alternative cell types. -LogioP
values were adjusted -LogioP values, this is true for the following volcano plots.

a. There were 31 DGE events in the glial cell clusters. b. There were 4 DGE events in
cholinergic cell clusters. c. There were 4 DGE events in GABAergic cell clusters. d. There
were no DGE in Kenyon Cells. e. There were no DGE events in monoaminergic cell clusters.
f. There were 19 DGE events in Glutamatergic cell clusters.
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4.2.8 No Detectable Transcriptomic Changes were Found Between
Nutrient-Deprived and NaCl-Fed Drosophila

Performing the same workflow as above, but controlling for sex and mating status, |

looked for differentially expressed genes within each cell sub-cluster, between Drosophila

fed 0 M NaCl and Drosophila fed 0.2 M NaCl. This analysis did not find differentially

expressed genes with a |[log2FC| >1 and an adjusted p-value <0.05 (Figures 4.10a to

4.10f, 0 M NaCl feeding condition on the left and the 0.2 M NaCl condition on the right).
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Figure 4.10: Volcano plots of DESeq2 output results for pseudobulk data for each
cell type, comparing Drosophila fed 0.2 M NaCl to 0 M NaCl. Output from DESeq2
analysis identified no genes with an adjusted p-value <0.05 and |log2FC| >1 from any cell
cluster types.
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4.2.9 Myosuppressin was Differentially Expressed in a Subset
of Cholinergic Cells from Female Drosophila

Next, | tested DGE between the different feeding conditions in female Drosophila. The
overall results from this analysis found lower adjusted p-values across all cell types
despite the lower number of cells (Figure 4.11a to 4.11f). One feature was classed as
statistically differentially expressed. Myosuppressin (Ms), of the cluster labelled 22-ACh,
was upregulated in the 0 M NaCl feeding condition compared to the 0.2 M NaCl condition
(Figure 4.11b). Ms is expressed by medial neurosecretory cells (m-NSCs) in the adult
brain (McKim et al. 2024). Exploring the difference in pseudobulk counts between
the two feeding conditions shows that cells from the 0 M NaCl feeding condition have
higher pseudobulk count values for Ms compared to the 0.2 M NaCl feeding condition
(Figure 4.12). There is a difference in counts between the mating status of female
Drosophila fed 0 M NaCl (see Figure 4.12), however, this difference could be due
to dropout of this feature within the mated samples. This difference was also seen
when plotting a SCTransformed version of the original count data, Figure A.6a shows a
greater expression of Ms in nutrient-deprived female Drosophila compared to NaCl-fed,
with greater counts in the un-mated condition. Many cells appear to have zero count
values for Ms. RT-qPCR could be used to confirm the increase in Ms expression in

nutrient-deprived Drosophila in future experiments.
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Figure 4.11: Volcano plots of DESeq2 output results for the pseudobulk data for each
cell type, comparing female Drosophila fed 0.2 M NaCl to female Drosophila fed 0
M NaCl. Compared to Figures 4.10a to 4.10f, overall adjusted p-values in plots a-g were
reduced. Ms expression in cluster 22-ACh was greater in female Drosophila fed 0 M NaCl
with a log2FC of 1.61 and adjusted p-value of 0.029.
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Figure 4.12: Pseudobulk Ms counts from cluster 22-ACh. There were greater
pseudobulk counts in cholinergic cells of cluster 22-ACh in Drosophila that were
nutrient-deprived (0 M NaCl, MQ) compared to those that were fed NaCl (NaCl).
Pseudobulk counts for mated Drosophila: pink, pseudobulk counts for unmated Drosophila:
blue. One replicate for nutrient-deprived mated Drosophila is close to zero, this could be due
to dropout.
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4.3 Discussion

4.3.1 Results Summary

ScRNA-seq data from eight samples, of mated and unmated adult Drosophila that
were either nutrient-deprived or fed 0.2 M NaCl, were of poor quality. Many sequenced
reads did not map to the Drosophila reference genome, with 1.5-4.9% of reads from
each sample being confidently mapped to the transcriptome. The poor read quality
was attributed to the high level of Clonetech SMARTer Il A Oligonucleotide adapter
sequence contamination. Despite the low cell recovery per sample, the representation of
the different cell types was good. Ms was identified as a differentially expressed gene

when comparing nutrient-deprived to NaCl-fed female Drosophila.

4.3.2 Neuropeptide Expression and Sodium Status

Ms influences gut motility, food intake and defecation in Gryllus bimaculatus crickets
(Zhou et al., 2019), as application of the Ms peptide in the cricket reduced foregut
muscle contractions, but increased food intake and defecation. As mentioned in section
4.2.9, Ms is expressed by m-NSCs. Another group of m-NSCs express the diuretic
hormone 44 (Dh44, McKim et al. 2024), a neuropeptide that affects osmotic balance.
Dh44 reduces fluid secretion by interacting with Dh44 receptors (Dh44-R2) expressed
by Malpighian tube cells (as reviewed by Lee et al. 2023). A global RNAi knockdown of
Dh44-R2 reduced the survival rate of Drosophila exposed to a high NaCl concentration
(0.6 M NaCl, Hector et al. 2009). When ordering the output from DESeq2 analysis,
comparing 0 M NaCl fed to 0.2 M NaCl fed female Drosophila, by ascending adjusted
p-values, Dh44 was second after Ms. Dh44 expression in the cluster labelled 20-Glut
was greater in 0.2 M NaCl-fed female Drosophila compared to 0 M NaCl-fed female
Drosophila. The log2FC value was 1.79, the p-value was <0.001, but the adjusted
p-value was 0.43. It is possible that in NaCl-fed female Drosophila, there is a greater
expression of Dh44 to inhibit water secretion and balance osmotic homeostasis. This
evidence could suggest that m-NSCs are involved in signalling sodium status. When

plotting both pseudobulk and SCTransformed counts for Dh44 in cluster 20-Glut, the
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increase in Dh44 expression in NaCl-fed female Drosophila seemed to be carried by
the unmated NaCl-fed samples (Appendix Figure A.6b and A.6c). It is possible that
Dh44 signalling is different in mated and unmated female Drosophila in response to
NaCl feeding. It would be important to validate the results in this chapter with further
experiments, such as RT-qPCR to detect differences in neuropeptide expression in

Drosophila brains after experiencing the feeding conditions used in this chapter.

4.3.3 Conclusion

Considering the level of contamination in this dataset and the reduction of power
to detect DGE events between the two feeding conditions, it is challenging to draw
conclusions from this analysis alone. The limited evidence points towards neuropeptide
signalling from the m-NSCs of the Drosophila brain. Further research is required
to understand the function of these neurones in sodium-sensing and how this might

influence NaCl-associated learned behaviours.
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5.1 Introduction

As outlined in Chapter 1 (section 1.2), Apis mellifera and Drosophila melanogaster are
model organisms used for studying learning and memory in the lab. Although Apis and
Drosophila diverged ~300 million years ago (Maier et al. 2008), they still share common
cell types that are involved in learning and memory. Both insects use the intrinsic
neurones of the Mushroom bodies (MBs), the Kenyon Cells (KCs), and monoaminergic
neurones, such as dopaminergic neurones (DANs), to coordinate associative learning
and memory. However, there are some differences between the two species, such as the
differing relative size and morphologies of the MBs (see section 1.2.1 and Figures 1.1a
and 1.1b). In addition, the cellular circuits involved in learning and memory are better
understood in Drosophila thanks to neuronal connectomic information and powerful
genetic tools combined with behavioural experiments (Owald et al. 2015b; Scheffer
et al. 2020; Li et al. 2020a). Therefore, the analysis reported in this chapter aimed to
provide a detailed understanding of the transcriptomic profiles of KC and DANs in Apis,
and compare these cells to those of Drosophila, with the objective of identifying any

conserved or differing cell-type profiles between the species.

Apis have two classes of KCs, Class | KCs, which are subdivided into sKC, mKCs, IKCs
and FoxP-KCs, and Class Il KCs. Drosophila have three major KC types; v KCs which
are further divided into vd and ym KCs, a8 KCs are divided into afp, afs and a/ic
KCs, and o3’ KCs are divided into o/’ap and o/3’'m KCs (Aso et al. 2014; Shih et al.
2018). In Drosophila the a3 and o'/3’, and in Apis the Class | KC axons bifurcate along
the horizontal and vertical MB lobes in Drosophila and vertical and medial MB lobes
in Apis (Strausfeld 2002; Lee et al. 1999). Drosophila v KCs and Apis Class Il KCs
do not bifurcate, they project their axons to the v lobe. Marker genes for individual
subtypes of Apis Class | KCs have been described by Suenami et al., (2018), but there

are currently no discrete marker genes for Class |l KCs.
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Dopaminergic neurones (DAN) provide value information to reinforce olfactory associative
memories. In Drosophila, DAN clusters PPL1 and PAM reinforce aversive and appetitive
memories, respectively (see section 1.2.3). In Drosophila DANS tile the MBs, innervating
discrete, non-overlapping, compartments of the horizontal lobe (PAM-DANs) and vertical
lobes (PPL1), see Figure 1.1a (Tanaka et al. 2008; Aso et al. 2014; Bornstein et al.
2021). In Apis there are four main DAN clusters, C1 - C4 (see Figure 1.1b). C1
and C2 are suggested to correspond to Drosophila PAM-DANSs, and C3 is suggested
to correspond with Drosophila PPL1, PPM3 and PPL2ab-DANs based on anatomy
(Tedjakumala et al. 2017). In Drosophila, there are 12 PPL1, 6~8 PPM3, 6 PPL2ab
and ~100 PAM-DANs per hemisphere (Mao & Davis, 2009). In Apis, there are about
75 cells in C1 and C2, and 140 cells in C3 (Tedjakumala et al., 2017). Apis C3 might
be made of subsets of DANs (Tedjakumala et al. 2017).

Single-cell RNA sequencing (scRNA-seq) experiments of insect brains have been
indispensable for an unbiased approach to cell type characterisation. In the analysis of
scRNA-seq data from the midbrains of Drosophila, distinct clusters are found for the
three major KC types, suggesting that they have a distinct transcriptomic profile (Croset
et al. 2018; Park et al. 2022). ScRNA-seq data from whole adult Apis mellifera brains
have been published by Zhang et al., (2022). Zhang et al., found clusters corresponding
to Class | IKCs, sKCs and FoxP-KCs (Zhang et al., 2022, Figure 3A). However, they did
not find Class | mKCs and had KC clusters left unidentified. Zhang et al., (2022), Figure
3A shows some additional granularity within the Class | KC subtypes, which suggests
there might be additional heterogeneity to the Apis KC clusters than what was previously
reviewed by Suenami et al., (2018). Zhang et al., (2022) also did not find discrete
clusters dedicated to monoaminergic cells, cluster types that are commonly seen in
scRNA-seq data from Drosophila. It is possible that there were too few monoaminergic
cells to form a distinct cluster, and as Zhang et al., did not perform an analysis to
review ambient RNA contamination; this data may have suffered from additional noise,

thus preventing clustering of cell types with lower representation.
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As discussed in this introduction section, a detailed understanding of the cell types
involved in Apis associative learning is incomplete. This chapter outlines the scRNA-seq
analysis of twelve pollen-forager Apis mellifera honey bees, using only the dorsal
protocerebrum to increase the representation of KC and monoaminergic cell types.
This chapter aims to characterise the transcriptomic profiles of the cell types involved
in associative learning and to compare these clusters to KC and dopaminergic cell types

in Drosophila using the scRNA-seq data published by Park et al., (2022).
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5.2 Results

5.2.1 High GC Content in Raw Reads Was Likely Due to
Sequence Duplication

As mentioned in the Methods section, there were two FASTQ files for each individual
bee collected as the dorsal protocerebrum was too large to be processed at once. The
two samples A and B per individual bee were processed in parallel and the data was
recombined after QC (see section 5.2.3). FastQC and MultiQC were used to assess the
quality of the FASTQ files output from scRNA-seq. Phred scores, a score quantifying
base calling confidence at each position, were high across all reads for each sample
(Figure 5.1a). A normal distribution of raw read GC content was observed in most
samples. However, one of the FASTQ files from the initial round of data collection
(October 2019) exhibited an additional peak at around 50% GC content (see Figure
1b). The GC content is assessed based on a reference distribution calculated from
the modal GC content for each sample (Ewels et al. 2016). Distributions that deviate
from a normal distribution may indicate overrepresented sequences or contamination.
The increased GC content noted in this report is likely a consequence of a higher
percentage of sequence duplication, with duplication rates ranging from 74.2% to
76.9% in these samples, compared to 50.1% to 70.4% in the other samples (data
not shown). This observation is further supported by reviewing sequence duplication
levels per sample. Figure 5.1c shows the sequence duplication levels for sample 12a,
which has a normal distribution of GC content. These levels are much lower than

sample 4a, which has a higher GC content 5.1d.
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Figure 5.1: FastQC and MultiQC output reports.
a. Phred scores across each sequence for each sample. The base sequence for each sample
is of good quality. b. Per sequence GC content. Eight samples from the first round of data
collection (October 2019) had read sequences with a higher GC content, these samples were
flagged with warnings (orange). The other samples collected in August 2020 were not flagged
with warnings (green). c. Sequence duplication levels of a representative sample (12a) with a
GC content of a normal distribution. This sample had 49.9% of reads, that are not duplicates.
c. Sequence duplication levels of a representative sample (4a) with a higher GC content. This
sample had 23.06% of reads that are not duplicates.

December 19, 2025

74



5. Transcriptomic Characterisation of Learning and Memory-Relevant Cells of Apis
mellifera and Comparison to Drosophila melanogaster 75

5.2.2 Evaluating Read Alignment and Cell Barcode Calling with
Cell Ranger

Reads from the FASTQ files for each sample were aligned to Ensembl’s reference genome,
'Amel_Hav3.1" using Cell Ranger. Across all samples, 68.2 - 82.5 % of reads were
confidently mapped to the genome, and 49.7 - 57.0 % of reads were confidently mapped
to the transcriptome. Cell Ranger detected 11538 - 11919 genes across the different
samples. As there are 12,398 annotated genes in the Apis mellifera genome (GenBank

GCA_003254395.2), a large portion of these annotated genes were captured.

As explained in section 4.2.2, Cell Ranger identifies barcodes likely associated with cells
and removes barcodes linked with empty droplets by evaluating and comparing the RNA
content associated with each barcode in the sample. For most of the samples, except
sample 10a (black line indicated by the arrow, Figure 5.2) there is a clear drop in UMI
counts around ~ 1000 UMI (Figure 5.2). The estimated region splitting cell barcodes
and empty droplets for sample 10a was also around 1000 UMIs. However, there was no
distinct "knee" /"cliff" before this cut-off. This could suggest a high level of background
noise associated with these barcodes. Of the remaining cells, the average of reads per
cell was between 47294 and 98861, except for sample 10a, which had 26128 average
reads per cell. Cell ranger estimated 3403 - 9125 cells per sample, except sample 10a,
which had an estimated cell number of 22508. The high cell number and low average
read counts per cell in sample 10a suggest a high noise level in this dataset; it is possible

that Cell Ranger could not accurately identify cells from empty droplets.
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Figure 5.2: Evaluating read alignment and cell barcode calling with Cell Ranger.
Barcode by UMI counts. For all samples, the threshold for barcodes associated with cells and
those associated with empty droplets was about 1000 UMI. The arrow indicates the sample

which did not have the characteristic "knee" or "cliff", sample 10a.
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5.2.3 Assessing Cell Quality Per Sample

Feature-barcode matrices output from Cell Ranger for each sample were converted into
Seurat objects for downstream analysis. Cells from each sample were evaluated for
UMI count, feature count and the percentage of UMIs that were mitochondrial genes
(Figure 5.3a - 5.3c). Samples 1a - 4b were collected in the first round of data collection
(October 2019). The range of features per cell was consistent between these samples.
The samples 5a - 12b collected in the second round of data collection (August 2020)
had overall higher feature counts per cell and sample variation compared to samples
la - 4b. However, sample 10a has the lowest median feature count and low variation
between cells within this sample. This supports what was seen with Cell Ranger’s output
metrics that this sample contains mostly cells with low feature counts (Figure 5.3a). A
similar observation was drawn from the number of UMIs per cell (Figure 5.3b, bottom
figure); sample 10a appears to consist of cells with low overall features and UMI counts.
A few cells had a high UMI count (Figure 5.3b). A cell from sample 10b has a UMI value
of 705320, almost two-fold greater than the next highest value in this sample (Figure
5.3b, top figure). Sample 6a also had a cell with a high UMI count of 582597. These cells
with high UMI counts had a low percentage of mitochondrial genes (<0.01% of UMIs
for both cells were from mitochondrial genes). They were also not identified as doublets
in downstream analysis and were not filtered out at this step. The percentage of UMlIs
derived from mitochondrial genes was evaluated, as a high percentage of these genes
could indicate poor cell quality. As the percentage of UMlIs derived from mitochondrial
genes varied between each sample (Figure 5.3c), a hard cut-off value did not seem
appropriate. | did not filter cells based on mitochondrial genes at this stage due to time
restrictions. | aim to revisit this analysis and remove cells that have a percentage of UMIs

derived from mitochondrial genes greater than three median absolute deviations (MADs).
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Figure 5.3: Evaluating UMI, feature and mitochondrial gene counts per sample. a.
Feature counts. Samples from Colony 1 were collected in October 2019 and samples from
Colony 2 were collected in August 2020. b. Number of UMIs. Top: Figure y-axis has been
stretched due to two cells in samples 6a and 10b with high UMI counts. Bottom: Y-axis
cropped at 50,000 UMIs. Sample 10a has the lowest median UMI score compared to the other
samples. c. Percentage of UMIs that were from mitochondrial RNA for each cell per sample.
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After filtering, the two samples per individual were merged. Dimensionality reduction
and clustering, using a resolution of 0.1, identified 11-17 clusters per individual (Figures
5.4a). Reviewing clustering for each individual dataset can be useful for identifying any
datasets with a comparatively high level of noise. For most individual datasets, the cells
group into distinguishable clusters, however, the cells from individual 10 do not cluster
into distinct groups suggesting there was additional noise in this dataset (Figures 5.4a).
For most individuals, samples A and B merged together well, however, this was not the
case for individual 10 (Figure 5.4b). Clustering 10a and 10b individually shows poor
cluster quality in sample 10a compared to sample 10b (Figures 5.5a - 5.5b). Sample
10a was therefore removed from the dataset and downstream analysis.
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Figure 5.4: Per sample clustering and batch effect evaluation.

a. Clustering after merging A and B samples for each individual gave 11-17 clusters. b.
Evaluating the integration of A and B samples after merging. There were no batch effects
between most samples except samples from individual 10.
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Figure 5.5: Dimension reduction plots showing clusters for samples 10a and 10b.
a. Clustering of sample 10a suggests cells contain much background noise. b. Clustering of
sample 10b shows 12 clusters.
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5.2.4 Identification and Removal of Doublets

"Doublets" occur in scRNA-seq datasets when two (or more) cells are captured in one
droplet and sequenced under one cell ID barcode. To evaluate the presence of doublets
in the scRNA-seq Apis dorsal protocerebra dataset, the doublet detection package
"DoubletFinder" was used. DoubletFinder identifies doublets based on a cell’s proportion
of nearest neighbours made from artificial doublets (McGinnis et al. 2019). This analysis
found between 1.87% and 7.83% doublets for each sample (Table 5.1), and doublets
were often positioned between the clusters (doublets shown in blue, Figure 5.6). The

cells identified as doublets were removed from the dataset.
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Figure 5.6:

Identification of doublets.

Cells identified as doublets (blue) were often

positioned between clusters. Clusters were comprised of mostly singlets (pink).
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5.2.5 Evaluation of Ambient RNA using DecontX

While creating the cell suspension for scRNA-seq, it is common for cells to rupture,
releasing RNA into solution and creating "ambient RNA'. During the capture of single cells
in droplets before sequencing, there is a high chance that the droplet will also capture
some of this ambient RNA. DecontX is a Bioconductor tool that utilises the theory of
Bayesian statistics to approximate relative ambient RNA contamination within each cell.
Reviewing contamination scores across the different samples shows regions of cells with
high ambient RNA (Figure 5.7). For many samples, cells with the highest contamination
scores are positioned within one cluster (see individuals 1, 2, 4 and 5 Figure 5.7),
and between clusters. This suggests that the cells with the highest contamination are
clustered together based on a high level of ambient RNA. Before filtering, the positions
of cells with different severity of contamination scores were evaluated. Figure 5.8a
shows the spread of contamination scores and the MAD thresholds for each sample.
Plotting cells with contamination scores above four and five MADs does not appear to
be stringent enough to capture the main areas of contamination (Figure 5.8b, cells with
contamination scores above the MAD threshold coloured blue). Therefore, | filtered
out cells with a score greater than three MADs for each sample, removing between

163 and 1547 cells per sample (see Table 5.1).
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Figure 5.7: Evaluation of ambient RNA contamination levels per sample.
Cells with a high contamination score appear to cluster together, as seen in the figures for
individuals 1, 2 and 4, and between clusters.
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Figure 5.8: Evaluation of different thresholds for filtering cells based on median

absolute deviation (MAD).

a. Box plots showing the distribution of DecontX contamination scores per sample. Coloured
lines show the threshold values for different MADs values. Three MADs in blue, four MADs
in green, five MADs in orange, and six MADs in pink. b. Cells annotated based on MAD

thresholds.

Cells with contamination scores greater than three, four or five MADs were

annotated in blue (TRUE), and those below the threshold were in pink (FALSE).
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Table 5.1
Individual | Total Number | Percentage | Number | Percentage

cell of of of cells of cells

number | Doublets | Doublets | removed removed
after after

DecontX | DecontX

analysis analysis
1 16030 1099 6.86% 1284 8.60%
2 17872 1400 7.83% 799 4.85%
3 16757 1210 7.22% 308 1.99%

4 13663 743 5.44% 1547 11.97%
5 12787 641 5.01% 1126 9.27%
6 12129 570 4.70% 480 4.15%
7 16806 1210 7.20% 614 3.94%
8 11569 501 4.33% 423 3.82%
9 13010 664 5.10% 339 2.75%
10 (b) 8459 189 2.23% 163 1.97%
11 12450 587 4.71% 397 3.35%
12 7595 142 1.87% 438 5.88%

The percentage and number of cells removed after identifying doublets and evaluating

DecontX scores.

5.2.6 Integration using Harmony Removes Batch Effects

Before analysis, the individual samples must be merged or integrated. Merging datasets
without integration can reveal batch effects that might exist between samples in the
dataset. Merging the data and finding clusters at a resolution of 0.1 identifies 20 clusters
(Figure 5.9a). However, Figure 5.9b shows a batch separation between the datasets from
different colonies (colony 1, collected in October 2019 and colony 2, collected in August
2020). Harmony, the integration tool, was employed to integrate the data and account
for batch effects. Initially, Harmony finds clusters using a "soft k-means" method on the
cell embeddings (PCAs). A "penalty term" ensures the representation of different cells
within batch types in each cluster. The algorithm iteratively adjusts clustering by using
correction factors based on sample-specific centroids for each cluster (Korsunsky et al.
2019). Harmony integrated the 12 datasets, creating 19 clusters at a cluster resolution of

0.1 (Figure 5.9¢) and corrected for batch effects between the two colonies (Figure 5.9d).
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Figure 5.9: Review of methods used to combine filtered scRNA-seq data of the dorsal
protocerebum from twelve Apis mellifera pollen-forager honey bees.

a-b. Merging the scRNA-seq data from the twelve Apis dorsal protocerebra. a. Merging the
data produced 20 clusters. b. The merged object shows some batch effect as the cells from
each cluster are split by colony. c-d. Integrating the twelve dorsal protocerebra datasets using
the integration tool Harmony. c. Integrating the data using harmony created 19 clusters. d.
The Harmony integrated object shows that the cells from the two colonies were well integrated.
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5.2.7 Annotation
5.2.8 Neurones and Glia

To better identify Kenyon Cell and monoaminergic cells types for downstream analysis,
| first separated neuronal from non-neuronal cell types using both Apis and Drosophila
neuronal and glial marker genes. Expression of the neuronal cell-specific markers elav
(Zhang et al. 2022) and nSyb (Croset et al. 2018) was high in all clusters, except
for clusters 5, 7, 10, 12 and 16 (Figures 5.10b and 5.10c), these clusters had a high
expression of the glial cell marker genes rx2 and ced-6. Cluster 13 had some expression of
both neuronal and glial cell marker genes. |, therefore, plotted the expression of marker
genes for glial cell subtypes. Cluster 13 had a high expression of Tretl (Figure 5.10p),
a marker for surface glia (Zhang et al. 2022; Park et al. 2022), therefore, cluster 13 was
classified as glia. Overall, six clusters were annotated as glial and thirteen were classed as

neuronal (Figure 5.10a), with 26547 cells being glial and 115705 labelled as neuronal cells.

Glial cells can be divided further by the expression of marker genes for glial subtypes.
The marker genes for astrocytes were expressed mostly in clusters 5, 10, 12 (GInS,
Gat-1B, ebony and ANNATI, Figures 5.10f to 5.10i), with some expression of Gat-1B
in cluster 16 (Figure 5.10g). Marker genes for ensheathing glia ( Tsf1, Igdf4, trol and
zyd) were expressed in clusters 5, 7, 13 and 16, with trol being lowly expressed. Marker
genes for cortex glia (zyd and wrapper) were expressed in clusters 7 and 16 (Figures
5.10m and 5.10n). As mentioned above, the marker gene for surface glia Tret-1 was

expressed in cluster 13.

Reclustering and reintegrating the glial cells gave eleven clusters (Appendix Figure A.7).
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Figure 5.10: Identifying neuronal and glial cell clusters. a. Heatmap plotting neuronal
and glial marker genes at a cluster resolution of 0.1. b - c. Feature and violin plots for neuronal
markers nSyb and elav. d - p. Feature and violin plots for Glial markers GInS, Gat-1B, ebony,
ANNATI1, Tsfl, Idgf4, vkg, zyd, trol, Tretl and wrapper. q. Glial and neuronal labels on the
full dataset.
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5.2.9 Identifying Kenyon Cell Clusters

Reintegrating and clustering the neuronal cell types at a resolution of 0.1 gave nineteen
clusters. Kenyon Cell markers mub and PLCe revealed eight Kenyon Cell clusters and
thirteen non-Kenyon Cell neuronal cells. Isolating and reprocessing the Kenyon Cell
clusters from the other neuronal clusters resulted in nine Kenyon Cell clusters (clustering
resolution of 0.1) made of 83203 cells, and twenty-five non-Kenyon Cell neuronal clusters

(resolution 0.1) made of 32502 cells.
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Figure 5.11: Identifying Kenyon Cell clusters from non-Kenyon Cell neuronal clusters.

a - b. Feature and violin plots of the expression of Kenyon Cell marker genes mub and PLCe.
Expression of mub and PLCe was expressed the highest in clusters 0, 2, 4, 5, 6, 7, 8 and 9. c.
Reintegration of cells identified as Kenyon Cells identified nine clusters at a resolution of 0.1
d. Reintegration of non-Kenyon Cell neuronal cells revealed twenty-five clusters at a cluster

resolution of 0.1.
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5.2.10 Kenyon Cell Annotation

As mentioned in section 1.2.2, Zhang et al. (2022) identified Class - | IKCs, sKCs and
FoxP-KCs clusters in Apis nurse, forager and queen scRNA-seq data using the marker
genes Mblk-1, E74 and FoxP, respectively. In this report, three clusters were labelled as
Class - | IKCs, three clusters labelled Class-I sKCs and one cluster labelled as FoxP-KCs
also using marker genes Mblk-1, E74 and FoxP, respectively (Figures 5.12a - 5.12¢ ). In
addition, two clusters were identified as Class - | mKCs expressing mKast, a marker gene
for mKCs (Suenami et al., 2018, Figure 5.12d). Cluster 8 also expressed mKast on the
portion that was not FoxP positive. As the expression of FoxP in cluster 8 was greater
than mKast, the annotation for cluster 8 remained FoxP-KCs. Cluster 7 expressed both
mKast and E74 and was therefore classified as both mKC and sKC. Cluster 6 did not

have a high expression of any KC marker genes and was left unannotated (Figure 5.13).

December 19, 2025



5. Transcriptomic Characterisation of Learning and Memory-Relevant Cells of Apis

mellifera and Comparison to Drosophila melanogaster 96
(a) (b)
Mblk-1 E74

15

Mblk-1 E74

o o
> >
g 3 2
c c
S S
2 2
] ¢
g 2 =
x X 1
w w
0 0
N ~ Vv » o o © A L) Q ~ v % o 9 © A 2
Identity Identity
(o) (d)
Foxp LOC725542
Foxp mKast
10 L 10
% 0
5 5
N 3
N 1 m‘ N 3 2
a 0 : . 2 a 0
< 5 < 2
= 1 = 1
=) = -
5 6 0 5 6 0
4 < 4
-10 & -10
PRAIEey ) 2
-15 -15
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
UMAP_1 UMAP_1
Foxp LOC725542
Foxp mKast
3
3
3 Z
a2 4
c c
S S
n n
I o
S IS
s I I g 1
X 1 X
w w
0 —_—— 0
N ~ » “ © A ? N ~ Vv % “ © A 2

™ »
Identity Identity

Figure 5.12: Identification of Kenyon Cell sub-clusters.

a - d. Feature and violin plots showing expression profiles of Kenyon Cell marker genes Mblk-1,
E74, FoxP and mKast. a. The Class-I IKC marker Mblk-1 was expressed in clusters 1, 2 and
4. b. The Class-I sKC marker genes E74 has a broad expression in most clusters but was the
most expressed in clusters 0, 7 and 5. ¢. FoxP the marker gene for FoxP-KCs was expressed
in cluster 8. d. mKast the marker gene for Class-l mKCs annotated clusters 7, cluster 3 and
some of cluster 8.
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Figure 5.13: Kenyon Cell clusters annotated with Kenyon Cell subtypes from the
literature. Three clusters were identified as Class-I IKCs by the expression of Mblk-1, one
cluster was labelled Class-l mKCs based on the expression of mKast, two clusters were
annotated Class-l1 sKCs based on the expression of E74, one cluster shared the expression of
mKast and E74 and was annotated Class-I sKC and mKC, and one cluster was annotated
FoxP-KC based on the expression of FoxP. One cluster did not have a high expression of any
marker genes and was left unannotated.
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5.2.11 Apis mellifera Kenyon Cells have Greater Granularity
than the Five Proposed Cell Subtypes ldentified in the
Literature

As evidenced in Figure 5.13, there is additional granularity to the Apis KCs compared to
what has been previously described in the literature (Suenami et al. 2018). Therefore,
| looked to find marker genes that are unique for each cluster, and marker genes
that discriminate clusters within each published KC subtype. Figure 5.14 shows that
the nine KC clusters differ by the expression of six to seventeen unique marker genes
each. Figures 5.15b and 5.15c show that there are marker genes in common between
clusters of Class-I type IKCs and clusters of Class-1 type sKCs; however, Figures 5.15¢
and 5.15d show marker genes that discriminate clusters within the IKC, and the sKC

subtypes, respectively (see below).

Clusters Belonging to Class-1 IKCs

The three clusters in the IKC group were identified by the expression of Mblk-1 (Figure
5.12a). These clusters also have a high expression of other marker genes such as the
nicotinic acetylcholine receptor alphal subunit, nAChRal and Sulphatedl (Figures
5.15b and 5.15¢). Figure 5.15c shows differentially expressed genes between the clusters
within the IKC category. For example, cluster 4 has a greater expression of the serotonin
receptor gene 5-ht7, cluster 2 has a greater expression of mamo (a gene exclusively
expressed in o’ 3’ Drosophila KCs, Liu et al., 2019) and cluster 1 has a greater expression
of the metabotropic glutamate receptor B gene, Glurb, compared to the other IKC

clusters. This suggests that the clusters within the IKC category are functionally distinct.

Clusters Belonging to Class-1 sKCs

Clusters 0 and 5 that were categorised as sKCs based on their expression of E74 (Figure
5.12b) also have a high expression of Frq2 and chinmo (a transcription factor regulating
KC fate in Drosophila, reviewed by Lin 2023, gene ID LOC551086) compared to the
other clusters (Figure 5.15d). Clusters 0 and 5 differ by the expression of several

genes. For example, there was a greater expression of the Allatostatin-C receptor gene
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AstC-R, Fasl and Ptp36E in cluster 0 compared to the other sKC clusters and a greater
expression of 5-ht7, short neuropeptide F (sNPF, gene ID LOC100576163) and Imp

in cluster 5 compared to the other sKC clusters (Figure 5.15d).

Clusters Belonging to Class-l mKCs and sKC/mKCs

Two clusters, clusters 3 and 7, had a high expression of mKast, which annotates mKCs.
The cell bodies of mKCs are located between sKC and IKC cell bodies (Kaneko et al.
2013). Cluster 7 also expressed E74, a marker for sKCs. Cluster 7 could represent a
group of cells with cell bodies positioned at the border between the sKC and mKC cell
bodies. However, cluster 7 differs from the other sKC and mKC clusters by several genes
(Figures 5.14, 5.15b & 5.15d); cluster 7 is likely a discrete subcluster that contains

similarities with clusters belonging to sKCs and mKCs.

The Cluster Belonging to Fox-P Expressing KCs

Cluster 8 was labelled FoxP-KCs as it expressed the FoxP marker gene (Figure 5.12¢
and 5.14). This cluster also had a high expression of the diuretic hormone receptor,
Dh44-R2. As mentioned in Chapter 4, Dh44-R2 expression in the Drosophila malpighian
tube is required for salt tolerance (Hector et al. 2009), but Dh44-R2 is also necessary
for nutritious sugar selection in starved flies (Dus et al. 2015). This cluster might be

involved in nutrient sensing and feeding behaviours.

Cluster 6 Might be Class-1l KCs

Cluster 6 was unannotated. These cells may be Class-1l KCs, but there are currently no
good marker genes to annotate Class-Il KCs discretely. Cluster 6 had a high expression
of marker genes such as Mippl, PIG-K and Ekar (Figure 5.14). However, many of the

genes highly expressed in cluster 6 compared to the other clusters were uncharacterised.
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Figure 5.14: Top unique marker genes for each Kenyon Cell cluster. Analysis of
differentially expressed genes identified between six and seventeen unique marker genes per
cluster.
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Figure 5.15: Top unique marker genes between different Kenyon Cell subtypes from
the literature and between the clusters in the Class-1 sKCs and Class-1 IKCs.

a - b. Top marker genes between different Kenyon Cell subtypes. a. Grouped by Kenyon Cell
subtype. b. Grouped by cluster. Clusters that make up Class-I IKCs have a greater expression
of genes such as nAChRal and Sulphatedl compared the other groups. Clusters that make up
Class-1 sKCs have a greater expression of Frq2 and chinmo (gene ID LOC551086) compared to
the other groups. c. Top unique differentially expressed genes between clusters of Class-I IKCs.
Cluster 1 has the highest expression of Glurb, cluster 2 has the highest expression of mamo
and cluster 4 has the greatest expression of 5-ht7. d. Top unique differentially expressed
genes between clusters of Class-l1 sKCs. Cluster 0 had a greater expression of AstC-R, Fasl
and Ptp36E, and cluster 5 had a greater expression of 5-ht7, sSNPF (gene ID LOC100576163)
and Imp.
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5.2.12 Expression Patterns of Neurotransmitters, Neuropeptides
and their Receptors were Sufficient for Kenyon Cell
Classification

This report identified further KC clusters than the KC types previously published in the
literature (Suenami et al. 2018). To understand if the additional clusters are functionally
distinct KC subtypes, | explored the expression of different neurotransmitters (NT),
neuropeptides (NP) and their receptors (NTR and NPR, respectively). For this, |
employed a random forest machine learning model to understand the importance of NT,
NP, NTR and NPR genes for cell annotation and which genes were most important.
Gene names for NT, NP, NTR and NPR were taken from FlyBase (see Methods) and
used to filter the cell-by-feature count matrix of the KC clusters extracted from the Apis
dorsal protocerebra scRNA-seq data. This gave a matrix containing 80250 barcodes
and 187 features. Training the model on 80% of the data and testing on 20% gave
an accuracy score of 0.97, suggesting the model can accurately classify KC clusters.
The model mis-classified cluster 7 as cluster 0, 181 times (Figure 5.16a), but classified
cluster 7 correctly 671 times. The misclassification of cells from cluster 7 was likely due
to the cells being positioned within the boundary between cluster 0 and 7 and therefore,

have acquired similar transcriptional profiles.

The random forest model was repeated using 187 random features from the complete
barcode feature matrix. This was done to determine if the features associated with
NT, NP, and their receptors had greater clustering weight than a random subset. The

accuracy score from using 187 random features was 0.73.

After reviewing the top sixteen NT, NP, NTR and NPR features that were the most
important for KC cluster annotation, none annotated a discrete cluster (Figure 5.16b).
This suggests the combination of features was necessary to identify KC clusters accurately.
The neuropeptide receptor for RYamide (RYa-R) was expressed in IKCs (cluster 1, 2 and
4) with some expression in cluster 8. o0/f413 encodes a dopamine beta-monooxygenase

enzyme that is involved in the octopamine biogenesis pathway (Ramya et al. 2024), this
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gene was expressed in part of cluster 4 and 8, and broad expression in clusters 7 and
3. Expression of 0/f413 in clusters 4 and 8 could suggest some further subdivision of
these clusters (Figure 5.16b). The dopamine and ecdysone responsive GPCR DopEcR is
expressed in IKCs, but also in clusters 6, 0 and part of cluster 8. DopEcR is expressed in
all Drosophila KC types (Croset et al. 2018), which suggest some differences in function

between Apis and Drosophila KCs.

Many features from FlyBase that were used in this model do not directly relate to NT,
NP, or their receptors. For example, Fascilin 2 (Fas2) is a cell adhesion molecule that is
essential for correct temporal development of adult Drosophila MB lobes (Fushima et al.
2007). Although not relevant for this section of this chapter, it is interesting to observe
that Fas2 is highly expressed in Class | KCs and not in the unannotated cluster (likely
Class Il KCs, Figure 5.16b). As Fas2 is expressed in a3 and ~y Drosophila KCs, this
could suggest some developmental similarities between a8 and v of Drosophila KCs
and Class | type Apis KCs. An additional filtering step would be beneficial to remove
features not directly related to NT, NP or their receptors for a more accurate annotation

model.

Overall, the results from this section suggest that the expression pattern of NT, NP
and their receptors was sufficient to accurately identify each KC cluster, with few
incorrect predictions, suggesting each cluster has a unique expression profile (5.16a).
However, Figure 5.16b shows that the most important features in this model for
annotating KC clusters do not discretely annotate one cluster; a combination of gene
expression is likely required for cluster classification. Further analysis exploring the
anatomical position and function of each KC cluster would be important for verifying

this additional clustering (see section 5.4).
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Figure 5.16: A random forest (RF) machine learning model using features associated
with neurotransmitters (NT), neuropeptides (NP) and their receptors (NTR and NPR,
respectively) was sufficient for accurately classifying Kenyon Cell clusters. The RF
model using a feature-barcode matrix from Kenyon Cell clusters, filtered by features associated
with NT, NP, NTR and NPR was sufficient to classify Kenyon Cell clusters, with an accuracy
score of 0.97. a. Confusion matrix showing the FR model's predictions. The model was
effective at predicting the correct labels for most clusters. The model miss-classified cluster
7 as cluster 0 181 times; this was likely a reflection of cells that sit between the boundary
between clusters 0 and 7. b. Feature plots of the features most important for classifying
Kenyon Cell clusters in rank order starting from the top left.
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5.2.13 Octopaminergic Receptors were Expressed in Different
Subsets of Kenyon Cell Clusters

Based on the result that the gene expression signature from NP, NT and their receptors
was sufficient to classify the KC clusters, marker genes of interest, such as octopaminergic
receptors, were plotted to understand their expression across the different clusters
(Figures 5.17a - 5.17g). Octopaminergic receptor gene OctbetalR had the lowest
expression levels in clusters 1, 2 and 4, moderate expression levels in clusters 3 and
8 and high expression in clusters 0, 5, 6 and 7 (Figure 5.17a). The reverse was true
for Octbeta2ZR, however, cluster 6 appeared to express both receptor genes (Figure
5.17d). Octbeta3R expression was greatest in clusters 1, 2 and 4 (Figure 5.17c),
whereas Octalpha2R was expressed in all clusters except cluster 6 and a small amount
was expressed in clusters 7 and 8. When plotting other genes of interest, few were
cluster-specific. Nmdar2 expression appeared to be greatest in cluster 8 (Figures 5.17¢),
an expression pattern that is different from Nmdar2 expression in Drosophila KCs, as
scRNA-seq analysis shows a broad expression across all clusters (Shih et al., 2018).
The expression of sSNPF and GABA-B-3R was greatest in cluster 5 (Figures 5.17f and
5.17g, see Figure 5.19b for a comparison between sNPF expression in Apis compared to
Drosophila KCs). Muscarinic acetylcholine receptors A and B (mAChR-A and mAChR-B)
have broad expression across the different KC clusters. mAChR-A was highly expressed
in all clusters except clusters 5 and 6 (Figure 5.17h). mAChR-B has a lower overall

expression, but the highest expression levels in clusters 3 and 6 (Figure 5.17i).
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Figure 5.17: Expression pattern of the different octopamine and muscarinic
acetylcholine receptors varied across Kenyon Cell clusters, and expression of
GABA-B-R3, Nmdar2, and sNPF was highest in one cluster.

Feature and violin plots for the expression of features of interest. a. OctbetalR expression
was greatest in clusters 0, 3, 5, 6, 7 and 8. b. OctbetaZR expression was greatest in clusters 1,
2, 4 and 6. c. Octbeta3R expression was greatest in clusters 1, 2 and 4. d. Octalpha2R 0, 1,
2, 3,4 and 5. e. Nmdar2 expression was highest in cluster 8. f. GABA-B-R3 expression was
highest in cluster 5. g. sSNPF expression was greatest in cluster 5. h. mAChR-A expression
was high in all clusters except 5 and 6, where the expression was lower. i. mAChR-B expression
was low in all clusters, with some expression in clusters 3 and 6.
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5.2.14 The v and af Drosophila melanogaster Marker Gene,
sNPF, Annotates One Apis mellifera Kenyon Cell Cluster

To perform the comparison of transcriptomic profiles between KCs of Drosophila and
Apis, Drosophila KC clusters were extracted from the scRNA-seq data published by
Park et al., (2022) (Figures 5.18a - 5.18d). As reported by Park et al., (2022), the
KCs were identified by the expression of Mub and ey (Figures 5.18c and 5.18b). The
clusters for Drosophila KCs, a3, o/ 3" and v KCs were identified by markers ab for
KCs, sNPF for v and a8 KCs, Ca-alphalT and Eip93F for a3, and CG8641 for o[’
KCs. In this section, only Drosophila genes with an Apis homologue were used. In a
first pass of comparing Drosophila and Apis KCs, the marker genes for Drosophila KC
sub-clusters were plotted on the Apis KC clusters within a UMAP space (Figure 5.19a -
5.19d). Surprisingly, marker genes that annotate discrete subtypes of KCs in Drosophila
do not annotate specific Apis KC clusters. The transcription factor ab, appeared to
be expressed in all Apis KC clusters, but with greater expression in clusters 0, 3 and
7 (Figure 5.19a). Ca-alphalT, was also broadly expressed in Apis KC clusters, with
slightly lower expression in clusters 5 (Figure 5.19¢c). CG8641 had some expression in all
clusters but greater expression in clusters 4, 3 and 6 (Figure 5.19d). The marker genes
that discretely annotate Drosophila KC clusters have broad and overlapping expression
patterns in Apis KC clusters. This suggests no direct cell type correspondence between
Drosophila and Apis KC clusters. The marker gene for v and a3 KCs, sNPF, however,
had discrete expression within cluster 5 (Figure 5.19b), suggesting some functional

division in this cluster compared to other Apis KC clusters.

December 19, 2025



5. Transcriptomic Characterisation of Learning and Memory-Relevant Cells of Apis
mellifera and Comparison to Drosophila melanogaster 111

10 1

UMAP 2
o

-10

10 5 0 5 10 15

(b) (c)

ey

Expression Level
Expression Level

DA% 1 m x5 0 A B 9 0.5 00N 0 0N BN 1 D %9 0 A D 9.0 N DD A0
Identity Identity

(d)

KC_subtypes

YKCs

oBKCs

-12 -10 -8 -6
UMAP_1

Figure 5.18: Extracting Kenyon Cell clusters from the published single-cell RNA
sequencing object of the Drosophila melanogaster midbrain from Park et al., (2022).
a. UMAP plot of clusters from the full Park et al., (2022) dataset showing eighteen clusters
at a cluster resolution of 0.1. Kenyon Cell clusters identified in blue, orange and purple. b.
Expression levels of the Kenyon Cell marker gene mub and c. expression levels of the Kenyon
Cell marker ey. d. UMAP plot of the Kenyon Cell sub-clusters, identified by the expression of
marker genes sNPF for v and af, ab for v, Ca-alphalT for a3 and CG8641 o/’ Kenyon
Cells as shown in Park et al., (2022).
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Figure 5.19: Expression pattern of Drosophila melanogaster Kenyon Cell marker genes
in Apis mellifera Kenyon Cell clusters in UMAP space.

a. ab the marker gene for Drosophila v Kenyon Cells is broadly expressed in Apis Kenyon Cells
with the highest expression in clusters 0, 3 and 7. b. sNPF the marker gene for Drosophila
~v and af Kenyon Cells is expressed in Apis Kenyon Cell cluster number 5. c. Ca-alphalT
the marker gene for Drosophila a3 Kenyon Cells are broadly expressed in all Apis Kenyon
Cell clusters, with cluster 5 having the lowest expression level. d. CG8641 the marker gene
for Drosophila o/ 3" Kenyon Cells is lowly expressed in all Apis clusters with the greatest
expression in clusters 3, 4 and 6.
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5.2.15 Marker Gene Sets for Drosophila melanogaster Kenyon
Cell Subclusters do not Annotate Discrete Subsets of
Apis mellifera Kenyon Cells

To further compare Drosophila with Apis KC clusters, additional marker genes for
each Drosophila KC cluster were identified using FindAlIMarkers() (Figure 5.20), much
like the work published in Croset et al., (2018, Figure 2F). Module scores for each
Drosophila KC cluster were plotted in both Drosophila and Apis KC clusters in UMAP
space. Only features with Apis homologues were used. Again, there appeared to be a
broad expression profile for all Drosophila KC markers in Apis KC clusters. However,
like the expression of ab alone, there was greater expression of v KC marker genes in
clusters 0, 7 and 3 (Figures 5.21a). Like the expression of Ca-alphalT alone, Drosophila
aff KC marker genes appear to annotate all clusters, but with the lowest expression in
cluster 5. Like the expression of CG8641, clusters 4, 3, 6, but also cluster 1 appear
to have a greater Drosophila /3 KC marker expression. This could suggest some

functional similarities in the Drosophila and Apis KCs.

December 19, 2025



5. Transcriptomic Characterisation of Learning and Memory-Relevant Cells of Apis

mellifera and Comparison to Drosophila melanogaster

CG32982 A
CG31475
Dh44-R1 -
Dh44-R2 -
Lgrl -
KCNQ 1
kirre -
Rgk?2 1
Ilbm -
CG31637 A
CG46301 -
Lmpt A
CG43078
Tsp42En A
ome A
Octbeta3R -
kug -
Pvf3 4
SP1173
CG33090 -
TSp66E A
Cks85A A
CG43759

Average Expression

Pde6 [ ) 2.0
Ca-alphalTH 8 1.5
crb - ‘ '

CG11638 - | 1.0
dprl7 4 0.5
CG3961 1
smal 1

Fili { Percent Expressed
Gr77a4
CG3655 e 25
Idh A ® 50

oaf ® 75

Lac A
tok 4
CG1358 1
CG32052 A
Epac 1
Dscam3 1
app 1
CG34370
msi -
DAT -
CG8641
CAH?2 -
Ac78C A
Lgr3 1
CG9801 A
dlp A
CG13055 A1
CG1648 1
ed 4
CG32506{ @
GstD11 -
ab 1

Features

y o of
Identity

Figure 5.20: Top differentially expressed genes for each Drosophila melanogaster
Kenyon Cell types. Drosophila Kenyon Cell markers were identified using FindAlIMarkers().
Genes were filtered for a log2FC change > 2, with >30% of cells within the cluster expressing
the gene, and <20% of cells in the other clusters expressing the gene.
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Expression pattern of the top marker gene sets for Drosophila

melanogaster Kenyon Cell subtypes mapped onto Apis mellifera Kenyon Cell clusters
in UMAP space.
a. Gene set module scores for Drosophila v Kenyon Cells are broadly expressed in all Apis
Kenyon Cell clusters, with higher expression in clusters 0 and 7. b. Gene set module scores for
Drosophila a3 Kenyon Cells are broadly expressed in all Apis Kenyon Cell clusters, with lower
expression in cluster 5. c. Gene set module scores for Drosophila o/ 3’ Kenyon Cells are lowly
expressed in all Apis Kenyon Cell clusters, with higher expression in clusters 1, 3, 4 and 6.
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5.2.16 Common Genes that are Important for Apis mellifera and
Drosophila melanogaster Kenyon Cell Type ldentity are
Involved in Neuronal Organisation and Gene Regulation

To understand if there are common features that underlie Apis and Drosophila KC
clustering, a machine-learning Random Forest model was used to identify which features
were most important for cell-type annotation for both species (see Methods). The top
150 features were compared, and only Apis, Drosophila homologous genes were used.
Out of 150 features, 24 (9%) were common between the two species (Figure 5.22).
Of these common features, many are involved in gene regulation (pros, mamo, Rbp6,
Imp, as mentioned in Croset et al. 2018), and cell adhesion, fasciculation and axonal
patterning (Fas2 and olf413, Fushima et al. 2007; Ramya et al. 2024). Many of these
genes are identified marker genes for Drosophila KC sub-types. mamo and msi are
known marker genes for Drosophila o/ 3’ KCs (Croset et al. 2018; Liu et al. 2019; Li
et al. 2022). Figure 5.23b shows that there is indeed high expression of these genes in
the Drosophila o/ 3’ KCs, however, mamo also has high expression in v KCs. Expression
of Fas2 signalling is high in the a3 lobes of Drosophila KCs, with some signalling in
the 7 lobes (Shih et al. 2018). The reported expression pattern for Fas2 is echoed in
the Fas2 expression pattern in Figure 5.23b. This suggests that the features identified

in this analysis could be good markers for identifying KC subtypes in the Apis brain.

This analysis is limited by the homologues between Apis and Drosophila documented in
BioMart. For example, LOC100576163, the Apis gene ID for sNPF, was missing from
the homology data taken from BioMart. It is possible that other important features
were missing from this analysis. Future work should also address the features that
were uncommon between the two species; this would further our understanding of

differences in KC development and function.
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Figure 5.22: Venn diagram representing the number of common features which are
important for Apis mellifera and Drosophila melanogaster Kenyon Cell identity when

taking the top-ranked 150 features.
Out of 150 features, only 24 features (9%) are common between Apis and Drosophila KC

clusters.
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Figure 5.23: Top common ranked features for annotating Apis mellifera (a) and Drosophila
melanogaster (b) Kenyon Cell clusters from a Random Forest machine learning model of a
cell-by-feature count matrix using all genes.
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5.2.17 Monoaminergic Cells

The monoaminergic cell marker gene Vmat identified clusters 11, 13 and 24 as
monoaminergic (Figure 5.24a). Dopaminergic marker genes, tyrosine hydroxylase
(TyHyd) and DAT, were highly expressed in cluster 11 (Figures 5.24b and 5.24c).
Tryptophan hydroxylase ( Trh), a serotonergic marker gene and tyramine [3-hydroxylase
(Tbh), an octopaminergic marker gene, were lowly expressed in general, with few cells
annotated in cluster 11 (Figures 5.24d and 5.24e). Two Apis genes are closely related
to the Drosophila gene, tyrosine decarboxylase 2 ( Tdc2, an enzyme required for the
production of octopamine and tyramine), LOC410947 and LOC410948, which | will
refer to as Tdc2.1 and Tdc2.2, respectively. Tdc2.1 was lowly expressed in cluster 9
and cluster 24. Tdc2.2 was lowly expressed in all clusters. Considering octopaminergic
neurones VUMmx1 are positioned in the SEZ of the Apis brain (Sinakevitch et al.
2013), and this analysis used cells from the dorsal protocerebrum, many octopaminergic
neurones were likely removed before sequencing. A comparison between the proportion
of octopaminergic cells in the scRNA-seq data in this report and scRNA-seq data
collected by Zhang et al., (2022) using the whole pollen-forager Apis, brain would be

useful for understanding how many octopaminergic cells were lost.
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Figure 5.24: Identification of monoaminergic clusters.
a - g. Feature and violin plots for expression of monoaminergic cell marker genes, Vmat,
TyHyd, DAT, Trh, Tbh and two genes associated with Tdc2.
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Two Apis mellifera Dopaminergic Clusters Expressed Drosophila melanogaster
Marker Genes for PAM and PPL1-DANs

Subsetting and reprocessing clusters 9, 11, 13 and 24 created seven clusters from 1884
cells (Figure 5.25a). Clusters 2 and 3 were Vmat positive, with lower expression in
cluster 1 (Figure 5.25b). Clusters 3 and half of cluster 2 were also TyHyd and DAT
positive, suggesting these are dopaminergic clusters, respectively (Figure 5.25¢ and
5.25d). Trh was lowly expressed in all clusters (5.25e). Tbh was expressed in the portion
of cluster 2 that was not positive for dopaminergic markers (5.25f). Clusters 5 and 6
were Tdc2.1 positive (Figure 5.25g), suggesting these are octopaminergic/tyraminergic

cells. Tdc2.2 was lowly expressed in general (Figure 5.25h).

In the Drosophila brain, there are two major clusters of dopaminergic neurones that
project to the MB, the protocerebral anterior medial (PAM) and protocerebral posterior
lateral 1 (PPL1) clusters. The PAM and PPL1 clusters have been shown to provide
teaching signals to reinforce appetitive and aversive memories, respectively, during
olfactory learning tasks (see section 1.2). PPL1 clusters can be identified from other
monoaminergic cells within scRNA-seq data of the Drosophila brain by high expression of
the marker genes CG32532, fd102C, tup and dve. The PAM cluster could be identified
with marker genes scro, Lim1 and Fer2 (personal communication from Dr Christoph
Treiber, University of Oxford, 2025 and Bou Dib et al. 2014). The orthologs of PAM
marker genes scro and Fer2 were highly expressed in a portion of cluster 3 (Figure
5.25i and 5.25k) and markers CG32532 and tup for PPL1 were highly expressed in a
portion of cluster 3 that does not express PAM marker genes (Figures 5.25| and 5.25n).
fd102C and dve were also expressed in the region of cluster 3 that did not express PAM
marker genes, but at a lower expression level (Figures 5.25m and 5.250). Lim was lowly
expressed in general, but expression was the highest in cluster 6 (Figure 5.25j). As
marker genes for dopamine were not highly expressed in cluster 6 (Figure 5.25¢ and

5.25d), it is likely LimI does not label a subtype of Apis DANs.
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After reviewing the clustree diagram (Appendix Figure A.8), | selected a new clustering
resolution of 0.2, which separates cluster 3 into the PPL1 and PAM expressing clusters
(clusters 4 and 5, respectively. See Figure 5.25p), as evidenced by the expression of
CG32532 and scro (Figure 5.25q and 5.25r). Cluster 4 (PPL1) has 140 cells and cluster
5 (PAM) has 105 cells.
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Figure 5.25: Identification of Apis monoaminergic clusters and the expression pattern
of marker genes associated with Drosophila melanogaster protocerebral anterior medial
(PAM) and protocerebral posterior lateral 1 (PPL1) DANs.

a. Reintegrating the monoaminergic clusters produced seven clusters from 1884 cells. b - h.
Feature and violin plots for the expression of monoaminergic marker genes, Vmat, ple, DAT,
Trh, Tbh, Tdc2.1 and Tdc2.2. i - k. Feature and violin plots for the expression of Drosophila
PAM-DAN marker genes, scro, Lim1 and Fer2. | - o. Feature and violin plots for the expression
of PPL1-DANs marker genes, CG32532, fd102C, tup and dve. p. Monoaminergic clusters at
a clustering resolution of 0.2 produce 9 clusters. q. Cluster 4 was annotated by Drosophila
PPL1-DAN marker gene CG32532 r. Cluster 5 was annotated by Drosophila PAM-DAN
marker gene scro.
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5.3 Discussion

5.3.1 Results Summary

The research reported in this chapter identified additional granularity to Apis mellifera
KCs compared to previous published literature. Comparative analysis found no direct
correspondence between Apis and Drosophila KCs; however, the opposite was true for
DANSs, as marker genes for Drosophila PAM and PPL1-DANS labelled subsets of Apis
DAN clusters.

This report utilised scRNA-seq data from twelve Apis mellifera dorsal protocerebra to
identify the transcriptomic profiles of the cells involved in learning and memory, and to
compare these cells with those from the Drosophila melanogaster midbrain. Extracting
and reintegrating clusters identified as KCs revealed nine transcriptomically distinct
clusters. Of the nine KC clusters identified, three distinct clusters belong to the Class-I
IKCs, two clusters belong to the Class-I sKCs, one cluster belongs to the Class-| mKCs,
one cluster belongs to both Class-I sKCs and mKCs, and one cluster belongs to the
FoxP-KCs. One cluster did not have a high expression of any Class-I marker genes and
therefore, could be Class Il KCs. A machine learning model based on genes associated
with neurotransmitters, neuropeptides and their receptors was sufficient for identifying
the KC clusters. Surprisingly, plotting the most important genes for cluster classification
did not discretely annotate one cluster; many genes annotated different subsets of KC
clusters. This suggests that cluster identity is based on combinations of these features.
Reclustering the data from monoaminergic cells, found nine clusters, with two DAN
clusters expressing marker genes from the Drosophila PAM and PPL1-DAN clusters,

cell types that are known for their role in reinforcement learning in Drosophila.

5.3.2 Transcriptomic Analysis Identified Nine Transcriptomically
Distinct Kenyon Cell Subclusters

Apis KCs are divided into two main classes: Class | somata sit in the calyx cup, and

Class Il somata are positioned outside the calyx cup. Class | KCs project their axons
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to medial and vertical MB lobes. Class Il project axons to the v lobe (Malun 1998;
Strausfeld 2002). One KC cluster was not annotated by any Class | KC marker genes,
suggesting this cluster could be Class Il KCs. This unannotated cluster did not express
Fas2, whereas all the other clusters annotated with Class | marker genes did. As
Fas2 expression is required in Drosophila for the correct development of the MB lobes
(Fushima et al. 2007), it suggests that the unannotated cluster developed differently
from the other clusters. As the Class || KC develop first (Farris et al. 2004), this gives
additional evidence the unannotated cluster is Class || KCs. The scRNA-seq data from
this project could be integrated with spatial data of the adult foraging Apis mellifera at
22 days, from Mu et al., (2025), using integration tools such as SpaGE (Abdelaal et al.
2020). This will allow us to map marker genes from this analysis onto the spatial data,
thus identifying the location of the unannotated cluster. If the unannotated cluster is
Class Il KCs, | would expect to see expression of marker genes such as Ekar and PIG-K
located outside the calyx cup. This logic could also be extended to identify and confirm
the existence of additional granularity to the Class | KCs. This report identified eight
Class | KC clusters; this additional granularity is supported by anatomical evidence from
Strausfeld, (2002) and Strausfeld et al., (2000) that suggests the vertical lobe is striated
with layers containing axons from different KC groups that have dendrites projecting to
different zones within each region of the calyx. Immunostaining of FMRFamide and
gastrin cholecystokinin (summarised by Strausfeld 2002, Figure 7) shows thirteen layers
corresponding to different zones of the calyx. There might be additional granularity
to the Class | KCs than found in this report. Identifying the spatial location of the
KC subclusters in this report will help understand their function, especially concerning
visual and odour learning, as KCs innervating different calyx regions will receive different
sensory information. The calyx lip receives olfactory information from the antennal
lobe (AL), the collar gets visual information from the optic lobes (OL), and the basal
ring receives information from both the AL and OL (Ehmer et al. 2002; Mobbs et al.

1982; Abel et al. 2001; Gronenberg 2001).
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5.3.3 Kenyon Cell Clusters and Learning and Memory

In addition to understanding the spatial information of different Apis KCs, identifying
the expression patterns of neurotransmitters, neuropeptides, and their receptors could
also indicate their function. This report found that the expression of many of these genes
was not restricted to one cluster. For example, the octopaminergic signalling in Apis is
suggested to provide the reinforcing signal for appetitive olfactory learning (Hammer
1993; Hammer et al. 1998). The receptors for octopamine were tiled across different KC
clusters. Considering that different octopamine receptors have various roles in learning
and memory in Drosophila, it is likely that this is also true for the octopamine receptors
and KC types in Apis. For example, Octal-R (or OAMB) expression in Drosophila a3
and v KCs rescued the loss in appetitive learning in an OAMB mutant Drosophila (Kim
et al. 2013), but oct31R expression in a3 KCs restored aversive memory in oct31R
mutant Drosophila (Sabandal et al. 2020). Apis mutants for different octopamine
receptors could be tested with different learning tasks and compared to wild type Apis.
These experiments could be followed up with calcium imaging of subsets of KCs that
express the relevant octopamine receptor, with stimulus presentation (US) and with
presentation of the conditioned odour (CS+) (as performed by Szyszka et al. 2008). KCs
that are involved in specific associative learning/memory tasks would show a response

to the CS+.

Muscarinic acetylcholine receptors A and B were expressed in Apis KC clusters (mAChR-A
and mAChR-B, respectively). The expression of mAChR-A was broad across most Apis
KC clusters, with a lower expression in clusters 5 and 6 (Figure 5.17h). The expression
of mAChR-B was broadly low, with the greatest expression in clusters 3 and 6 (Figure
5.17i). In Drosophila scRNA-seq data, the expression of mAChR-A was greatest in
and af KCs (Bielopolski et al. 2019). However, only the expression of mAChR-A in
~ KCs was required for short-term aversive olfactory learning (Bielopolski et al. 2019).
This suggests that this receptor may have different functions in different KC clusters.
To understand if muscarinic acetylcholine receptors also have a role in aversive olfactory

learning, mAChR antagonists (such as scopolamine) could be applied to the brain when
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testing for aversive learning in Apis, using the sting extension reflex (SER) assay (Vergoz
et al. 2007). | would expect that aversive learning would be impaired after applying the
antagonist. Muscarinic receptors appear to be involved in other types of memory in
Apis; application of scopolamine impaired memory recall in PER appetitive olfactory
associative learning tasks (Gauthier et al. 1994). Taken together, this evidence suggests
that different clusters expressing the mAChR receptors have different roles in learning

and memory.

Neuropeptides have also been implicated in insect learning and memory. In this report,
cluster 5 had high expression of sNPF, a neuropeptide expressed in Drosophila ~ and
a3 KCs, but not in o//3' (Johard et al. 2008), and is required for appetitive olfactory
memory (Knapek et al. 2013). In Apis, topical application of 10 ug ul=! sNPF to
the thorax in experiments by Bestea et al., (2022) found that Apis will seek visual
cues that were previously paired with a sucrose reward, similar to starved Apis. Similar
results are seen in Drosophila when RNAi against SNPF in KCs (tested in all, v and o
KCs ) impaired appetitive olfactory learning to sucrose (Knapek et al. 2013). Taken
together, this evidence suggests that cluster 5 expressing sNPF could likely have a

role in appetitive learning in Apis.

5.3.4 Expression Patterns of Apis mellifera Kenyon Cells Appear
to be More Similar to Monomorium pharaonis than Drosophila
melanogaster

The KCs of the Monomorium pharaonis ant, another eusocial insect, are split into two
main categories, Class-A and Class-B. Class-A KCs, like the IKCs of Apis (clusters 1,
2 and 4), have a high expression of mblk-1. Class-B, however, does not have strong
expression of Mblk-1, but has a high expression of Cow, msi and dati (Li et al. 2022);
expression which was also seen in Apis KC clusters 0, 3, 5, 6, 7 and 8 with expression
of dati being restricted to cluster 3 (Figure 5.23a). Expression of cow, dati and msi
in Drosophila do not appear to annotate a specific cluster; expression of each feature

annotates a different combination of clusters (Figure 5.23b). This suggests some overlap
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in KC composition between Apis and Monomorium, which are both more distant from
Drosophila. This reflects the evolutionary history of these species as hymenoptera (Apis
mellifera and Monomorium pharaonis) diverged from Diptera (Drosophila melanogaster)

nearly 300 million years ago (Maier et al. 2008).

5.3.56 Marker Genes for Dopaminergic Cells Involved in Reinforcement
Learning in Drosophila melanogaster Annotate Subsets
of Apis mellifera Dopaminergic Clusters

The current understanding of the neurotransmitters required for olfactory reward or
punishment learning differs between Apis and Drosophila. 1t was initially thought that
insects use octopamine for reward and dopamine for punishment learning, however, this
view was challenged in Drosophila (as reviewed by Waddell 2013). Although octopamine
is required for short-term reward learning for sweet sugars, octopamine acts upstream of
the Drosophila PAM-DANs, and it is the PAM-DANSs that control short and long-term
reward learning in Drosophila (Waddell 2013). The octopaminergic neurone VUMmx1
arborises on the Apis MB and is thought to be responsible for reward signalling to
reinforce appetitive memories (Hammer 1993; Hammer et al. 1998). A study by Vieira
et al., (2018) also challenges this view in Apis as microinjections of antagonists against
octopamine or dopamine before reward PER-conditioning experiments reduced the PER
response to visual cues paired/ previously paired with sucrose in harnessed Apis. This
could suggest that the olfactory and visual reward-learning pathways are different, with
olfactory reward-learning using octopamine and visual reward learning using octopamine
and dopamine. Considering this report identified an Apis dopaminergic cell cluster that
expressed Drosophila marker genes for PAM-DANSs, this group of cells may be responsible
for signalling reward during visual reward-learning in Apis. Electrophysiological recordings
of these cells during visual reward learning would be essential for understanding the

circuits involved in this type of memory.

5.3.6 Future Work and Conclusions

ScRNA-seq analysis of the dorsal protocerebra from twelve pollen-foraging Apis honey

bees has allowed for an in-depth analysis of key cells involved in reinforcement learning,
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such as the KCs. By having a greater representation of KCs in this analysis, it has
identified nine KC subclusters with a unique expression pattern of key genes such as
those for neurotransmitters, neuropeptides and their receptors. This suggests additional
granularity than previously proposed in the literature (Suenami et al. 2018). To confirm
this greater granularity, in situ techniques such as FISH could be applied in future
experiments to understand if the KC subclusters identified in this study match discrete
subtypes in Apis dorsal protocerebrum. This could be performed using new marker genes
identified within this report. Utilising new marker genes from known subtypes, such as
Frg2 which appears to annotate the sKC subtype along with markers for just one of
the sKC sub clusters (such as sNPF) would identify if there is anatomical subdivision
in the sKCs. In addition, the scRNA-seq data from Apis dorsal protocerebrum could
be combined with spatial data collected by Mu et al., (2025), utilising tools such as
SpaGE (Abdelaal et al. 2020) to combine the scRNA-seq data with spatial information.

This will help with understanding where the KC subtype cell bodies are positioned.

5.3.7 Study Limitations

The analysis in this report is limited by the incomplete annotation of the Apis genome
and a direct comparison between Apis and Drosophila is limited by the annotation of
orthologous genes from Biomart. The Apis and Drosophila KC transcriptomic comparison
could also be limited by differences in cell number. For the Apis KC dataset, there were
80768 cells, whereas there were only 6561 cells in the Drosophila KC data. This analysis
was also limited by comparing the Apis KCs with the three Drosophila KC types rather
than the seven subtypes. The KCs of the Drosophila MBs can be further subdivided by
morphology and genetic markers (Tanaka et al. 2008; Aso et al. 2014; Li et al. 2020a).
The v KCs are split into dorsal and main subtypes; a3 KCs are split into posterior,
middle, surface and core subtypes, and o/3’ KCs can be split into anterior-posterior-1
and -2, and middle subtypes. Further investigation utilising a combination of published
Drosophila scRNA-seq data to create a large KC object would be necessary to compare
each KC subtype sufficiently. The combined KC scRNA-seq data could be used in

parallel with the annotations identified by single-nuclear sequencing analysis of the
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Drosophila KC subtypes (Shih et al. 2018). It is possible that the markers for the further

Drosophila KC sub-clusters could annotate more discrete subsets of Apis KC clusters.
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6.1 Thesis Summary

This thesis outlines evidence for a state-dependent memory for NaCl in adult Drosophila.
The memory of a low concentration of NaCl (0.05 M NaCl) in nutrient-deprived
Drosophila could be detected immediately, but this memory was not detectable long-term.
The memory of high NaCl (0.2 M NaCl) was not detectable immediately, but was
detectable after 6 or 24 hours depending on the nutrient-status of the animal before
testing. In nutrient-deprived Drosophila, the 24-hour memory was appetitive. However,
the 6-hour memory in Drosophila fed a standard diet was aversive; a behaviour that
was more pronounced in females. A differential gene expression analysis of scRNA-seq
analysis of female Drosophila midbrains found an increase in expression of Myosuppressin
in nutrient-deprived Drosophila compared to those fed 0.2 M NaCl. However, the
scRNA-seq data suffered from a high level of adapter contamination throughout reads.
More data is required for understanding the role of Myosuppressin in signalling NaCl

status.

Analysis of scRNA-seq data from twelve pollen-foraging Apis protocerebra identified
additional granularity to KC subtypes than was previously suggested in the literature. A
transcriptomic comparison between Apis and Drosophila KC clusters found no direct

correspondence, suggesting KC clusters between the two species function differently. In
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contrast, marker genes for PAM and PPL1 DANs annotated two Apis DAN clusters,

suggesting these groups of cells could have a similar function.

6.2 A Novel Memory for NaCl in Adult Drosophila

As mentioned in previous chapters, a memory for NaCl has been studied in rats, crickets
and Drosophila larvae (Cone et al. 2016; Robinson et al. 2013; Mizunami et al. 2010;
Russell et al. 2011; Niewalda et al. 2008). This report has now identified a memory
for NaCl in adult Drosophila. Experiments with rodents found a state-dependent
memory for NaCl (Cone et al. 2016). Dopamine was detected in the nucleus accumbens
(NAc), a part of the brain involved in motivation and reward, with US presentation
(intraoral infusion of 0.45 M NaCl) and with the paired CS cue, when sodium deprived
(Cone et al. 2016). Zhang et al. (2023) performed scRNA-seq analysis on sections of
subfornical organ (SFO) of the lamina terminalis (LT), a region of the brain activated by
sodium-deprivation (Hiyama et al. 2004; Ch'ng et al. 2019), in satiated and salt-deprived
mice. Fos was differentially expressed in a group of SFO excitatory neurones from
salt-deprived mice that express the prostaglandin E2 (PGE2) receptor, Ptger3. Activation
of Ptger3 expressing SFO neurones in thirsty mice increased consumption of a normally
aversive salt solution (0.5 M NaCl) and increased the amount of dopamine released
from the NAc. Considering similar logic used for the scRNA-seq experiments from
Zhang et al., (2023) to the scRNA-seq experiments outlined in Chapter 4, it is possible
that better quality of scRNA-seq data may also allow the identification of cells that
are active under sodium or nutrient-deprivation compared to NaCl-satiated Drosophila.
This could also lead to the identification of cells that modulate MB extrinsic DAN
activity during sodium-deprivation. Considering that neuropeptides such as sNPF and
Lk modulate the activity of subsets of dopaminergic neurones to gate state-dependent
memories (Krashes et al. 2009; Senapati et al. 2019), it is likely that similar mechanisms
gate the expression and/or valence of NaCl memories. Future experiments for this
project could be focused towards identifying the populations of DANs involved in

reinforcing state-dependent NaCl memories in adult Drosophila. Given the identification
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of sodium-responsive anterior enteric neurones, INSO neurones (Kim et al. 2024) in
Drosophila, it would be important to understand how these neurones interact with

different subsets of DANs and how this might influence the expression of NaCl memories.

6.3 Greater Heterogeneity of Kenyon Cells in Apis

Chapter 5 showed that there is greater heterogeneity in the KCs of Apis compared to
what was previously thought in the literature (Suenami et al. 2018). The analysis in
this report found nine KC clusters, however, it is possible there could be further division
to these clusters, as Strausfeld, (2002) found thirteen layers if KC axons in the MB
vertical lobe that correspond to different zones of the calyx. An important next step
would be to combine the scRNA-seq data from this experiment onto spatial data of
the Apis brain (Mu et al. 2025). Knowing the position of the KC cell bodies in the
brain will be helpful for identifying their function, as visual and olfactory inputs are in
different sites in the calyx (Ehmer et al. 2002; Mobbs et al. 1982; Abel et al. 2001;
Gronenberg 2001). This could also provide information about what type of inputs could
be expected from these regions based on receptor genes expressed by the KC clusters in
those locations, such as Oct33R expressed in cells from IKC clusters (Figure 5.17c).
Ultimately this could help us understand the KCs and circuits involved in olfactory and

visual learning in Apis.

6.4 Dopaminergic Signalling in Insects

In Apis, DANs provide information to reinforce aversive memories and octopaminergic
neurones signal reward. Interestingly, marker genes for Drosophila PAM-DANs, a group
of cells required for appetitive reinforcement learning in Drosophila, annotated one of
the three Apis DAN clusters, in scRNA-seq data outlined in Chapter 5. Given that
Vieira et al., (2018) found that dopamine and octopamine is involved in associative

visual reward learning, it is possible that this PAM-like cluster is involved in this type
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of memory in Apis. Exploring the expression of Drosophila PAM-DAN marker genes in
scRNA-seq data from other social insects, such as the dataset from Li et al., (2022) of
the Monomorium pharaonis ant, would be interesting to see if this is a common cell
type between social and solitary insects. Tedjakumala et al., (2017) suggested, based
on anatomy, that Apis DAN cluster C2 corresponds with Drosophila PPL1, PPM3 and
PPL2ab-DANs. Marker genes for Drosophila PPL1-DANs annotated an Apis DAN
cluster, different to the PAM-like cluster. Plotting Drosophila marker genes for PPM3
and PPL2ab-DANs would be beneficial for understanding if this annotates the PPL1-like
DANSs cluster also. The third Apis DAN cluster was not labelled by Drosophila PAM
or PPL-DAN marker genes. It would be interesting to compare marker genes for this
cluster with those from Drosophila to understand the correspondence of transcripts
from this cluster between the two species. In addition, further granularity to the Apis
PAM and PPL1-like DAN clusters could be investigated by utilising the transcriptional
profiles identified by Aso et al. (2019) from sequencing subtypes of Drosophila PAM
and PPL1-DANSs.

6.5 Conclusion

The research outlined in this report gives an excellent foundation for future experimental
work. The work presented in Chapter 3 provides evidence for a novel memory for NaCl
in adult Drosophila that is affected by internal-state (sex and nutrient-status) and by the
concentration of the NaCl solution used as the US. The memory for low NaCl (0.05 M
NaCl) in nutrient-deprived flies is detectable immediately after training but the memory
was not long-lasting. The memory for high NaCl (0.2 M NaCl) was only detectable 6
and 24 hours after training; the valence of the memory to high NaCl was dependent on
the animal’s internal state. The memory for high NaCl at 24 hours was appetitive in
nutrient-deprived flies, whereas, the memory for high NaCl at 6 hours was aversive in

satiated flies, with learning scores being more pronounced in female flies.
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Unfortunately, due to adapter contamination in the scRNA-seq data analysed in Chapter
4, it is not possible to draw conclusions from this analysis. This chapter aimed to
understand transcriptional changes that occur in cells of the brain in nutrient-deprived
compared to NaCl-satiated Drosophila. This analysis was extended further to understand
if any changes were female specific or different in mated vs. unmated animals. Due to low
cell number and UMI count per cell, the ability to detect meaningful differential expression
was impaired. The only differentially expressed gene was found in a subset of cholinergic
cells of female flies; Myosuppressin, was upregulated in nutrient-deprived female flies.
Considering that other neuropeptides are involved in signalling nutrient-status and thus
influence state-dependent learning, it is possible that this neuropeptide is involved in
signalling NaCl status. However, experimental evidence is required to understand if

Myosuppressin plays a role in state-dependent NaCl learning and memory.

The analysis from Chapter 5 identified nine transcriptionally distinct KC clusters from
scRNA-seq data of twelve pollen-foraging Apis mellifera protocerebra. Further analysis
combining the Apis scRNA-seq data from this report with spatial data or smFISH
analysis using identified marker genes for Apis KC clusters would be helpful to confirm
that these clusters are indeed KC subtypes. When comparing the transcriptional profiles
of the KC clusters between Apis and Drosophila there was little correspondence between
the two species. However, marker genes for Drosophila PAM and PPL1-DAN annotated
two Apis DAN clusters, suggesting these clusters may have similar functions across
species. Further experiments addressing the function of PAM and PPL1 like DAN

clusters in Apis would be an important next step.
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A.1 Appendix 1

0 M NaCl

Figure A.1: NaCl feeding assay. 20-hour nutrient-deprived Drosophila were fed a solution
containing 1% agar, 0.6% FD&C Blue dye No.1, MQ water and NaCl at 0 M, 0.05 M or 0.2
M for 2 minutes in the dark. Data collected by Dr. Bhagyashree Senapati.
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A.2 Appendix 2
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Figure A.2: High level of sequence contamination in reads samples 5-8.
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Figure A.3: Percentage of reads from ribosomal RNA and ribosomal protein (%). a.
Percentage of reads from ribosomal RNA for each cell per sample. The dotted line shows the
cutoff value of 10%. b. Percentage of reads from ribosomal protein for each cell per sample.
The dotted line shows the cutoff value of 15%.
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Figure A.4: Distribution plots of UMI counts for each of the major cell Drosophila
types from the Park et al., 2022 dataset. Glial cells have a greater proportion of cells
with lower UMI counts compared to the other cell types.
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Figure A.5: The distribution of cells classified as male or female in each of the major
Drosophila cell types.
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Figure A.6: Pseudobulk counts and SCTransformed counts for Ms and Dh44 in
clusters 22-ACh and 20-Glut respectfully from female Drosophila. a. SCTransformed
counts of Ms in the cluster 22-ACh, split by condition and mating status. A few cells in the
nutrient-deprived condition (MQ) had a greater expression of Ms compared to the NaCl-fed
condition. b. Pseudobulk counts for Dh44 in cluster 20-Glut. The value of the pseudobulk
counts for Dh44 were greater in unmated NaCl-fed compared to nutrient-deprived female
Drosophila. c. SCTransformed counts for Dh44 were greater in cluster 20-Glut in NaCl-fed
female Drosophila, especially in unmated female Drosophila, compared to nutrient-deprived
Drosophila.
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A.3 Appendix 3
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Figure A.7: Reclustering the glial cells at a clustering resolution of 0.1 created 11
clusters.

December 19, 2025



A. Appendix chapters 150

100

200

300

500

e 0.1

Py
«
&
«
&
«
&
«
&
«
&
¢
&
«

®
®
°
o
N}

in_prop
0.00
—> 0.25

—> 0.50
vy v v v v v v v > 075

. .. .. .‘ . —> 1.00

v

Ao- % o: o B
\ A

K

v v v v
@ 00 O

«
¢
&
«

&—S—o o o o o o

o—O 0 0 0 0 0 0

*o—0—0—0—0—0—0
v e
o
@
@
o

Figure A.8: Clustering resolution analysis for monoaminergic cells.
Cluster 3 at cluster resolution 0.1, which expressed Drosophila PAM and PPL cluster markers,
splits into two clusters at the cluster resolution of 0.2.
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