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Abstract

Despite minuscule eyes and tiny brains, flying insects successfully perform remarkable
behaviours with their limited visual system. In this thesis, | have investigatethbémwit fly
(Drosophila melanogastgrespond to visual stimuli of different sizes and depthsainirtual
environment. For tethered flyinBrosophilg | analyse the orientation and robustness of
perception to smalbbjectsand square gratings during innate, voluntary, and conditioned
behaviours. My re=arch aims to understand whether fruit flies respond behaviouralbyects
smaller than their optical resolution limit and whetbarocularity is used fosmall object

detection.

Recent work has highlighted thattrafast photomechanical photoreceptoicrosaccades
beneath the lens may enhance the spatial resolution limit of the fly below the optical limit.
Therefore, | investigated how fruit flies respond to extremely small singular objects and dark
andlight stripes (gratingsyvithin their visual fiéd. My results reveal that fruit flies respond
behaviourally to stimuli smaller than the interommatidial angle (the angular separation between
neighbouring lensesidditionally, flies respond robustly to close and small patterns when the
pattern subtendhe same size on the retina but are presented as ditbesmall or far-big.
Furthermore, flies show an innate attraction for a singular feature when presented with distinct
2D or 3D smalbbjects(ranging betweef-4°). Finally, learning experimentsmiirm that they

can discriminate between thesigects although they fail to learn when one eye is occluded
Takentogether, this supports the theory that fruit flies possess higher spatial resolution than

predicted by their optics and use binocularitglose range.

In summary, the results gathered in this thesis contribute to a new insight into the visually

guided behaviours of insects in virtual environments. Among other findings, my results

emphasise the importance of both eyes contribution to vision, enhanciagithema | s d ab i

to see their world.
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Chapter 1

Introduction

1.1 Invertebrate vision

In a world deluged with information, animals use their sensory systems to gather knowledge
about their surroundings. While no sensory system functions in isolation, vision is the foremost
sensory input for many animals, providing a rapid and constantesofiinformation to the
observer{Warrant and Nilsson, 2006Consequently, selection pressures must have actively
shaped the early organisms' visual orgdrasd and Fernald, 1992; Fernald, 2004)) better
perception of the environment, improving survival for those with supes@n(Croninet al,

2014) Indeed, the invertebratésnimals with no backboriehave been found to possess high
resolution vision(Nilsson, 2013)n fossils dated to the Cambrian explosion approximately 540
million years aggLand and Nilsson, 2012)

To perform tasks and overcome visual challenges, animals use vision to guide their behaviour
(Croninet d., 2014) Examples of different visual challenges include the interception and
capture of insect prey by aerial predat@fgardill et al, 2017) the detection and evasion of
predatorgde laFlor et al, 2017) the pursuit of potential matéSomanathaet al, 2017) and

the collection of nectar and pollen before relocating the nest in central place fé@mdson,

1999) Thus, the visual system and the visual behaviours are inextricably enfiiineier,

1992) An animal's visually guided behaviours drive the selection pressures placed on the visual
system, while the accuracy of the visual information mediates the effective executien of t

behaviours.

Consequentlystudying the visual system in the context of these visual behaviours is essential
even when the animal is removed frone wild. Naturalbehaviours the typical behaviour
that an animal would exhibit in the wildcan be ready studied by observing freely moving

animals in th& natural surroundingsRegardless, as has been undertaken within this thesis,



many aspects of visually guided behaviour can be better investigated within a laboratory setting

where the exact visual infmation can be better controlled.

This opening chapter explores the invertebrate visual system and the most relevant functional
modalities of vision, to the use of virtual reality environments for measuring animal behaviour,

and an overview of the aimsdobjectives of this thesis.

1.1.1 Invertebrate visual system

The insect visual system typically contains five visual organs; a pair of lateral compound eyes
and a triplet of median ocell{Buschbeck and Friedrich, 2008Yhis combination is
characteristic of many insectthough an additional pair of visual organthe HB eyelet-

are present in the fruit flfprosophila melanogastefBuschbeck and Friedrich, 2008)he

ocelli are three (some species possess one or two) smallciagidered eyes located in the
dorsal head cuticlas a small clustgfYoon, Hirosawa and Suzuki, 199@jistorically, their

exact function was difficult to determirf@ilson, 1978) though generally, it is now known

that each forms a blurry image to aid in the animal's flight cof8tangeet al, 2002)

However,compound eyeare the focus of this thesis.

Compound eyes

The compound eyes are two large, mplirpose eyes that capture the vast majority of the
visual information facilitating many invertebrate behaviquend & Nilsson, 2012)The exact

form differs between and within species, though it is usually almost spherical and covers a
large visual field. Fruit flies, for example, sample about &%isual spac€éBuchner, 1971)

The eye comprises many small hexagonal "facets" that form a convex structure on the eye's
surface. Each facet is the outer layer of an individual optical unit called the ommatidium (pl.
ommatidia), consisting of a transparent corregstalline cone and photoreceptor cells. The
photoreceptor cells (or photoreceptors as they are often called) are characterised by-their rod
like light-sensitive parts, the rhabdomeres, which in some species (with apposition eyes) fuse
to form a singleod, the rhabdom~g. 1.1) (Land & Nilsson, 2012)The cornea focuses light

- as an inverted imagefrom a small region of spa@to the distal rhabdomere or rhabdom

tips (their focal plane), with the rhabdomere/rhabdom functioning as a waveguide(s)
maximising information capture from the incoming photon flux. Meanwhile, the crystalline

cone is thought to function as a spacer tués low and homogeneous refractive index.



Surrounding each ommatidium is a black screen of-iiiisiorbing pigment to stop rays passing
between ommatidjaherebyisolaing each ommatidiun{Yack et al, 2007) Each isolated
sampling unit codes light information from a small regiorvistial space. Customarily, this
region has been considered analogous to the 'pixel' within a camera image. So neighbouring
ommatidia are thought to sample light from adjacent regions of space, collectively sculpting a

mosaic of pixels to form the overathage(Shaw, 1984)

cornea
~

- .
crystalline

7 receptor cell

rhabdom

. basement membrane
 receptor axons

Fig. 1.1 The compound eye.

(left) Schematic of the overall structure of the compound eye, showing the arrangement of
ommatidia (right) and a longitudinal cross-section of an ommatidium. Abbreviations show the
cornea (c), crystalline cone (cc), pigment cell (pc), secondary pigment cells (sc), rhabdom (rh),
retinula cells (rc), basal pigment cells (bp) and basement membrane (bm). Images adapted
from Land & Nilsson, (2012) (left) and Warrant, (2019) (right).

Consequently, the greater the number and density of ommatidia an invertebrate can possess,
the more detail is captured in the image. The dragonfly is an extreme example of high
ommatidia numbers, with approximately 30,000 units per eye compared to tloe 3500

found in the fruit fly and honeybee, respectivéBeidl and Kaiser, ¥; Srinivasan, 2011,

Land and Nilsson, 20125uch differences are presumably due to the ecological demands

placed on the species. Indeed, the need to intercept pregimsdan evident selection pressure



for high acuity in dragonflie.and, 1997) Resolvability is explored in more detail below (see

1.1.2 Spatial vision).

Photoreceptor cells

A rod-like photoreceptor rhabdomere contains tens of thousands of specialisedlikeistle
membrane foldings called the microvi{lHardie and Juusol2015) For example, a typical
Drosophilaphotoreceptor has about 30,000 microvilli aligned along its inner length, jointly
forming its tapering rhabdomer@uusola and Hardie, 2001tach microvillus is a fully
compartmentalised photon sampling uf8onget al, 2012) It contains all the necessary
phototransduction molecules {@otein cascade), including the ligh¢nsitive pigment,
rhodopsin, to convert photon absorptions to minute elementary electrochemical signals, the
guantum bumpgHardie and Juusola, 20159Rhodopsin, which is abundant in microvilli,
contains a colourless opsin protein, pocketing in a chromophore, retinal. In photgatiabsor
retinal photoisomerises while opsin tunes this reaction's spectral sengiBuigoe and
Chittka, 2001; Hardie and Juusola, 2Q1B)e to the high density of rhodopg@sorio, 2007)
within the highlydense microvilli, each rhabdomere or rhabdom has a higher refractive index
than the surrounding mediu{8haw, 1984) Consequently, the rhabdomere/rhabdom encloses
light within it, acting as a waveguid8haw, 1984; Hardie and Ragti001)

During light stimulation, the quantum bump waveforms, amplitudes and numbers across a
photoreceptor's microvilli adapt rapidly to sum up its macroscopic respoasa graded
voltage changéHenderson, Reuss and Hardie, 2000; Juusola and Hardie, 2001; &uadola
2017) These graded voltage responsessxthe compound eyes represent the light patterns
in the visual environment and are essential for forming images of the world and detecting
motion (Land & Nilsson, 2012)As light enters the distal tip(s) of the rhabdomeres or a
rhabdom and travels down the structure, it is contained by internal refldchioa & Nilsson,

2012) However, in the conventional theoretical models that assume an immobilised eye with
static structures, the spatial information of the image is lost for each ommatidium as it travels
down the rhabdom. In reality, the local photomechanical photoreceptor contractions across the
eyes significantly reduce this spatial information loss, enabling more acute per¢éptisoia

et al, 2017; Kemppaineet al, 202; see 1.1.3. Active vision, beld. With each rhabdom

only discriminaing the intensity of the incident light, and each ommatidium only

discriminating average intensigndcolour (and often the polarisatipof the light in respect



to its neighbourgWarrant and Mcintyre, 1993)nsect compoundyes have been thought to

provide a mosaitike view of the worldas mentioned above

The number of photoreceptor cells within an ommatidium varies between species, though it is
common for an insect to possess eight cellsRBYL For exampleDrosophilahave the typical

eight cells while honeybees have an additional(tathd and Nilsson, 2012Jhe rhabdomeres

of the six larger peripheral (outer) photoreceptor cellsRBLextend the entire span of the

cell body. In contrast, the rhabdomeres of the two narrower (inner) photoreceptét8) R{Z

the ommatidium centre are arranged in tandem with R7 distal and R8 pr¢Wiauaant and
Nilsson, 2006) Thus, there are only seven cells at any esgssion of the ommatidiuntig.

1.2D) (Braitenberg, 1967)

If the rhabdomeres are arranged as a single waveguide, this is called a fused riapdom (
1.2B), as found in bees. This is when all the separate rhabdomeres are fused cémtrally.
contrastjf the rhabdomeres remain separated and transfer the light separately, this is called an
open rhabdomHg. 1.2D), as found in fliegOsorio, 2007)the differences in eye design are
discussed more below). The open rhabdom increases exposure to light sevenfold with no loss
in spatial resolutionKirschfeld, 1967) beneficial for a crepuscular insect with-rbodal

activity profiles such as fruit flieg*egoraraet al, 2020) Thus they can gain an advantage over

their predators and competitors during dawn and @ueid & Nilsson, 2012)

In Drosophilg the outer photoreceptors (RRB) are thought to participate in various visual
tasks, primarily motion visionnal orientation mediating behaviours such as course control and
landing (Braitenberg, 1967; Heisenberg and Buchner, 1977; Vogt and Desplan, 2007)
contrast, the inner pair of photoreceptors &%) primary function is presumably to
differentiatecolours(Trujillo-Cendz, 1965 lthough they also contribute to motion perception
(Wardill et al, 2012) The receptors share the same visual field and contribute information
from the same point in space to the rhabdget,they do not necessarilupply the same
information.TheR1-R6 receptors expreghl, which has peak sensitivities at 360 nm and 480
nm (Stavenga, 2010) arspecialiss in vision at low light levelgHardie, 1985)In contrast,

R7 expresses one of two U¥ensitive rhodopsin (Rh3 or Rh4nd R8 can be sensitive to
either blue light (Rh5) or green light (Rh6).

In honeybees, the photoreceptors are sensitive to various wavelengths of light and categorised

according to their spectralrsstivity. With a visual spectrum spanning 300 to 650nisch,



1914; Kihn & Pohl, 1921; Kuhn, 1927%jvo receptors are maximally sensitive to uitralet

(UV) light (340 nm), two are lbe-sensitive (463 nm)and four yellowgreensensitive (530

nm) photoreceptorgPeitschet al, 1992; Briscoe and Chith, 2001) This variety seen in
photoreceptor sensitivity ultimately enables insects to discriminate "colours," i.e. different light
wavelengthgBriscoe and Chittka, 20017 hus, flies and bees are trichromats, consistent with
humans and many other insect species, although their spectral sensitivity is shifted towards
shorter wavelengths of ligiiMenzel, 1979; Chittka, 1996)

The optic lobes dlies comprise the lamina, medulla and lob(Dger, Paulk and Reser, 2011)

To guide behaviour, neuronal circuits within the insect brain form perceptions from the visual
information received from the sensory neur@®shnia and Desplan, 2015)he axons from

the R1R6 photoreceptors project to neural colurand are received dgrgemonopolarcells
(LMCs) and theamacrinecell (AC) (Shaw,1984) The larger L1 and L2 cells mediate key
pathways fomotiondetection as they respond to on an off moving edgieit in opposing
directions with L1 perceiving baeo-front motion and L2 fronto-back (Vogt and Desplan,
2007) The information is then transferred from the lammaervating at different layenrda
several cell types to the medu(lslorante ad Desplan, 2008)The R7R8 cells circumvent

this neuropil and make synaptic connections withr tb@respondingnedullacolumnwhere
motion and colour information integrafi€irschfeld, 1967; Morante & Desplan, 2005yom

this point, the information is carried throughout the rest of the visual pathway: lobula, lobula
plate and central braifBorst, 2009) The lobula platdas feen studied extensive{dorst and
Egelhaaf, 1989; Krapp, Hengstenberg and Egelhaaf, 2Q@bula plate tangential cells
(LPTC) are present in layers of the lobula plate and are sensitive to horizontal or vertical motion
(Schnellet al, 2012; Borst and Helmstaedter, 20H5)d so are associated with optomotor

responsegFujiwaraet al, 2017; Kimet al, 2017)

Eye designs

Different optical designs evolve by natural selection due to different light intensities exerting
selection pressure. Each design is categorised according to therstaradufunction of the

optics and retina. The two most widespread designs are the focal apposition compound eye
(and its variants)Hig. 1.2) and the superposition compound éyand & Nilsson, 2012)

Apposition eyes gather rays from a particular direction by focussing light from a single lens
onto its fused rhabdom belowi. 1.2A andB). This design is commonplace among diurnal

species living in bright habitatdike honeybees. Rays from a different origin are absorbed

6



within the screening pigment of the cell, functionally isolating the ommatidia from each other
(Yacket al, 2007) In a tradeoff between resolution and sensitivity, tieiedesign generally
favours resolution and lacks sensitivity. In contrast, the superposition eye captures rays from
multiple lenses and focuses them onto a single rhaljdand and Fernald, 1992)his design
facilitates higher sensitivity levels and so is unsurprisingly typical of nocturnal species
encountering lowigjht levels(Frederiksen and Warrant, 2008)owever, it is challeging for

the optics to perfectly superimpose multiple images, limiting resolution (for review, see
Warrant, 2017) Drosophila possess a variant of the apposition eye called the neural
superposition compound eyed. 1.2C). This desigrsomewhat removes the limitations of the
other eye types by possessing similar optics to the apposition eye, yet superimposing the images
using neural mechanisms akin to the superposition Hye.neural superposition eye Df
melanogastelis of interest o this thesis. Since the above section (€eenpound ey@s
generally discussed the structure and function of the apposition eye, | shall provide more insight

into the neural superposition eye.

In the fly eye, the neural signals of eight receptor q&tl-R8) from seven neighbouring
ommatidia superimpose together in the same secoet cell of the laminéKirschfeld, 1976;

Borst, 2009) This is possible as the fields of view of the six peripheral rhabdomereg in on
ommatidium share the same view as the central rhabdomere of one of the neighbouring
ommatidia. Likewise, the angle between adjacent ommatidia is identical to the angle of
adjacent rhabdomeres within an ommatidium. However, this eye type does haveantonst

The separation between the distal tips of the rhabdomeres within an ommatidium has to be
identical to the angle separating adjacent ommatidia. Because the rhabdomeres are very
narrow, considerable light energgcursoutside the lighguide i.e.'leakage’. Consequently,

there needs to be a substantial separation between rhabdomeres to prevetdlKcross
(Wijngaard and Stavenga, 1975)

This eye design is the only design found within the Brachycera edteracterised by their
reduced antennae segmentaiiarsuborder of Dipterans (higher fligd)ilsson and Ro, 1994)

to which the Drosophilidae family belong#/iegmannet al, 2003) An interesting optical
phenomenon iDrosophilais the "deep pseudopupil”. Each lens forms an upright virtual image
of the seven distal rhabdomere endings in its focal pl&ranceschini, 1972)This
phenomenonallows the analysis othe movement ofphotoreceptormicrosaccadesas
discussed in chapter 3.
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Fig. 1.2 Two optical designs of compound eyes.

(A) The focal apposition compound eye with (B) a fused rhabdom, typical of diurnal insects
such as the honeybee Apis mellifera. (C) The neural superposition compound eye with (D) an
open rhabdom, as found in the fruit fly Drosophila melanogaster. This design superimposes
the neural signals of eight receptor cells from seven neighbouring ommatidia together in the
lamina, this is possible as the six peripheral rhabdomeres in one ommatidium share the same
field of view as the central rhabdomere of one of the neighbouring ommatidia. This facilitates
higher sensitivity levels for the fruit fly which is active at dawn and dusk. Image redrawn and
modified from Land & Nilsson, (2012).



1.1.2 Spatial vision

Many behaviours are mediated by visual acuity, defagethe minimum angle that the eye can
resolve spatial information. High acuity increasesiti@ge's resolutioand thereby provides

fine spatial detail. However, the two principal components of the #éageoptics and the retina

- cause numerous physidahitations to the spatial resolving power of the ¢Warrant and
Mcintyre, 1993; GonzaleBellido, Wardill and Juusola, 20115urthermore, light availability

is a significant limitation since the eye's capability is irrelevant if insufficient photon capture,
i.e. photon noise, restricts any discernible spatial detail. This is because any ambiguity over the
intensity of a stimuls concurrently provides uncertainty about its spatial loc@iitarrant and
Mcintyre, 1993)

Optical limitations

Mallock (1894)first proposed tat the arthropod eye produces a relatively poor image due to
its small and imperfect optics. The poorer the optics, the worse the retinal image and
consequent spatial resolving power of the eye. Optical limitations include spherical and
chromatic aberratio (Warrantand Mcintyre, 1993)In both cases, parallel light rays are
focused to a position behind the lens, i.e. the focal plane. However, due to the spherical surface
of the lens, rays entering the periphery can focus closer behind the lens than rays dntering a
the centre, thereby focussing short of the focal plane and causing blurring and ultimately
reducing image quality. Comparably, chromatic aberration can focus shorter wavelengths of
light closer to the back of the lens than longer wavelengths to caus@adliWarrant and
Mcintyre, 1993)

Additionally, since the compound eye consists of tiny lenses, they have the fundamental design
problem of diffraction. This occurs when light passes through an aperture, as it will slightly
bend (i.e. diffract) at the edgélsand & Fernald, 1992)This arises due to light photons' dual
properties, whichre particles that behave like wa@oglie, 1924) The smaller the lens, the
more significant the effect of diffraction as light rays will spread more and restrict resolvability
due toits wavelike propertieqLand & Nilsson, 2012)Consequently, there will be a blurred
pattern of light within the retinal imageferred to as the "airy disklLand and Nilsson, 2012)

The airy disk will reach a threshold of being too large with decreasing facet diameter.
Therefore, to limit diffractoin, either the lens size can be increased or the wavelength reduced
(Land, 1997) Besides diffraction, smaller lenses also limit acuity as they ultimately allow
fewer photons to pass through and be captured by the photoreceptar§3retder, Stavenga

and Laughlin, 1977; Nilsson, 1989)



Photoreceptor limitations

The size and number of rhabdoms are critical to the overall visual acuity of the insect. Spatial
resolution is improved with narrow rhabdomeres since they collect light from a smaller
receptive field within the scenddow rhabdom size influences acuity wasidied in a
comparative study of two miniature dipteran species, the fruit fly and the predatory killer fly
(Coenosia attenuajaGonzalezBellido, Wardill and Juusola, 2011Jhe study highlighted

that although the species have simgaed lenses, the killer fly has threefourfold better
acuity. Consequently, it is not the optical limitations influencing the differences in spatial
resolution. Instead, as shown by elestmicroscopy, the much smaller rhabdomeres found in
the killer fly contributed to their enhanced acuity, consistent with the ecological demand of
their predatory lifestyle. Conversely, some photons will propagate outside the rhabdomere

when very narrowSnyder and Miller, 1977)potentially limiting the spatial resolving power.

Interommatidial angle and acceptance angle

The interommatidial angle ¢¢ ) refers to the angular spacing between adjacent ommatidia (

1.3) (Land, 1981, 1997)Smaller angles indicate more densely packed rhabdoms which have
the potential for the eye to facilitate high spatial resoluf®myder, Stawega and Laughlin,

1977) The precision in which light is split according to its direction of origin, i.e. resolution,
determines how well an animal can see. The ratio of the facet diameter, D, compared to the
eyes radi us cur vat udeemmineR the ifteminénatidial angleaahd an s )
consequent ommatidia density. To improve the resolvability of the compound eye, a larger eye
radius and smaller facet size would elicit a higher density of ommatidia and enhance resolution
(Kirschfeld, 1976; Land & Fernald, 1993ut since the eyes surface is a finite area, it cannot
have adaptations that maximise both resolution argitsety. Thus to limit tradeoffs between
resolution and sensitivity, one solution would be to increase the size and quantity of the
sampling units, yielding an overall larger €y@and & Fernald, 1992)However, the required

size of a compound eye to match the resolvability of a catypeseye would be unsupportable

and impede lalogical fitnesqKirschfeld, 1976)

I n addition to the iIinterommatidial angl e, an
(Fig. 1.3). The angle is defined as the haifdth of the photoreceptors receptive field (angular
sensitivity) for each ommatidiufwarrant and Mcintyg, 1993)and determined by the ratio of

the rhabdom diameted, and the focal length of the ommatidiuin, ( déprpdians)Stavenga,

2003; Frederiksen and Warrant, 2008hus, the interommatidial angle would represent the

angular spacing between pixels on a camera image, and the acceptance angle would be the
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angular size of each pixel. Conseqtly, smaller angles in both would imply better spatial

resolution.

A common approach is not to have a constant lens size across the eye but rather to vary the eye
structure in different eye regiofisand, 1997)For example, when comparing interommatidial
angles, irD. melanogasterthe angle ranges fronf # the frontal area to°@n the dorsal rim
(GonzalezBellido, Wardill and Juusola, 2011Regions of smaller interommatidial angles and
enlarged facets are called acute zones and are typicalpseiic. For example, male insects

often possess acute zones to support odsehaviour during sexual purs(liand & Eckert,

1985)

The structural and optical measurements provide valid estimates to determine the resolvability
threshold of each species. This, along with the quality of thesoptid the density of the
sampling units. For example, the historical consensus iPtlogbphilahave lowresolution

vision and experience considerable motion blur. Generally, this was believed due because of
the limitations discussed above, including thterommatidial angle size, photoreceptor slow
integration time(the speed of phototransduction reactipms)d motion blur during saccadic
behaviours(Land, 1997) Since the vast majority of the time the eye or the animal's
surroindings are moving, motion blur restricts spatial resolution. The extent of blurring
depends on the photoreceptorsd integration
relative to their surroundingéSrinivasan and Bernard, 1975; Land, 1999gny insects
experience blurring with angular velocities over 50° per se¢badghlin and Weckstroém,

1993) which during flight is prevalent as higdpeed movements can be up to thousands of
degrees per secor{@ollett and Land, 1975However, different adaptations have arisen to
overcome the limitations brought about by motion blur. This includes acute zones (discussed
above), saccadic and fixation behaviour (discussed belowBady saccades and
photomechanical contractions (microsaccades) (discussed belowhatomechanical
photoreceptor microsaccadeS€onsequentlyneural or physiological mechanisms naaythe

optics and thereby enhanaeuity beyond what is predicted by the optalone.
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Fig. 1.3 Two optical parameters that define visual acuity.
The interommati di al angl e (o) is the angul ar s
acceptance an g l-wbdth(ofdhe angulassertsitivity curva. linfage reproduced with

permission from Horridge, (2009).

Spatial wavelength

Various stimuli can be utilised for the behavioural assessment of an animal's visual system.
Behavioural studies to determine the finest grating or single object thresholds an eye can detect
can generally be referlreeod otro dansi n{iLénduLE@Tvi i nsiinbul n

First, linear square gratings are extended source stimuli of equally sized dark and light bars
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repeating. The variability of the size and contrast of the bars is a valuable tool for testing the
visual sysem of an animalWarrant and Mcintyre, 1993The bar's size is commonly referred

to as the spatial wavelength, the angle in degrees in which one cycle of the bars, i.e. one dark
and one light pairing, subtends the eye, i.e. degrees/cycle. The animal will salyere
individual bars if each bar is projected onto separate photorecépami, 1997) The spatial
frequency is the reciprocal of the spatial wavelength. Therefore, high spatial frequency gratings
contain more inherent spatial detail as smaller bars are more tightly packed together, while low
spatial frequency gratings contain less detail with coarser bars. Testing the limit of the visual
system to respond to high spatial frequency bars is a wsgfatimental approach to measure

the spatial resolution of the eye.

Second, the smallest detectable single object can sometimes define acuity instead of the finest
grating. This is because detecting snohllecs and small gratings offers different deabes

and situations for the eye. In its natural environment, a single object, for example, maybe a
virgin queen sighted by a drone, a grating, on the other hand, could be compared to general
flora. Consequently, the smallest single object detectableggyte is not necessarily identical

to the finest grating visible.

1.1.3 Motion and active vision

Motion perception is the most studied visual modality in fruit flies. The elementary motion
detector (EMD) was one of the earliest models on motion detectioned?ed and first
proposed byHassenstein and Reichardt (195@)e generalised model computes motion
direction centred on a ndmear correlation of the response between two adjacent
phaoreceptors to temporal luminance chan@@surtenet al, 2007) This is ackeved by
directionselective amplification of the directional responses of the adjacent receptors after one
has been delayd@ehnia and Desplan, 2019)wo pathwayssompute this, one detects light
edges while the other detects dark eddéaisaket al, 2013) The response is predéd by

the model to not increase continuously with increasing velocity, but rather after going beyond
the optimum velocity to then decrease in response. Additionally the model predict that this
optimum velocity is not fixed but rather varies in responsthéospatial wavelength of the

p at t (Barsh POB0)As paameters were modified to fit new experimental observatloers

new models originatedThe BarlowLevickmo d el 6 i s a(Barlowsand Levitlk nt i ¢ a |l

1965) except brightness signal comparisém calculate the direction of image velocity are
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achievedby having two adjacent image points arriv@@dtaneously through a veto gate. The
detectors null direction therefore corresponds with the motion direction, e.g. from right to left.
Motion vison has many functions for animal. As the animal moves through its environment

the retinal image is in cetant motion. The distribution of motion vectors, optic flow, depends

on the specific movement that the animal performs, such as moving forward or sideways. Optic
flow therefore is an invaluable source of information for visual course cdh#mlson and
Srinivasan, 2018)

Vision can generally be divided into two types of systems, passive and active. Passive refers to
object movement and the energy generation independent of the animal ofiSetsen and
Maclver, 2006) Examples include the use of celestial visual cues to guide their behaviour. The
dung beetle Scarabaeus satyrysfor instance, has been found on a starlit highuse the

Milky Way for straightline orientation(Dackeet al, 2013) However, either as an alternative

or combined with passive cues, the anicah also use their sejenerated energy to extract

information from their environment.

Many examples of active sensing can be found in nature. For example, bats and dolphins have
used 'sound' for echolocation by emitting sound energy (biosonar) intetiveionment to

help with navigation and prey capty#u and Simmons, 2007)Touch' has been utilised by
many insects species, including sticisects Carausius morosgsand crickets Gryllus
campestrisGryllus bimaculatusthrough their antennal movemef(it®orseman, Gebhardt and
Honegger, 1997; Durr, Kénig and Kittmann, 2004ore to the point, there are numerous
examples of animals utilising 'vision' factive sensing of their environment. | shall first
discuss how animals use the sgtinerated energy of their body and head movements for active
vision. | will then explore the more recent finding of photorecepticrosaccadesn
Drosophila melanogasteas this discovery is the motivation for the experiments in chapters 2
and 3.

Body saccades

Human eyes can move independently from the head and body, using @afidgagaccade (or
gazeandshift) strategy(Land, 1992) However, unlike vertebrates, insects cannot move their
eyes independently from their head as their eyes agd br the external surface of the head.
However, this does not mean that invertebrates cannot achieve active vision. Flying or walking
insects also perform fixation and saccadic behaviour by moving their entire head and body

(Geurteret al, 2014; Mongeau and Frye, 201This entails rapid periods of stabilised ggzin
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intermittent with rapid shifts in gaze locatig@ollett and Land, 1975; Schilstra and Van
Hateren, 1999; Van Hateren and Schilstra, 1999)

Drosophila(and other flying insects) use head movements to stabilise thefieldlémage,

which helps steady the visual input and reduce motion(Hardcastle an&rapp, 2016)Fox

and Frye (2014joundthat head fiation impairs object fixation when the object is presented
alongside ground motion. Wing steering responses follow both the figure and ground whilst
the head follows only the ground. Suggesting the head movements are necessary for stabilising
the image ofyround motion during a visual tracking tg$lox and Frye, 2014 Additionally,

these headnovements shape and coordinate the flight motor response in flies during flight
Cellini and Mongeau (202®und that head movements increase the wing gain and coordinate
steering responses. Furthermore, head responses occur 40 ms sooner than wing responses,
suggesting a temporal order of the head gathering hiisieamation (through the compound

eyes) to elicit the appropriate behaviour response (downstream wing steering responses). In
addition to head and body movements, it has recently been shaiwapair of muscles within

the eye cause saccaldlee movemehthat may enhance vision (unpublished work presented by
Lisa Fenk at thé&ourthInternational Conference on Invertebrate Vision 2019). Furthermore,
recent work has showthatDrosophilapossess photomechanical photoreceptor movements as
another form of aove vision, to some extent comparable to the saccades of the vertebrate eye
(Juusoleet al, 2017)

Photomechanical photoreceptor microsaccades

Juusolaand colleague®017)demonstrated that fruit fly photoreceptor cells rapidly contract
to light in vivo (in intact living flies), as &d been previously shown Wardie and Franze
(2012)ex vivo(in a petri dish). These ntractions (or microsaccades) occur by cleaving,PIP
e.g. phototransduction, so photon capture self generates this form of active §éasiiegand
Franze, 2012; Juusoé al, 2017) The contractions occur beneath the rigid optics. (1.4)

and swing the photoreceptors backwards, forward, and sigieléan a pistorike motion.

Such cell contractions and elongations dynamically shift the x,y position and adjust the
receptive field size, further focussing the light input spatially and tempaog&gscifically, the
phasic responsemoveaectechtevan ob¢eghdtsorecept
next, thus encoding space in tinfdnese findings suggest that fruit flies possess "hyperacute
vision", defined as spatial resolving power better than what is predicted by the optical

resolution limt. Notably, thesdocal photomechanical microsaccades differ from ghabal
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eyemuscleinduced micremovementsas intraocular muscles would move the retina as a
wholein a single movemergEranceschinet al, 1991; Franceschini, 199%hichinspired the
construction ohyperacutertificial light-sensorgViollet, 2014)that has applications within
visual stabilization and target tracki(@olonnieret al, 2015)

The ultrafast microsaccade dynamics would then have the added effect of reducing image blur,
an essential feature for continuously sampling light during the head and body's saccadic and
fixation behaviour. However, this behaviour generates rapid angular velocity changes
(Srinivasan and Bernard, 1975which, together with Drosophilds relatively slow
photoreceptor integration tim{@uusola and French, 1998uggests a blurred image. Indeed,

the previous consensus is that flies would have essentially been blind during this behaviour
because of this motion blgtand, 1999) Nevertheless, the previously unknown mechanism of
photoreceptor contractions explains the fly's potential ability to see a clear args$ndition

image (Juusolaet al, 2017) When a fly was presented with high contrast bursts (rapid light
changes and static periods) resembling a naturally lit scene, intracellular recoedegjed

that RER6 captured up to four times more information than previous estirfiatesola and
Hardie, 2001)

Furthermore, behavioural experiments investigating their optomotor response showed the adult
female Drosophilaresponded to gratings as fine as 1, Hpproximately éur times smaller

than their interommatidial angle, and consistent with the intracellular recordings. The
implications are thab. melanogastespatial vision might be fotfiold better than previously
believed. Following from this resear¢uusolaet al, 2017) how the mechanics of the
contractions occur globally over each eye has now been explored for the first time, suggesting
that these contractions also provide stiange binocularity ilDrosophilg to be discussed in

more detail below (1.1.4 Binocular vision).
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Fig. 1.4 Drosophila photoreceptor microsaccades enhance spatial resolving power.

In vivo recordings show the lens is immobile (top) while the photoreceptors below contract to
light input (bottom). The contractions occur beneath the rigid optics and swing the
photoreceptors backwards, forward, and side to side in a piston-like motion. Such cell
contractions and elongations dynamically shift the x,y position and adjust the receptive field
size, further focussing the light input spatially and temporally. Grey bar indicates a light flash
stimulation. Image reproduced with permission from Kemppainen et al., (2022).

Indeed, numerous studies supphrtisola’'s (201#heory and go against the traditional view
thatDrosophilaonly see blurred lowesolution images. For examplchneideet al. (2018)
demonstrate with machine learning and modelling adsophila have visually distinct
featureshat conspecifics can use forigentifying each other. An@ruz, Pérez and Chiappe,
(2021)(e.g. their Fg. 6C) show freavalking Drosophilareacting robustly and consistently to
hyperacute 1° and 2.5° objecSonsequently, there is growing support tlabsophila
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perform feats beyond the optical limit. This is perhaps unsurprising given the above fatttors an
other behavioural examples of animals detecting objects smaller than the interommatidial
angle,such as robber flies (Wardét al, 2017) andiller flies (Wardill et al, 2015)

So while head movements serve to stabilise the gaze to elicit wing steering re¢fetises
and Mongeau, 2020photoreceptor movements seemingly serve to enhance the retinal image

beyond the structural limit@ns, though their exact functional role remains to be investigated.

1.1.4 Binocular vision

Depth perception

In a threedimensional world, the ability to perceive depth is essential for many species. To
identify whether an object is a target of interest,ahanal must evaluate its properties and
decide on the appropriate behavioural response dependent on its distance. For example, a
predator needs to decide whether it is a suitable prey item, and the prey needs to decide whether
it is predatory species it ads to evad€Prete and Mc Lean, 1996; Combetsal, 2012;
Haselsteiner, Gilbert and Wang, 2014; Warelilal, 2015) To evaluate this, the animalust

first determine whether the object is small and close or large and far away, as either scenario
can subtend the same angular size on the rétipal(5A). Conversely, a small object, either
close or far away, would subtend very different sizes errgtina fig. 1.58). However, the
images sampled by the retina are collected by adiwensional array of photoreceptors.
Therefore, the "lost" thredimensional (3D) information must be reconstructed perceptually
from 2D retinal images by extrapolatidgpth cues that signify differences in object distance.
These cues can be either monocular (one eye) or binocular (two eyes) and typically fit into
three distinct categories; light transport, perspective and triangul@arkset al, 2016)

Light transport involves shading and occlusion, while perspective includes lo@nthg
relative size. The latter category of triangulation entails motion parallax and binocular
disparity. Motion parallax is the most common mechanisportedin invertebrates. The
perceived speed an object moves across an animal's visual feed is dateéhnits distance

from the observer. Thus, objects closer to the animal will appear to move faster and further

than those farther away.
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Invertebrate stereopsis

In general, binocular disparity for depth perception in animals is much less common or
demonstated. Thus, its occurrence in invertebrate species is much less known. Stereopsis, or
stereo vision, functions to calculate object depth using the binocular disparity between two
eyes. Thus, each eye simultaneously acquires a slightly differenditmersional retinal

image. These differences between images become evident once fused neuronally. From this,
the object's distance can be calculated. However, this mechanism has been demonstrated in
relatively few species. Traditionally, research into stersmrihas focussed on primates and

other mammalgNityananda an@®Read, 2017)encompassing both predat@Btito, Lepore and
Guillemot, 1991)and prey speciggimney and Keil, 1999)

Until recently, stereopsis had only been suggested in a single insect order, the mantises
(Maldonado and Rodriguez, 1972)tilising anaglyph glasses\ityanandaet al (2016)
demonstrated that praying mantis will attempt hunting behaviour when the observed stimulus
is perceived to be within its catching range. However, inspired by the approach used in mantis,
cuttlefish have been tested with anaglyph glasses and presertatipvigly itemsFeordet al
(2020)found that cuttlefish detected and positioned themselves to strike prey nicisngyf

when binocular vision remained intact. Cuttlefish stereopsis is a much more recent finding

(Feordet al, 2020) and so it is much less clear and tmderlying mechanisms less understood.

In both cases of invertebrate stereopsis, the animal utilised binocular mechanisms for the
fundamental function of prey capture. Further investigation is needed to determine whether
stereopsis appears in other irebrate speciet. may be surprising that recent theory suggests
that the fruit flymay utilise stereo vision for shemdnge distance estimatigkemppanenet

al., 2022) The photoreceptor contractions that enhance aglutysolaet al, 2017)may also
provide the fly with binocularity over a short range due to dglebal mechanics of the
contractions. Kemppainen et al. (2022) show how microsaccades contract miror
symmaerically across both eyes in a baitkfront motion which calculates object distance via

phasic disparity signals correlating into neural distance temporally.

19



32 CM=

16 cm= '

0 cm-

B

£

Sampling properties of the compound eye

Target against
bright background

§

Viewed through
ommatidia

Distance to target

Number of ommatidia viewing the target decreases with distance
At large distances the target may be a simple dot

Fig. 1.5 Depth cues in animals.

(A) Close-small and far-big objects subtend the same angular size on the retina. This therefore
makes it difficult to distinguish the distance to the object which animals need to overcome to
minimize metabolic costs. (B) When close to the observer, more sampling units capture the
object than when itisfaraway. As di st ance increases fewer
it may only be covered by a single pixel. Images reproduced with permission from (A) Wardill
et al., (2015) and (B) Gonzalez-Bellido, Fabian and Nordstrom (2016).
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1.2 Measuring behaviour

If the eyes arerainstrument tseethe world, then behaviours are a mechanismteyactwith

it. We can determine which visual cues they can perceive by measuring an animal's behavioural
output This section explores using virtual reality systems to isolate specific behaviours and
visual cues from the optomotor response and object detection. In addition, to the ways,
Drosophilacan be conditioned to develop orientation preferences in a fligldatior.

1.2.1 Using virtual reality

Researchers can immerse animals in artificial environments through virtual reality (VR)
systens to measure various visual behavio{8shultheisst al, 2017)(Fig. 1.6). Typically,
animals are fixed in space, and their responses to artiftaialls are quantified. Though it
restricts natural behaviour, this approach increases animal and stimulus presentation control to
yield novel insights into many research ar@@houinardThuly et al, 2017) For example,
understanding visual course control, the ability to select and sustain a specific orientation, and
understanding motivation, i.e., the animal's goal by maintaining a particular orientation. The
system of most relevance to this thesis is thghflisimulator (see Chapter 2 & 3), which
measures flying behaviour, which can be tested in bp#n and closetbop paradigms
(Schultheisst al, 2017)

A critical issue with behavioural observations of freely moving animals in a highly complex
environment is demonstrating conclugwthat the behaviour of interest results from specific
stimuli and is not influenced by other factors. In this respect, the artificial setups of virtual
reality systems have the advantage that-defined stimuli can be presented to the animal,
allowing a more systematic investigation into the different elements of visually guided
behaviours. However, this comes at the price of understanding the animal's motivation and
contextdependent behaviours performed in an artificial environrftéeisenberg and Wolf,

1984)

A useful setup, parallel to the measurements of attempted flight, is the use of a trackball to
measure the walking behaviour of insects. Insects can engage their legs wittstipparted

ball and attempt locomotion in response to the visual stimulustheh presented within an

LED matrix or light projected aren@aylor et al, 2015) However, LED arenas are not as

helpful in studying acuity, with size restiimhs often being close in size to the interommatidial
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angle (e.g. 3.75Salemet al, 2020) Thus, | used the torque meter with paper scenes, enabling

much finer visual stimuli.

Fig. 1.6 Examples of measuring invertebrate behaviour using virtual reality.

Image of a tethered American cockroach Periplaneta americana mounted on an air-supported
trackball in a bespoke virtual reality systems. Insects can engage their legs with the air-
supported ball and attempt locomotion in response to the visual stimulus. Though it restricts
natural behaviour, this approach increases animal and stimulus presentation control to yield
novel insights into many research areas. Image reproduced with permission from Takalo et
al,, (2012).

1.2.2 The optomotor response

An instinctive behaviour that is not easily observed in the wildt is an essential aspect of
motor control is the optomotor respong8rinivasan, Poteser and Kral, 1998)any animals
can move their eyes (optokinetic) in the same direa@®motion. Insects, however, cannot

independently move their eyes and so turn the entire body (optomotor). The behaviour is an
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automatic turning to follow the movement of wifield stimuli. It functions as a form of course
control whenever the animal enmters unexpected or sudden deviations from its heading
(Srinivasan, Poteser and Kral, 1998pr example, this may be a gust of wind blowing a
honeybee leftward during a flight this case,lte animal's optic flow would rotate from left

to right across both eyes. Optic flow provides information about motion direction and object
distancgCroninet al, 2014) Insects typically encounter either translation (frmaback optic

flow) or yaw rotation (fronto-back in one eye, badk-front in the other eye). Thus, to
stabilise rotational optic flow, an ingewill attempt to reduce the retinal slip of the flow field

by maintaining a straight patfGotz, 1968) Therefore the honeybee example stadily
rightward

Regardless of the optomotor response’s function and visibility in nature, its use in a laboratory
setting is unquestionable. Its effectiveness is akin to using the proboscis extension response
(PER) protocol in honeybee learning and mgmexperiment§Giurfa and Sandoz, 2012)he
optomotor response has been utilised in vision researah affective behavioural measure in
controlled experiments for measuring various aspects of visioni(7), including the role of

ocelli (Honkaneret al, 2018) binocular interaction@uistermars, 2012}he organisation of
largeand smalifield pathwaygDuistermarset al, 2007)and dimlight vision (Nuutila et al,

2020) Furthermore,von Gavel (1939also demonstratl that flies responded to gratings
smaller than the interommatidial angle, the first indication that the optical resolution limit did
not limit Drosophilaspatial resolving pwer. It is a behavioural response that will be robustly
performed as long dke animal can see the movement of the environametdsted in Chapter

2.
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Fig. 1.7 Examples of measuring optomotor behaviour in animals.

Dark and light bars presented (A) to the fruit fly Drosophila melanogaster and (B) honeybee
Apis mellifera that turn their entire body (optomotor) to follow the movement of wide-field
stimuli. This is an innate response that functions as a form of course control whenever the
animal encounters unexpected or sudden deviations from its heading. Presenting different

sized bars is a useful tool for measuring visual acuity.

Historically, linear gratings (discussed above 1.1.2 Spatial viSpatial frequengy have

been used to elicit optomatoesponsegSrinivasan, 1977)Early studies includeon Gavel
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(1939) who tested optomotor behaviour to different spatial wavelengths and contrasts.
Interestingly, when the preded wavelength was approximately 9°, the turning response
reversed as the flies turned in the opposite direction from the moving grating. In the dim light,
this reversal shifted and now occurred with larger wavelengths. This reversal point was
explained aa Moiré effec{Fig. 1.8). This phenomenon has been found in honeybees between
5° and 109Kunze, 1961)Aliasing occurs when overlapping periodic textures are offset by a
slightly different wavelength or anglen behavioural measures of acuity in insetite, moiré

effect is occurring between tieterommatidialangle and the gratinghich is induced by the
rotation of the gratings, which are perceived by the animal as a slowed dage rotation

which then reverses in the opposite directidorridge, 2009a)

Fig. 1.8 The moiré effect.
Aliasing can occur when overlapping periodic textures are offset by varying spatial
wavelengths or angles. When measuring acuity this can result in the animal perceiving

movement in the opposite direction when viewing specific spatial wavelengths.

To stuly the optomotor response Bfosophilaeye mutantsG6tz (1964)developed the yaw
torque compensator, or ®alled 'Drosophilaflight simulator”. By measuring their turning
tendency, i.e. the amount of force the fly exerts in its attempt to control its fliglstecGiitz

was able tstudy the motion perception of the fly. In this and subsequent experiments, the fly
is tethered at the torque meteiy. 1.9), i.e. itis never really making actual turns or performing
saccadic shifts, and therefore is receiving rsuai feedback. The fly's behaviour is restricted

to one degree of freedom (i.e. rotation around the vertical body axis). The setup is configured
to openloop where the grating was under the experimenter's control and therefore was
unpredictable to the anah So while the yaw torque of the animal does not control the stimulus

as it does in a closddop setting, the fly's torque is nevertheless analysed to assess how well
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the animal can see the specific stimulus parameters. Flies do not fly in smoothrcoatese.
Instead, ey zigzag (saccadesgorrespondingo torque spikes when tethered at the torque
meter. As the fly receives no visual feedback and seemingly fails to achieve any goals, the
responses generally decline in strength over repetitichsnaist be averaged.

The simulator has been utilised to develop insight into visually guided behaviours. Such results
are possible due to the fully automated control of the stimulus (e.g. speed, direction) in response
to the precise torque output of thg fle.g. yaw, thrust, pitch, roll). Theoretically, lots of
different behaviour can be performed by the animal. However, the literature has mainly focused
on yaw torque, which has been studied for over 50 y@aitz, 1964) Blondeau and
Heisenberg (1982)esigned a simple torque meter to measure pitch andit/IWolf and
Heisenberg, (1995ntroduced a novelty choice experiment, a visual pao@dparison task

tha does not provide any reinforcement, and later studied how the central complex and
mushroom bodies mediate the behavi@golanki, Wolf and Heisenberg, 2018)ore recently,
Toepfer, Wolf and Heisenberg (20li8yestigated orientaon behaviour in a flight simulator
system where the visual stimulus was ambigudins setup is traditionally used with an
unambiguous stimulus, adding a second texture that rotated opposite to the first texture could

see how the fly used each frameefierence when selecting cues for flight direction.

Torque meter

Mirror Laser
>
Yaw torque

Left scene Right scene

Fig. 1.9 Drosophila at the torque meter.
Schematic of a tethered flying Drosophila at the torque meter presented with competing left
and right stimuli. The attempted turns to the left and right (yaw torque) by the fly are measured

in response to the stimuli. Image reproduced with permission from Tang and Juusola (2010).
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In addition to studying the optastor response of flyingdrosophilg devices have been
designed to record the turning behaviour of walkiDgosophilg such as the "tread
compensator{Gotz and Wenking, 1973nd "styrofoam ball(Buchner, 1976)For example,

a recent study developed a spherical projection system fitted with a trackball using a fisheye
lens to project visual stimuli to the sphere's inner surfaedalo et al, 2012) This was
followed up by(Honkanenet al, 2014) using the same setup to measure the optomotor
response of cockroaches. More recentlpnkanen et al. (2018howed that besides the
compound eyes, the ocelli play a vital role in the rmeg@m that elicits the optomotor response

in cockroaches. The spherical projection system described abovbekasadapted for
cockroaches, but may be utilised for a more comprehensive array of smaller invertebrates

with minor adjustmeist

1.2.3 Object detection and fixation

Distinguishing small singular objects (or targets) amongst a complex visual environment is a
challenging visual task. Targets can be defined as a small object moving independently of its
background, e.g. a fly moving through its environment, and cando&enl for various
functions, including foraging or matin@sonzalezBellido, Fabian and Nordstrém, 2016)
Nevertheless, the compound eye with a relatively low spatial resolution still enables many
insects to detect and then perform appropriate behavioural responses to the small object relative
to its context. For exampléuring flight, animals perform a "gaze and saccade" strategy that
includes periods of rapid movements (saccades) and fixations (gaze). When tracking a small
object, either through saccades or fixations, the background imagefi@htjas shifted over

the retina, creating an optic flow, while the object (s#fiall) remains relatively still on the

retina as the animal attempts to track it.

Consequently, this process was believed to arise from two functionally distinct visual
pathways. A widdield pathway which responds to optic flow and is associated with
behaviours such as the optomotor response (discussed éReistjardt, Poggio and Hausen,

1983) and a smalfield pathway associated with smaller obje(Egelhaaf, 1985; Carroll,

1993; Nordstr°m, Barnett and O6Carrol I, 200
Duistermarset al, 2007) These distinct visual pathways arise in early visual processing,
diverging in lamina monocular cells (L&) directly downstream of the photoreceptors

(Katsov and Clandinin, 2008)
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Consequently, the insect visual system needs to segregate the relative movement of the object
to distinguishtifrom the backgrounif Nor dstr °m, Barnett and O6Car
Oo6Carrol I, Belld®, ;Fabighoamd Hdrdstdm, 2016Dbjects can remain
obscured if it is stationary and mhagés the background texture, though if the object moves, it

will suddenly become visible. Following on from the early optomotor experiments at the torque
meter, this object detection has been shown behaviourally in \M&tahahn and Reichardt,

1973, Virsik and Reichardt, 1976; Reichardt and Poggio, 1979; Reichardt, Poggio and Hausen,
1983)

The theory of "object fixation" byReichardt and Poggio (197@gscribes how an animal
chooses a particular orientation relative to a specific reference point. @hévibur, or
orientedness, functions to collect as much information about its current situation by continually
gathering sensory data about objects. The stabilisation of a vertical "stripe” in the frontal part
of the visual field was shown in the fly Mus(Reichardt, 1973)The stripe stabilisation in

other parts of the fly's visual field is called "nfixation” or "antifixation". However, the same
pattern carbe attractive or aversive. For example, when the vertical stripe is laighthe

arena background is dark, the fly avoids the stripe most of the time and perforfinsatioh
behaviour(Heisenberg and Wolf, 1984Behavioural studies have shown in freely walking
flies, Drosophila melanogastetthat stationary stripes induce fixation behavi@iReichardt

and Wenking, 1969; Horn and Wehner, 39Wehner and Horn, 1975; Horn, 197B)es had

their wings cut and were placed within a circular arena which was uniform except for a vertical
stripe on the periphery. In most cases, flies walked towards the stripe, although occasionally

flies would walk in the opposite directiofWehner, 1972)

In the flight simulator, the angular position of the pattern (a vertical stripe) is variable, while
the fly's orientation is fixed in space. Flies h#deen shown to prefer flying towards vertical
stripes(Heisenberg and Wolf, 197erhaps, due to the similarity with natural features from
the world, such as plantatks. This behaviour is independent of fly age, sex, and diet. It also
does not depend on the contrast or intensity of the pattern but rather its size affd/shaee,
1972; Horn and Wehner, 1975; Horn, 1978yerall, it has been shown that dark stripes have
a restricted "attractiveness" for flies when they are fixed in position and are walking or flying.

However for freely walking flies, this attractiveness is higher.

In contrast to the attractiveness of stripes, when presented withdoteallorspotg (either
circular or rectangular), flies have seemed to have an innate aversion to the gfitairiusn,
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Straw and Dickinson, 2008; Cheng, Colbath and Frye, 2@&8all dots may be perceived as
predators, despite small objects resembling attractive resources, such as a potential mate. Using
an LED display, it has been reported that flies avoid a small target in odourless air. However,
flies would reverse their ax@on and steer towards the small target when paired with an
attractive odoufCheng, Colbath anBrye, 2019) Walking flies find a small black (10°x10°)

square above the horizon as strongly repel[€ahaka and Clark, 2020)he squargattern

may not have the shape or angular velocity of a predatory species for {pegflgragonfly or

bird), butthe fly cannot pause to gather more knowledge about the object. We have seen that
the same patternao be attractive or aversivBot stimuli hastypically been found to be
innately repulsive,herel will test with smaller sized dots in chapter 3 to see whether the

response is constant with size.

With the vast amount of sensory information being gathieyexth animal at any given moment,

the nervous system would quickly be overwhelmed if it were to treat all information with equal
importance. Furthermore, the brain size would restrict the ability to analyse and respond.
Consequently, the brain separates ¢ritical information from the irrelevant or less important

by limiting actions to a momentarily selected fraction of the sensory information. Such is how
humans can shift their attention to any part of their visual field without actually moving their
fixation point(Warren and Warren, 196&)rosophilain the torque meter can perform similar
selective attentiofiTang and Juusola, 201@)nder specific parameters, the flies restrict their
responses to particular parts of the visual field, whether spontaneous or in response to other
sensory stimul{Wolf and Heisenberg, 1980ahg and Juusola, 2010)

It is difficult to understand the animal's motivational state when measuring spontaneous
preferences for simple visual stimuli in a virtual reality system. One solution is to manipulate
the animal's motivational state by conaliting a positive or negative attachment to the stimulus

with learning assays.

1.2.4 Learning at the torque meter

There are multiple visual learning paradignhi®arning requires a closédop system.
Consequently, yaw torque exerted by the fly to the left satlse clockwise rotation of the
panorama, while yaw torque to the right causes-@dotkwise rotation ("negative" visual

feedback for turning). The first to investigate operant pattern learning with flies tethered at the
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torque meter was byolf and Heisenberg (199 &fter experiments outside of the torque meter
demonstrated associative learningdrosophila melanogastgiSpatz, Emanns and Reichert,
1974; Folkers and Spatz, 198The original and standard paradigm at the torque meter is a
heat conditioning experimeé (Fig. 1.10). The panorama for visual learning carries four equally
distributed patterns in the centre of four quadrants4R1his thereforesurrounds the fly in

an alternating sequence of two types of pattern, for example, T patterns (condifiionoss

CS) (Dill, Wolf and Heisenbergl993; Tanget al, 2004, Liuet al, 2006)with an upright T

(e.g. Q1 or Q3) and inverted T (e.g. Q2 or Q4). To then investigate whether the fly can
discriminate between the type types of pattern, the fly receives heat punishment (unconditioned
stimulus US) (via a laser beam) if the fly orientates towards one pattern type (e.g. inverted T,
CS+). The fly can quickly learn to avoid the pattern with the punishing pattern. This is
remembered, and the fly prefers to orientate towards th@wmaishing patter (e.g. upright T,

CS), even after the heat is switched off permanently (memory (M4&ilf and Heisenberg,
1991) The food composition and fly age are critical for leariidgoet al, 1996) This setting

is wholly artificial and would not realistically occur in any contexfree flight in the wild.
However, flies can still learn an association between heat and a pattern or ori¢Btaiobs

and Heisenberg, 2000)

Building on this, this same method has been used to continue studies into pattern(Baining
Wolf and Heisenberg, 1993, 1995; Dill and Heisenberg, 19985 can discriminate between
identical patterns (T), which are presented at differing heights (9° centre of gravity difference)
(Dill, Wolf and Heisenberg, 1993)in addition to patterns, other feature$ learning
demonstrated at the torque meter include a combination of patterns and(Boéoubs and
Heisenberg, 20019olour alongWolf andHeisenberg, 1997; Brembs and Hempel De Ibarra,
2006; Brembs and Wiener, 200&)d yaw torqué€Heisenberg and Wolf, 1993; Brembs and
Heisenberg, 2000)

This learning assay has been utilised to investigate other aspedisofwphila vision,
including the functional relationships in the bréidill, Wolf and Heisenberg, 1995; Wo#t
al., 1998; Liuet al, 1999)and the learning and memory procésms et al, 1997; Xiaet al,
1997; Wanget al, 1998; Xia, Feng and Guo, 1998)

Operant learning (can also be referred to as outcome learning) is based around reward and
punishment learningHeisenberg, 2015)The animal responds to a particular action with a

specific behavioural response depending on the outcome. In such case, the animal relies on its
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expectation of the future for what the outwwill be, for example, if it expects to receive pain
when flying towards a particular pattern, it will respond by avoiding this pattern if it is able to
learn the association. Flies store numerous parameters including size, colour, and elevation of
the @mnorama for up to 48 hou{Xia et al, 1997) Wild-type flies are capable of generalizing
pattern memory over different contexts (i.e. coniagependent memory), which for flies with
impaired mushroonbodies is not possible (Liu et al. 1999). Mushroom bodigs baen used

in many studies of learning and memoryDmnosophilaand are necessary for associative
olfactory conditioning(Belle and Heisenberg, 1994; Waddell and Quinn, 2004¢ central
complex in the invertebrate brain is considered to be the site of orientation behaviour, the
integration of multipl e seorsdoeryd nfdudend c260b,eess a n c
Ofstad, Zuker and Reiser, 201By silencing neurons that have projections to the ellipsoid
body ( a substructure of the central complex) the ability for visual learning is greatly impaired
(Ofstad, Zuker and Reiser, 2011herefore specific circuits within the ellipsoid body are
essential for visual learning. In general, little is wmcabout the underlying neural circuits that
mediate these behaviours, such as associative learning at the torque mBiersdypitilais a
powerful model organism for determining how such complex behaviours are driven by circuits

in the brain.
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0.8

Performance index (relative units)

Fig. 1.10 Visual learning in the flight simulator.

Visual pattern learning of upright and inverse T-shaped black patterns using both colour and
pattern stimuli to train associations to fly towards the CS- after receiving heat punishment. (A)
The performance index (PI) shows no initial pattern preference during pre-training (green
bars). During training (red checked bars), heat is delivered to the head and thorax of the fly
for the CS+ (e.g. upright Ts). (B-E) During the memory test, the learning scores (Pl 8/9) show
that flies have a conditioned orientation preference for the CS- (e.g. inverse Ts) after learning
associations of (B) colours and patterns presented together, (C) colours alone, (D) patterns
alone, (E) or colours and patterns exchanged. This shows that when presenting patterns and
colours together, the different stimuli can elicit similar learning association strengths. Image
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1.3 Thesis overview

Visual information is a primary source of sensory input for many animals. Despite their tiny
eyes and brains, insects acquire and process a vast amount of information to guide their
behaviour(Warrant and Mcintyre, 1993Pue to their speciespecific adaptationshe fruit fly
Drosophila melanogasteran perform its required behavioural tasks. But how specifically do
the eyes help guide the animal's behaviour?

My research aims to understand how insects use the images generated from both their eyes to
enhance their perception of the world and whelhanelanogastesee the world with higher
resolution than previously believedhe fruit fly may seem an unlikelgandidate for high

acuity visual taskdut it is possible to study their flying behaviour as theywarg amenable

to behavioural experiments andvkeaalready been shown to see fine pattef@pgecific
guestions are: Does the optomotor response of thehfinge in response to hiflequency
gratings in different environment proximities? Is the fly's single target acuity comparable to
the minimum separable threshold shown with gratings? Can the fly discriminate between small
2D and 3Dobjectsat close proinity, and are both eyes required for perceiving these changes

in object depth? My overall research aim is to understand whether fruit fly acuity depends on
the behavioural context and how insects use both eyes to enhance their detection of objects in

therr environment with behavioural analysis.

An insect experiencing rotatiowill innately compensate by rotating itself in the same
direction. This simple reflex stabilises the animal's vision when experiencing unexpected
deviations within the environmenth& relative difference in the strength of the optomotor
response reflects the specific visual stimulus parameters used, i.e. its temporal frequency, with
larger darkand light stripes which are presumably easier to detect, eliciting more robust
responsefrom the insect. However, the effect of changes in the object's proximity within the
environment whig¢ maintaining the gratings' at a constant angular isizeaknown Thus,
changing the viewing distance at which optomotor responses are measured may lead t
interesting new insights into fly vision. lahapter 2, | investigate the effect of temporal
frequency and environment proximity on the dynamics of the optomotor response in the fruit
fly. My results reveal that the fly responds to high spatial freqesrim@yond the limits of the
interommatidial angle, and when viewed at a closer distance, these higher frequencies elicit a

more robust rotation. This ability allows flies to detect objects which subtend smaller angles in
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the visual field with finer detawhen the proximity of object is closer, indicating that they may

possess myopic vision

Most studies investigating fruit fly visual acuity have been conducted with gratings, and
relatively little is known about their capacity for single target detectiaticpkarly for small

objects. InChapter 3, | first investigate whether singular hyperacute objects (ranging from 1°

to 4°) generates a behavioural response in fruit flies. Flies were presented with either a singular
dot or a singular 3D object alongsideot 2D dots. | found that flies would perform slight
fixation behaviour towards a single hyperacute dot placed amongst a light bar witheamdark

light stripes | also found that when flies were presented with one 3D object with the same area
and contrasof two 2D objects, the 3D object was seemingly more salient to a fly than the 2D
object. These results suggest that fruit flies can see small objects and distinguish their differing
depths.

To further investigate the perception of hyperacute objecisadpter 3, | condition orientation
preferences in fruit flies using similar 2D and 3D stimuli as the single object experlment.
addition to dots, | investigate the effect with a vertical bar (or stripes). The results demonstrate
that slight differences inbjpect depth were detectable for the insect. Flies discriminated
between small 2D and 3D objects during conditioning, similar to thatferns control, even
though it was presumably more difficult for the insect to discriminate hyperacute patterns.
When or eye was occluded, the flies could still learn the control but failed to discriminate
between the 2D and 3D objects. Furthermore, mutant flies with either the inner or outer
photoreceptors nefunctional were still able to learn in all conditions. Thessults support

the hypothesis that fruit flies can perceive small objects within their environment and
discriminate between changes in the object's depth. Moreover, that all photoreceptor cells
contribute to this perception. Thus, in parallel with Chaptand the first section of chapter 3,

it suggests that fruit flies detect smaller environments with much more clarity than distal

environments, advantageous for an insect experiencing highly cluttered environments.
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Chapter 2

Pattern size and distance predict optomotor behaviour in
fruit flies

Abstract
Flying insects must acquire depth information for navigating a -threensional world. By

perceiving the absolute distance of an object, the animal can then perform the appropriate
behavioural response. For example, by eliciting pursuit and courtshipidahfar closesmall

objects (as in potential mates) or escape responses fbigfabjects (as in predators).
Optomotor behaviour has been thoroughly studied in virtual environments on tethered animals,
yet little is known about the effect of environnigoroximity on the characteristics of the
optomotor response. Here, | investigate whether fruitifliggh recently proposed sherange
binocular mechanisnmisrespond more robustly to clesenall stimuli, despite constant angular

size cues between thested distances. By performing ogdenp experiments on tethered fruit

flies within two different sized arenas, | found that the fly varies its optomotor behaviour
depending orhangingdistance and temporal frequency. When square gratings are presented
physically closer, the flies strengthen their optomotor response, but only for smaller spatial
wavelengths (2.4A and 4. 8A). Thamearbysudacd t s h
influences the perception gfatingsthat subtend small angles in thisual field. Thus, the

fruit fly may possess myopic vision and see nearby conspecifics more clearly, than further

away potential predators.
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2.1 Introduction

In a threedimensional world, animals must acquire depth information to perform appropriate
behavioural responses. This information can then help discriminate between small objects
nearby or large objects far aw@yityanandaet al, 2016) For example, a flying insect must

acquire depth information to identify whether an object is a potential mate nearby or a large
predator far awaywhich may subtend the same angethe retinaSubject to calculating an
objectds distance, an ani mal can then infer
(Cartwright and Collett, 1979)t can then reduce any potential risk from predators and
minimize the metabolic cost associated with poor decisioningalMaimon, Straw and
Dickinson, 2008)However, thigprocess is complicated as depth information is not intrinsically

present within retinal imaggkand & Nilsson, 2012)

Many insects have specialised mechanisms encompassing monocular and binocular cues for
distance estimatiofNityananda and Read, 201 Hor example, stereopsis uses a binocular
disparity cue between two retinal images to calculate the distance to an object. This
correspondence has been well studied for vertebraeiesy particularly in primates (for
review,seeHeesy, 2009)In contrast, only a few invertebrate groups have been shown to use
their binocular overlap for stereopsis. Most notably, praying mantis use stereopsis to perform
striking behaviours when prey is within its catch ra(iggyananda, Tarawnelet al, 2016)

Much more recentlyf-eordet al (2020)demonstrated that cuttlefish utilise binocular cues to
speed up prey capture. Thus, it is unclear whettegeopsis is more common amongst insects
than previously believed. However, most insects utilise other depth cues for depth perception.
As such, the underlying mechanisms for stereopsis remain much less understood in insects
(Land, 1999) Indeed, for insects, the dominant depth cumissideredo be moton parallax
(Lehreret al, 1988; Sobel, 1¥0), a monocul ar cue -motionehangesh t he
the viewing perspective and displaces the images of nearby objects. Locusts, for example,
perform peering behaviour before jumping towards an okgbel, 199Q)while honeybees
(Lehrer and Collett, 1994)nd bumblebeeg®Riabininaet al, 2014)use motion parallax during
learning flights to learn the position of the nest. Fruit flies also exploit it dwvialging
(Wehner and Horn, 197%)nd flying(Carbrera and Theobald, 20i8haviours.

The frut fly Drosophila melanogastes a model species within vision research. In classic
studies, a flight simulator has been used to assess the visual capabilities ofGli¢zlyL 964;
Heisenberg, Wonneberger and Wolf, 1978; Heisenberg and Wolf, .18&avioural
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experiments in tethered flies show that optomotor behaviour is performed in response to
rotating darkandlight gratings(Gotz, 1964) Recently, the fruit fly has been shown to respond

to gratings with a spatial wavelength as small as®)(Jifisoleaet al, 2017) which should not

be possible when determined by the interommatidial angle d{@dnzalezBellido, Wardill

and Juusola, 2011)However, the fly uses ultrafast photomechanical photoreceptor
microsaccades and stochastic refractory photon sampling, which enhances phasic contrast
differences between objects, to see their environment with higher acuity than predicted by the
optics Juusoleet al, 2017)

Moreover, recent physiological experimerstsowthat fly photoreceptor contractions sweep

mirror symmetrically from back to frongnd that the frontal photoreceptdrs r ecept i ve f
overlap at approximately 23 @&emppaineret al, 2022) This overlapsuggests thpossibé

use ofstereopsis (neural combination of the two retinal images from eachnefyajt flies

which would aid their depth perception tbe nearby world (<70 mmThis effect is theorised

to diminish at a range beyond 70nastheerror rate increase$herefore, fruit flies potentially

elicit a form of myopic vision where close objects are seen with more spatial details than
blurred distance objects.

Thus, while optomotor behaviour and depth perception have been investigated extensively, the
useofopp mot or behaviour to investigate an ani ma
reported. For example, in a flight simulator, the fly is fixed in space and unable to acquire
typical depth cues associated with more natural flight conditions, su@nakation cues from

motion parallax. Therefore, the fly would have to utilise other depth cues to estimate the

distance to an object.

Despite their tiny eyes, flying insects utilise visual information to guide various behaviours,
from flight control and navigation to locating mates and resources. One fundamental aspect of
visual acuity is spatial resolution, traditionally measuredasthee 6 s capaci ty for
gratings of dark and light ba®arrant and Mcintyre, 1993For an animal to resolve a
grating, adjacent dark and light bars (one cycle) must project onto the receptive fields of
adjacent sampling unittand and Nilsson, 2012)Vhen presented with a finer grating, images

of both the dark and light bars will fall on the same receptive field, thereby reducing its
perceived contrast, which will caubee overall image to appear uniformly grey. Grating acuity

is thus the spatial resolution of fine detail within the visual scene.
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This study examined tethered frui tandfighti es é o
gratings of varying amplitudes arrequencies, presented at two physical distances from the

fly. The responses are compared for differences in strengths at two distances combined with a
change in spatial wavelength. Because of the predicted stereo rdbgmelanogasterit is
hypothessed that the optomotor responses performed at two distances would elicit variations

as fruit flies may see thgroximal grating surfacaith hyperacute stereopsis and the more
distantgrating surfacen blurred 2D. For the 25 mm distance, the gratinge\wpeesented well

within Drosophilad s est i mat ed s 7@ mne) Kemppaigerep al, 2628 mge ( O
contrastfor the 50 mm distance, the grating® on the outer limit of the range. | predicted

that fruit flies perform more robust optomotor responses to higher spatial frequencies when

viewing from closer proximity

2.2 Materials and Methods

2.2.1 Experimental animals

Wild-type Berlin (WTB) Drosophila were provided by Bjorn Brembs (University of
Regensburg). The flies were reared at 25°C with-a fight / 12h dark cycle and fed on a
molassesdased medium.-20 day old females were cethaesthetised for approximately 10

min and then placed on a bekpoPeltier cooling stage. Here, individuals were tethered
dorsally to a small coppavire hook (0.06 mm @) positioned at the top of the thorax. The hook
was at an approximate 28°0 A angl e along the flyds |l ongitu
to be sispended at an angle that replicates their-firglet aerodynamicgDickinson and
Muijres, 2016) A droplet of U\light sensitive glue (Loctite) as positioned between the
thorax and head to hold the hook and restrict independent head movements. Each fly was
inspected under magnification for precise tethering and head restriction before being isolated

in a small vial for a minimum 30 min recovery.

Immediately before the hook tethering, a small group of flies had the left or right eye painted
with norttoxic black acrylic paint (Winsor & Newton, Winton Oil Colour, Ivory Blatk
1414331). The paint covered the medial eye section to createngoascuér vision, as this
section would be needed for binocular vision (stereopsis). Despite the occlusion, many flies

could fly immediately after the preparation. Some flies, however, demonstrated visible
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discomfort due to the paint and would repetitively rud pint with their legs (during active

flight or dangling). Consequently, these flies were excluded from the dataset.

2.2.2 Flight simulator

Experiments were performed using a bespoke flight simulator system utilising a torque meter
(Wardill et al, 2012) The torque meter was positioned centrally in the upper opening of a
cylindrical arena (transparent plastic cup; The University of Sheffield, Department of Chemical
and Biological Engineering workshop) within the centre of the flight simulator. From the
vantage point of the fly, this upper opening leaves some gap in the visual coverage, but all

objects outside the aremaereblacked out and not considered visible to the fly.

A small <c¢clamp holds the flyés hoodqugneercur ed
The fly is now in a stationary position with a fixed orientat{@Gdtz, 1964,)unable to acquire

visual feedback through translation or rotation. However, it can still freely beat its wings and

move its legs, hadtr es, abdomen, and antennae. The f 1l y
or the right, i.e. its yaw torque, are transduced by the torque meter into an electrical voltage
signal (1 kHz sampling rate). Then, a computer provides feedback to a steppmgttached

beneath the arena's base, generatingdardctional arena rotation surrounding the fly. On the

inner surface of the arena wall, a higdsolution paper stimulus is present@dta can then be

analysed using custemritten software (Biosyst)JJuusola and Hardie, 2001)

Surrounding tk arena is a light diffuser in front of an outer rsttaped light tube (spectral
full-band: 358900nm; Imperia fluorescent circular lamp 22 W 6,500 °K), providing uniform
illumination of the stimuli without generating shadows. The system was mountetboaten
isolation table and held within a Faraday cadech provided structural support forbéack

roller curtain to block outside light and enable access to the system.

2.2.3 Arenasize

To investigate whether the optomotor behaviour of the fruit fly witected by pattern
distance, gratings were presented in two different sized arenas but kept at an almost identical
angular size. Typically, a fly will perform visual course control behaviour (e.g. optomotor
response) when receiving rotational movementagyrfirst, a group of flies (n = 15) were
tested in a small arena (50 mm @), with the fly suspended centrally approximately 25 mm from
the pattern. Second, flies (n = 15) were tested in a large arena (100 mm @), doubling the

di stance bet weamdnpatterh e approximatsly 56 yne. Both groups were
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presented images that subtend azimuth +360° coverage horizontally, and +38° and +40°
vertically in the small and large arena, respectively. A single example fly was tested in both
arenas. However, pratinary trials indicated that most flies could not perform consecutively

in both arenas (due to energy expenditure), so this was not attempted during experiments.
Larger females were selected by eye to ensure standardisation across all stimulus parameters
in both groupsLarge flies were chosen consistently (as opposed to small flies consistently)
because they would fly better during the experiments (personal communication, Narendra
Solanki). Additionally, with changing body size come pronounced differancée optical

guality between individualas the optics dictate that the smaller the eye the poorer the vision
(Land and Nilsson, 2018ith larger individuals having botluperior sensitivity and resolution
(Currea, Smith and Theobald, 2018)

The small arena presented the damkilight gratings with a 1.@ontrast as seen from the fly.
Contrast is defined as tiphysical contrast of a simple image such as gratings that assigns a
contrast value between light and dark strip¢éswever, the large arena cannot be as brightly

lit due to the structural limits dfie flight simulator. The top portion of the large arena protrudes
above the rindight surrounding the arena, producing a lower contrast in this top region.
Consequently, rotations in the large arena may theoretically produce weaker optomotor
responses #n the small cup because of dimmer liHonkanenret al, 2014) However, in

both arenas, flies were tethered at a tamtsheight in relation to the rifght (elevated 20

mm from the arena base). Therefore, the flies would have experienced similar light intensities
in both arenas and would not have been influenced by the dimmer top portion. More so, it is
unlikely thatflies will be overly sensitive to this slight contrast change within a particular

region, as overall, it is a very bright ligfRuistermarset al, 2007)
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1 ]
25mm 50mm

Fig. 2.1 The experimental setup.

(A) Aflying female fruit fly is tethered to a thin copper-wire hook between the head and thorax
and connected to the torque meter within the centre of the flight simulator. (B) The flight
simulator system shows the small arena, uniformly lit by the right-shaped light tube with
diffusers. (C, D) Images of the small and large arenas, (C) gratings on the inner surface of
t he small arena approxi mat el ) gratibgs presented i tire
| arge arena 50 mmE-G)rSchematiclilestration gf Bosv sneal-aose pétterns

subtend the same angular size as big-far patterns.

2.2.4 Experimental setup

t he

The flight simulator system was configured to an elp@p setting, meaning the experimenter

controls pattern movement. One experimental run consisted of 8 s of interleaved (Btation

2.2). Initiated with a 1 s static stimulus, followed by 2 s of rotational movement to the right

(clockwise), then stati@again for 2 s, before 2 s of leftward rotational movement -(anti

clockwise), before concluding with another 1 sec static stimulus. Each 8 s stimulus was
repeated 1425 times. Trials were excluded if flies stopped flying or behaved erratically. There

was no pause between trials other than preparing the subsequent stimulus resolution,

approximately 30 s stimulus changeover time.

The flies were presented with an extended source stimulus, i.e., a continuous panoramic grating

of vertical darkandlight bars. Thévars were printed in black with a resolution of 1,200 x 1,200

dots per inch (Sharp MX%141) onto white paper of consistent quality. The visual stimulus was
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then positioned on the inner surface of the arena. Thus, the pattern forms a 360° panorama
alongeab fl yés vertical axis and rotates in the
flies were first tested with a slow (4S) pattern rotation followed by a fast (300°/s) rotation.

In the small arena, flies were presented patterns with five bpaivelength$2.3’, 4.7°, 6.4°,

12.9° and 25.7°). In the large arena, presented twice as far from the fly, five-siaelduspatial
wavelengthsvere presented (2.4°, 4.9°, 6.9°, 13.8° and 27.7°). Thus, regardless of arena size,
from each velthe@ratings auld Ipe@rcatmiost identical angular width and appear

as the same si ze wiTheHifenentstimeli wéeré preSentedvtao emahn &yl fie
in a pseudorandom ordéd¥or clarity, these slightly different spatial wavelengths abelled

as the average 2.4°, 4.8°, 6.6°, 13° and B6addition, two control stimuli (dark and light)

were tested to confirm that airflow or other features did not influence optomotor behaviour. A

white diffuser plastic arena was presentedtoaflywith wi t hout white pape
controbwhi Il e in the &6édarkd control, t helight ame al

switched off to create complete darkness during the trails.

Yaw torque responses are measured for distance, spatialengh and temporal velocity. In

total, two different distances were tested, showing five different spaieélengthavith two
controls, presented at two angular velocities. Thus, a typical fly would see fourteen unique
stimulus combinations, yielding twengight unique combinations for the single example fly

tested in both arenas.
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Static Static

2 seconds 2 seconds ’ 2 seconds 1 second

8 seconds
o o
B 1 cycle = 2mm 2.4 1 cycle = 4mm 1 cycle. = 4mm 4.8 1 cycle = 8mm
25mm from fly eye 50mm from fly eye 25mm from fly eye 50mm from fly eye

Fig. 2.2 Optomotor protocol and stimuli.

(A) One experimental run consisted of 8 s of interleaved rotation. Initiated with a 1 s static
stimulus, followed by 2 s of rotational movement to the right (clockwise), then static again for
2 s, before 2 s of leftward rotational movement (anti-clockwise), before concluding with another
1 sec static stimulus. (B) (left) A flying female views the 2.4° stimulus from 25mm which has
a physical size of 2mm for one cycle (one dark and one light bar) and is 4mm for the large
arena (50mm). (right) The 4.8° stimulus has a physical size of 4mm in the small arena and

8mm when use din the large arena.
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2.2.5 Data analysis

A flyds optomot or b edrectionag biphasie yay tog®esespgmnseaa S a
The response peak is at tlessation of the first rotational movement before it gradually returns

to its baseline, typically over a few seconds. However, since this return is not immediate and
the static stimuli separating the two rotational movements is only 2 s, the torque rasponse
only marginally recovered (100%) during the initiation of the second rotation. The second
rotational movement is therefore not as robust as the first. Consequently, | analysed the
maximum range (or peak-peak) of the yaw torque responses from d@aeh This then gave

the value of the range between the maximum response to the left rotation and the maximum
response to the right rotatiohll trials were pooled and averaged to make a single fly recording

for each stimulus, reducing noise and arbjttaends found within individual trial$zor each

fly, the stimulus were scaled by normalisingatibicheverstimulus elicited the most potent
response. The normalised values were then averaged for the population for each Jtimsulus.
approach helps tovee a | the responseds underlying stre
vary over multiple repetitions to the same stimulus. The population responses for each stimulus

can then be compared for differences.

2.2.6 Statistics

All statistical tests were performeding SPSS (IBM SPSS Statistics 26). Data were tested for
normality using the Shapif@/ilk test. To test whether flies responded to hyperacute patterns
differently to the dark contrplusedaoneavay ANOVA wi posthddesnTotedtt 6 s
between tk different sized arenas, | usediagependent sampleddst if there was a normal
distribution. Otherwise, a MarAwhitney test was usedd\ post hocpower analysis was
conducted using G*Power version 3Haul et al, 2007)using the obtainedample size and
effect size to det &g m4. Moanvestigae the efied of Gekocitypomwe r i
the turning direction for the 6.6° spatial wavelength, | used a paaegbleg-test.

2.3 Results

To study the effect of environment proximity Bnosophilaoptomotor behaviour, | analysed
the torque responses of wilgpe Berlin flies in two different sized arenas within a traditional,
Drosophilaflight simulator. Tethered flies attempt to prevent iges from slipping on their

retinae by following field rotations which generate yaw torque respoinkessimulator was
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arranged in an opdoop configuration, and the torque responses were pooled and averaged

for each fly.

2.3.1 Effect of distance on optomotor responses to small patterns

To investigate the effect of distance on the fruit flies response to varying spatial wavelengths,
flies were presented stimuli in a small (25 mm) or large (50 mm) arena. A single example fly
was tested in both groups at botktdncesKig. 2.3). During slow rotation, thély strengthened

its response to hyperacute stimatlshorter distancesi@. 2.3B). In contrast, with fast rotation

the larger arena elicited more robust optomotor respgrges2.3C andD).

Example fly
A Slow rotation (45°/s) c Fast rotation (300°/s)
1.0 % =26° 1.0
031 . g 0.8+ . g
64 0.64
e 0.4
24 0.2
04 0.04
-0.24 . - ! . ! - . -0.24
BO.4 1 A=2.4° DO.4-
o -— — —— —
=5
T0.2- 0.2
3 .‘Aﬁ,
= 0.0+ 0.04
[
p
-0.2 r T T T T r T . -0.2 r r T T r T T .
0 1 2 3 4 5 6 7 8 0] 1 2 3 4 5 6 7 8
Time (s) — Small arena Time (s)

— Large arena

Fig. 2.3 Example fly performed differently when tested at two distances.

A single fruit fly was tested for all stimuli at distances of 25 mm (blue line) and 50 mm (red
line). (A, B) Under slow rotation (45°/s), the fly exhibits similar responses to the large pattern
(A, 26°) but shows stronger responses to the small pattern (2.4°) when physically closer (B).
(C, D) Under fast rotation (300°/s), the fly shows more robust responses to both patterns when
tested in the large arena. Grey shading indicates the rotational period. Black arrows show the

direction of rotation as viewed by the fly.

The two groups tested at either distance support this regul(4). The mean strength of the
optomotor responses was strongeder slow rotationH(g. 2.4A, C, E, G) when presented in
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the smaller arena (teal line) compared to the large arena (green line) for both the 4.8° pattern
(Fig. 2.4A) and the hyperacute pattern (2.49y. 2.4A). These results were statistically
different (4.8°: independerdample #test: t(28) = 3.02P = 0.005 Fig. 2.4C; 2.4°:
independensample {test:t(28) = 3.17P = 0.004 Fig. 2.4G). In contrast, under fast rotation
speeds the mean strength did not differ significantly (4.8°: indeperdele itest:t(28) =

0.57,P = 0.57 Fig. 2.4D; 2.4°: independerdample #test:t(28) = 0.4,P = 0.69 Fig. 2.4H).

Taken together, this suggests that under slow rotation, arena size does significantly effect the
optomotor response, while under fast rotation, this difference is remduoeatver,giventhe

sample size (n =15 per group), a post hoc power analysis forrhpth.4C andFig. 2.4G

(effect size d = 0.2 and a = 0.0s shown if there were a difference between the small arena
and large arena at fast rotation, as big as the difference observed under slow rotation, then |
would have had a 13% chance of detegtinlt is therefore possible th#te smallsample size

can explain why this difference was not observed under fast rotation.

2.3.2 Large patterns elicit stable responses over two distances

As predicted, the larger patterns, which are easily detected adistéinces, do not elicit
stronger optomotor responses when they are closer to the eye. This is consistent for both the
slow (26: MannWhitney test: U= 117.50P = 0.8385Fig. 2.5C; 13°: MannWhitney test: U
=76.00,P =0.14Fig. 2.5G) and fast rotations (26°: Maf\Whitney test: U= 117.00P = 0.87

Fig. 2.5D). However, although there is only a slightly stronger optomotor response for the
larger arena for fast rotation for the 13° wavelength, it is statistically different (Mémitmey

test: U= 171.00P = 0.015Fig. 2.5H).
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Slow rotation (45°/s)

Fast rotation (300°/s)
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Fig. 2.4 Small patterns elicit stronger optomotor resp

The mean responses of fruit flies in different sized arenas (n = 15 small arena; n = 15 large

arena) to 4.8° (A-D) and 2.4° (E-H) spatial wavelengths u

rotation (right plots). (A, C) Fruit flies exert more yaw torque when presented the 4.8° grating
en). (E, G) This is consistent with the

in the small arena (teal) compared to the large arena (gre

2.4° grating. (B, D, F, H) In contrast, there is no difference in the mean strength of responses
for pattern distance under fast rotation. Grey shading indicates the rotational period. Black
he fly. Boxes indicate the 25-75%

arrows show the direction of rotation as viewed by t

interquartile range, the white line indicates the median, the white box is the mean, whiskers

represent the entire data spread, and red diamonds repr

onses when closer.

nder slow rotation (left plots) and fast

esent outliers. Asterisks indicate the

level of significance: *P < 0.05, **P < 0.01, ***P < 0.001 and n.s. not significant.
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Slow rotation (45°/s) Fast rotation (300°/s)
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Fig. 2.5 Large patterns elicit consistent optomotor responses.

The mean responses of fruit flies in different sized arenas (n = 15 small arena; n = 15 large
arena) to 26° (A-D) and 13° (E-H) spatial wavelengths under slow rotation (left plots) and fast
rotation (right plots). (A-E, G) Fruit flies show similar optomotor responses to the changing
wavelengths and speeds when viewing the patterns at different distances. (F, H) In contrast,
although the results are similar to the other stimulus parameters, there is a statistical difference
for stronger responses in the large arena for the 13° pattern (F). Grey shading indicates the
rotational period. Black arrows show the direction of rotation as viewed by the fly. Boxes
indicate the 25-75% interquartile range, the white line indicates the median, the white box is
the mean, whiskers represent the entire data spread, and red diamonds represent outliers.
Asterisks indicate the level of significance: *P < 0.05, **P < 0.01, **P < 0.001 and n.s. not

significant.
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2.3.3 Fruit flies respond to gratings smaller than the interommatidial angle

This study confirmedhte results of Juusola and colleagues (2017) as fruit ghkeformed
optomotor responses to gratings smaller than the interommatidial (@ngle.6). This was
statistically different to the dark contrg@neway ANOVA: F(2,42)=1.8,P O 0rig00 1
2.6C) for both the 2.4° (Postoc DunnettP O YYand4®°L(Poshoc DunnettP O 0. 001
Additionally, for the large arena, flies responded stronger to small stimuli than for the dark
control (Oneway ANOVA: F(2,34) =9.72P O Orig..609, whichdiffered statistically

for the2.4°pattern (Poshoc DunnettP O Yand@.8° ivavelength (Postoc DunnettP =

0.011).

In contrast, the dark and light control stim{#ig. S1 andS2) evoked minimal responses. This

result also confirms classic results that slow field rotations generate stronger responses than
fast field rotations (blue vs green li€06tz, 1964; Blondeau and Heisenberg, 19B@wever,

it is worth noting that slow field rotations were constantly tested before fast rotations (as
different velocities were not the focus of the study), so less motivation or energy may be a

factor in the fast rotation results.
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Fig. 2.6 Fruit flies respond to hyperacute gratings.

The strength of the optomotor response depends on the rotational velocity and spatial
wavelength of the stimuli. (A, B) Slow rotations (45°/s; green line) elicit more robust responses
than fast rotations (300°/s; blue line). Large patterns (26°) elicited the most robust responses
at either rotational velocity or pattern distance (n = 15 small arena; n = 15 large arena). Grey
shading indicates sizes smaller than interommatidial angle. (C, D) The mean responses and
SEM show that small patterns (2.4° and 4.8°) elicit stronger optomotor responses than the
dark control. Asterisks indicate the level of significance: *P < 0.05, **P < 0.01, **P < 0.001

and n.s. not significant.
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2.3.4 Optomotor reversal is dependant on velocity and binocularity

To study the turning direction of fruit flies with respect to a 6.6° pattern wavelength, |
compared the optomotor response while the anin@areanced various distances, velocities,

and binocular or monocular visioRi. 2.7). In contrast to the other tested wavelengths, the
6.6° patterrgenerated optomotor response dynamics in the opposite direction (reversal) of the
field rotations at bothidtances under slow rotatiggreen linefig. 2.7A andB). It is essential

to distinguish that these were not weak optomotor responses. Instead, they were strong
responses against the patterns rotation direction. This finding was unsurprising as similar
results have been previously reported and explained aslsgat&ng (Land and Nilsson,

2012) Elementary motion detectorddassenstein and Reichardt, 1958¢re previously
believed to be subject to spatial aliasing due to their underlying architéBtuziener, 1976)

which was used to explain optomotor reversal behaviour. In contrast thitargimero, Frye

and Dickinson, (20043howhow EMDs n the front and rear field of view mediate responses
with similar spatial properties which cannot be explained by spatial aliddowever, the
differences observed during slower field rotations was not observed during the faster rotation,
and so there vgaa statistical difference between the two velocities for the small arena {paired
sample ttest:t(14) =-6.39,P 00.00% Fig. 2.7C) and large arena (paireémple ttest:t(14) =

-6.76,P 00.00% Fig. 2.7D.

Furthermore, when monocular flies (n =@y. 2.7E) were presented to the slow (45°/s)
rotation, they ceased to reverse and instead performed normal responses. This was consistent
for flies who had either the left eye (n = 5) or right eye (n = 4) pailtéebn the left eye is

painted and the right eye is able to follow grating rotation leftward it is able to follow the
movement more robustly than when the right eye is painted. This result is consistent with the
finding that photoreceptor microsaccades gllybsweep from back to frorfKemppaineret

al., 2022) By painting the left eye whose saccades are moving against the pattern rotation,
the fly now folows the rotation rather than turning in the opposite direction. When the right
eye is painted the same effect occurs although less robustly. As the rightward rotation (where
right eye painted flies would perform best) occurs a couple seconds aftetvilaedebtation,

the response is not as strong because the fly has not returned to it baseline. Nevertheless,
covering one eye of the fly consistently removes the reversal behaviour shown by normal flies.
There is a significant effect when we compared tinedular flies to these monocular flies
(Independensample ttest:t(24) = 4.79P = 0.022Fig. 2.7F).
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During faster rotation (300°/s), flies perform typical siirectional optomotor responses,
consistent with expected behaviour. Therefore, to explaetfect of velocity more fully, a

few flies (n = 4) were also tested with additional rotational velocities (100°/s, 200°/s and 500°/s;
Fig. 2.7G), although the sample size was small and the strength of the response was weak due
to the fast rotation anctlatively small wavelength, the flies clearly showed a normal turning
response. This finding is important as it suggests that it is not only the spatial wavelength that
predicts the reversal (aliasing) behaviour but also the rotation speed, as it onfgdacualer

a particular rotational velocitylherefore, i spatial aliasing causetle optomotor reversat

should occur similarly at all tested velocities. Clearly, this is not the cas®watiophila

Taken togetherg. 2.7H), the results show that only with binocular vision at slow rotation do
the majority of flies reverse (87%), under all other patanse(albeit with smaller sample
sizes), nearly all flies (75% to 100%) perform normal resporiges percentage of animals
turning with or against the grating direction was not significantly different between stimuli (chi
squar e(5t58) s 0.47, B 0.052;Fig. 2.7H). These results gigest that it is not spatial
aliasing because this should theoretically cause reversal behaviour for the 6.6° wavelength
regardless of velocity and monocular vision. Instead, both siyasgtaneously viewinghe

patten rotating at 45°/s is the crucial fact@oincidentally, the mirresymmetrical global
movements of the photoreceptor microsaccades sweep from back to front at a similar velocity
(45°/s- 50°/s). This suggests that rather than the size of the optiaagapsitial aliasing, the
speed of the photomechanical microsaccades moving rsiyrometrically (at the opposite
directions) in the left and right eye is causing perceptual aliasing when the grating rotation
happens to match its velocity.
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6.6° reversal
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Fig. 2.7 Optomotor reversal is velocity-dependent.

(A-D) When fruit flies (n = 15) view the 6.6° stimulus, the mean optomotor response is in the
reversed direction during slow rotation (green) but is in the normal turning direction under fast
rotation (blue). (E) Monocular flies (n = 9) viewing the 45°/s (slow) rotational velocity undertook
normal optomotor responses with either the left eye (red, n = 5) or red eye painted (dark red,
n = 4), (F) There was a significant difference between the optomotor response of binocular
flies (green) and monocular flies (red) when tested in the small arena with slow rotation. (G)
For a small group of flies (n = 4), the stimulus was also rotated at 100°/s, 200°/s and 500°/s,
which showed the normal turning direction. (H) Binocular flies viewing the slow rotation

predominantly reverse their turning direction (87%). In contrast, all other groups predominantly
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perform following turning responses. If the reversal were explained by spatial aliasing, all
groups should have turned in the opposite direction. Grey shading indicates the rotational
period. Black arrows show the direction of rotation as viewed by the fly. Boxes indicate the 25-
75% interquartile range, the white line indicates the median, the white box is the mean,
whiskers represent the entire data spread, and red diamonds represent outliers. Asterisks
indicate the level of significance: *P < 0.05, *P < 0.01, ***P < 0.001 and n.s. not significant.

Figure F6bi nocul ard data is replotted from E 6sl owbd

2.4Discussion

In a previous experiment, behavioural results showed that tethered fruit flies performed
optomotor turning responses to grating patterns of°lal@he torque metgduusolaet al,

2017) The data presented here confirm the validity of these findings as fruit flies elicited clear
turning responses to follow the widield stimuli of 2.£& gratings(Fig. 2.6). Importantly,
although a larger pattern, this is still considerably smaller than the interommatidial angle of
4.5° in fruit flies(GonzalezBellido, Wardill and Juusola, 201I)herefore, approximately two
pairs of light and dark bars will fall within the visual field of a single photoreceptor. Hence,
dark and light bars do not need to fall on adjacent photoreceptorsdisted by the optics for
eliciting optomotor behaviourThis result suggests that tmeinimum visual detection of

gratings is well below the optical resolution limit.

Distance and optomotor

More importantly, for this study, the optomotor responss ditierent at 25 mm and 50 mm
for the 2.4° and 4.8(Fig. 2.4). This would indicate a range of shaightedness (or myopic
vision) inDrosophila where flies sethe nearby worldvith more spatial resolving poweérhe

fly cannot utilise motion parallaxith head movements as the head is fixed. Otherwise, the
patterns would move further and faster across the retina in the smalllade®d, with their
theoretical model Kemppainen and colleagues (2)2predict a < 70mm range where
binocularity enhancesacuity, which diminishes with distance as error rate increases
(Kemppaineret al, 2022) therebyfacilitating binocularity for shorrange tasks before rapyd|
receding to monocular cueshe left and right eye microsaccadgtobal mirrorsymmetric
(backto-front) dynamic occurs at approximately 45°80°/s(Kemppaineret al, 2022) It is
perhaps no coincidence that walking speebBriosophilais as low as 1.5 cm/s and a typical

fast run is 3.8 cm/gStrauss and Heisenberg, 199@)hich at a distance of 25 mm is
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approximately 34°/s to 88°/s respectively, suggesting that this is adapted for visual courtship
behaviours trddng the relatively small and slowly moving conspecificaleed since fruit

flies are prey species, any pursuit behavimumate selectionrequiring depth estimation

would likely be during courtship behaviour, which can assthmemoving object's catant

size and velocitylndeed, the results for large patterns furtheggesichanges in acuity for
changes in the proximity of the environmelparger patterns that are considerably easier to
detect promoted stable turning responses atdistancegrFig. 2.5). Supporting the idea that

fruit fly photoreceptor microsaccades optimise vision for ekrgall objects without losing the

ability to accurately respond to more coarse optic flow chafi{gappaineret al, 2022)

On the other hand, the fruit fly grating acuity may be superior within the laboratory setting.
The flight simulator is a highly artificial experience for naive fruit fliasg ¢he stimulus is

very simplistic and tested at high contrast. Therefore, the behaviour in this situation is unlikely
to be ecologically the most relevant. In another experiment, a flight simulator is placed
outdoors to enhance natural conditions forimgsthe migratory flight behaviour of the
nocturnal Australian Bogong mof{lreyer et al, 2018) This approach helps promote the
desired natural conditions whilst unwanted sensory stimuli are best controlled. It would now
be interesting to test the grating acuity (and single target acuity, chapter 3) flieiuftthey

were to be tested with respect to natural light levels outdoors. For example, as a crepuscular
insect, the fruit fly could be tested in an outdoor flight simulator at dawn and dusk to compare

behavioural performance to the laboratory condsi

Optomotor reversal

The results show reversal behaviour for the 6.6° waveldrgih2.7). Since the early study

on fruit flies byLotte von Gavel (1939)t has been reported that a wavelength near 9° causes

a reversal in their optomotor response. Indeed, similar findings have been found in other
species. For example, the response reverses between 5° and 10° in hafikayiee sl 96 1)
However, this has always been explained as a Moiré effect among the interommatidial angle
and gratingLand and Nilsson, 20)2An alternative explanation is that the global dynamics

of the photomechanical photoreceptor microsaccades influence the gratings' perception. Since
the back to front dynamics of the microsaccades occurs at approximately/557sscoincides

with the slow rotational velocity of 45°/s. Consequently, as the microsaccades of one eye
theoretically move in unison with the pattern rotation, the microsaccades in the other eye are

moving against the pattern. This may cause a neural imbalance in the abtapto flow
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perception as one eye is velocity lockétlis eye therefore has a much weaker signal with
little contrast, while the eye moving against the pattern has high contrast and stronger signal.
It is, therefore, possible that the reversal respanggnates from neural processes eliciting

perceptual aliasing.

Therefore, covering one eye of the fly should not inhibit the reversal response even though it
may weaken it as the fly compensates for the defect. Regardless, the results show no weakened
response but rather demonstrate a robust normal turning response to a 6.6° wavelength, i.e.
occluding one eye reverses the reve(sal. 2.7E). This is supported by the monocular flies

with different eyes painted. With the left eye occluded, the right ®yble to follow the
leftward rotation more robustly than when the right eye is occluded. As expected for the
rightward rotation there is the opposite effect as having the right eye occluded allows the left
eye to follow the rotation. Albethe second rational movement is not as robust as the first
since the torque response is only marginally recovered during the initiation of the second
rotation due to the short 2 second interldelgure studies can alter which direction the gratings

are rotated towasdfirst, so as to see directly compare the response for the initial stronger
optomotor responsegdditionally, increasing the rotational velocity seemingly inhibits the
reversed response and causes flies to innately perform the typichtegtional reponsgFig.

2.7E). Optomotor responses to different rotational velocities have been described previously
(Gotz, 1964) However, it has not been applied to exploring optomotor reversal to the best of
my knowledge. Instead, stied have focused on the spatial wavelength and different light
levels with the shifting of reversal behavidttecht and Wald, 1934 onsequently, a Moiré

effect caused by the matched sampling of the interommatidial angle to the grating wavelength

is unlikely to be the definitive explanation for this pbenenon.

Future work

Structural limits of this bespoke flight simulator system limited the arena size to a 100 mm
diameter (i,et he 61 arged arena presenting patterns
within this range could be tested in the fut
presenting patterns 25 mm from t hebyBmm) . Fo
increments (eye to pattern) to test the responses between these valiugthandnderstand

the dynamics of distance and optomotor responses. On the other hand, arenas could become
gradually smaller to investigate whether strengthened turresgonses to small stimuli

correlate with increasing proximity.
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Furthermore, testing a wider variety of grating patterns smaller than the optical resolution limit
would enhance the current findings. | tested approximately 2.4° in both arendsyaalh and
colleagues (2017)ested 1.16° in a 25 mm arena, neither study did exploratory tests to
determine the absolute detable limit eliciting optomotor responses. However, preliminary
data for fruit flies on a trackball suggests it may be as low as 0.5° (unpublished work; Keivan
Razban Haghighi, Juusola lab). It would be particularly worthwhile to understand this limit for

flying behaviour within the flight simulator system combined with the effect of distance.

Conclusions

The optomotor response of the fruit fly with differing stimuli distances strengthened when
smaller patterns (2.4° and 4.8°) were presented clodee ®ye. Closemall stimulus patterns

elicit more robust optomotor responses at 25 mm than constantly sized patterns presented 50
mm from the flybs eyes. When presented with
which were presumably easier to dmtdue to their more prominent peak turning responses,
distance did not affect the dynamic of the optomotor behaviour. When presented a stimulus
pattern (6.6°) within the range reported for causing optomotor reversal, flies did indeed turn in
the oppositairection when viewing both distances. However, as increasing rotational speeds
and quasimonocular vision demonstrate, this reversal can change to the typiditaegtonal

rotation associated with optomotor responses. This suggests that percesingjiaimtiated

by the global dynamics of the photoreceptor microsaccadéser than spatial aliasing (optics)

is the cause of optomotor reversal. Taken together, this shows that pattern distance is an
essential predictor of optomotor behaviour, spealify when testing high spatial frequencies

associated with behavioural assessments of acuity.
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Chapter 3

Small object detection and discrimination in fruit flies

Abstract

Flying insects must detect and classify visual objectiseir environment to respond suitably.
Historically, it had been thought that because the fruiilp$ophila melanogastgpossesses
somewhat coarsely faceted compound eyes, it would have comparatively limited optical acuity
to accomplish this task. Hawver, recent work suggests that ultrafast photoreceptor
mi crosaccades enhance their eyeso6 sp®Byial
measuring the perception gfatings behavioural responses to patterns below the optical limit
have beeshown(see chapter 2hutlittle is known about the capacity for single target acuity.
Furthermore, in certain stimulus conditions, small objects trigger innate aversion in fruit flies
(especially when using LEbDased panoramic flight arenas). Howeviels unknown whether

they respond differently to small and extremely small objects in more natural conditieres

| investigate whether fruit flies can detect singular dark visual cues smaller than the visual field
of a single ommatidium. By performirimghavioural experiments on tethered flying flies at the
torqgue meter, | found that flies have an innate attraction to a single dark @S)egtaced
amongst a background of gratings3° horizontal) thus, suggesting that flies classify them
differently from larger objects of the same shape. When presented with a tiny 3D(8bjéxt
hidden within a 2D objedB.9°) with the same area and contrastwd other2D objects, flies

found the 3D target more salient. Further results show that flies can learn to orientate towards
either the 2D or 3D target but fail to learn when one eye is occluded, suggesting that the input
from both eyes is required for effective aimbject detection. Moreover, visual detection of
objectss achieved with either photoreceptor channelflvs R7/R8) alone but with reduced
proficiency. Taken together, | show that fruit flies can behaviourally respond to extremely
small singular vigal cues of different depths, an ability that suggests both high acuity and

binocularity for closerange behaviour.
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3.1 Introduction

Despite their presumed limited spatial acuity, insects can rapidly detect and categorise visual
objects in their environment to act accordingly. For example, the fruit fly detects and responds
to visual signals during courtship behavigufillmund and Ewing, 1982and visually detest
predators to produce defensive behaviours such as ev@sola Floret al, 2017) One
proposed mechanism to aid this is innate responses to particular shapes afMasizes,

Straw and Dickinson, 2008for example, as with many other insects, long vertical objects are
attractive tadDrosophila(Reichardt and Wenking, 1969; Wehner, 1978)contrast, small dark
objects, such as circular and square LED stimuli, trigger an innate aversion response in fruit
flies (Maimon, Straw and Dickinson, 2008; Theobald, 2019; PalaMaittimi and Theobald,

2020) However, little is known about whether flies detect and respond differently to tiny

objects smaller than a single ommatidiumébés v

The fruit fly is an unlikely model organism for the study of extreme acuity. It is of relatively

tiny stature with few ommatidia (ca. 750 per eye) and a sizeable interommatidial angle of 4.5°
(GonzalezBellido, Wardill and Juusola, 2011$uch optic measurements imply little to no
responses to visual objects much smaller. Nevertheless, recent work suggests that fruit flies
possess enhaed acuity due to photomechanical photorecapiorosaccadegViollet, 2014;

Colonnieret al, 2015; Juusolet al, 2017) IndeedKe | e k a n d foardyhat obje2 0 1 7 )
detecting neurons iDrosophilashow robust responses to an object only 2.2° in Ege than

half the size predicted by the optical resolution limit for detection. This is similar to other
speciesFor examplehoverfly neurons respond strongly to kiéargets as small as 0.18Ven

thoughtheir optical resolution limit is approximately I°Nor dst r © m, Barnett
2006) This paper showed that hoverfly small target motion detectors (STMDs) respond to

small moving targets even when presented against a moving backgrouneasvpesvious

papers had only focussed on detecting the velocity differences between the target and
background( Nor dst r °© m, B ar n e t.Addiaonatly, sOdoRianetic madél , 200
predicts the detection of moving targets in a visual cluifélederman, Shoemaker and

O6 Car r ol NMore s folab8r)flies have been found to intercept targets considerably
smaller tlan the acceptance angWardill et al, 2017) Wardill et al, (2015)show how killer

flies use a matched filter ratio of a targets angular subtense and angular velocity to aid hunting
their prey which is smallghan the photoreceptor acceptance angle. Acceptance angles larger

than the optimal target size as foundifardill et al, (2015)is likely preffered since larger

59



targets which cover several ommatidia cause lateral inhibition in STMD&Istrém, 2012;
GonzalezBellido, Fabian and Nordstrém, 2016} is therefore unsurprising that targets
subtending the size of the optics are detectable to smmn@als and may be more common
amongst other invertebrates.

Additionally, research has highlighted that fruit flies have the neuronal capacitydentdy
individual conspecific§Schneideret al, 2018) a possibly helpful feat during courtship
behaviour. This visual task requires considerable resolving power, perhaps explaining the
selection pressures placed on the fruit fly for high acuity. However, the distinct evolutionary
advantage for this vision remains urarein contrast to aerial predators with a clear
behavioural neefe.g. Wardillet al, 2017)

Many insects use motion parallax to perceive d€¢ptbel, 1990; Kral, 2003; Kim, Angelaki

and DeAngelis, 2016)In contrast, only two invertebrates have beemadnstrated to use
stereopsis, the praying mantis and cuttlefi®bssel, 2002; Nityananda, Tarawnetal, 2016;

Feordet al, 2020) Nevertheless, continuingoim Juusola and colleagues (20,lTore recent

work suggests that the | eft a n céweeapingrioit eyes
symmetrically from back to front, increasing their binocularity and providing depth
information about nearby visual objedtsemppainenet al, 2022) This is possible as the
front al phot oreceptorsé receptive fields ov
depth perception through the combination of retinal images from both(l€gegpaineret

al., 2022) Thus, fruit flies may use motion parallax as a source of depth information for further
away objectqCarbrera and Theobald, 2018hd binocularity for depth perception during
closerange visual taskéKemppainenet al, 2022) Such nearby visual tasks may include
courtship behaviour where for example females require sufficient visual stimulation (i.e. the

red eye of the male) in order to become maximally sexually receptiienund and Ewing,

1982)

Given the assumptions that photoreceptor microsaccades facilitate extreme acuity and
binocularity for closerange behaviour, | hypothesise that fruit flies can detect small objects
smaller than their optical limit and discriminate between objects of slightly different depths.
On the other hand, if fruit flies cannot detect sirajigectsof this size, this could dicate that

single target acuity is not as high as grating acuity in fruit flies. In this work, | aimed to
determine: I) can fruit flies behaviourally respond to smal4?) 2D and 3D singulasbject®

(2) do flies continue to find small dots aversiveantihis small?3) does this require binocular
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vision? @) and are all photoreceptors contributing? | show thafryit flies do respond in the
presence of a single target, changing their orientation from a predominantly arbitrary heading
to a more biasd direction, 2) this heading is towards the object, suggesting an attraction to
the single most salient featur8) (vith one eye occluded the flies cannot discriminate between
the 2D and 3D patterns in learning experiments, dhdig not perform as wiewith either

photoreceptor channel switched off, but still respond robustly to the stimuli

3.2Materials and Methods

3.2.1 Experimental animals
Wild type Berlin (WTB)Drosophilaand visual mutants were prepared before the experiments,
as described irChapter 2. Adult females-B0 days after eclosion were used in these

experiments. Monocular flies were painted as previously described.

Mutant flies included RhtescuenorpA® flies (provided by Chi Hon Lee, Academia Sinica,
Taiwan), which express blegreensensitive Rhirhodopsinwhich is present in the outer
receptors onlyThese fliegshereforesample with the outer retinula cells @Rb6) but not with

the inner cells (R7/8p test how well the outer receptor channel alone enables the underlying
hyperauity observed by Juusola et al., (201%).contrastninalE® and Rh36 flies (provided

by Chi Hon Lee) have functional R7/8 cells but not outer cBk.receptors express UV
sensitive Rh3 (R7 pale) or Rh4 (R7 yellow) while R8 cells express eitherdsiaige Rh5

(R8 pale) or green sensitive Rh6 (R8 yelldBharkeyet al, 2020) This is totest whether
inner photoreceptor play a contributing role in hyperacute vision and so we inhibited input

from the R1R6 photoreceptor channel.

Two blind mutants were used as a conthmlg®%and norpA™2 rescue flies (provided by
Roger Hardie, Univergi of Cambridge). Blinchdd*®°mutant photoreceptors have normal
phototransduction but cannot synthesise histamine (their neurotransmitter), making them
perceptually blind. Consequently, electroretinograms (ERGs) lacka®d Ofttransients
associated wh synaptic information transfer to interneuroB&ind norpA’™?* mutants have

faulty phospholipas€ molecules, which halts phototransductionzRItivation and therefore
shows no electrical response to visible lightese blind mutants were used to telsether the

results were due to vision, and validate that other cues such as olfaction were not influencing

the results.

61



3.2.2 Single object detection in fruit flies

In the first experiment, | investigated whetBepsophilacan perceive objects smaller than the
interommatidial angle using negative contrast stimuli (dark stimuli on a bright background)
Flies were presented a small black 2D dot (1°) placed amongsbeapac stripe scene of dark

and light gratings (2.3° horizontalfrif). 3.1A and B). Their yaw torque signals, indicating
visual orientation behaviour, were recorded over 8 min of clusmal flight, i.e. the fly
controlled the arena position as its yawqtee was measured and feedback to the motor
spinning the arendan the first trial, the single target was placed centrally (vertically and
horizontally) amongst a single light bar within the centre of the visual scene; this ensured a
180° distribution betwen the target and the papje@n (ends of the paper). To understand
whetherthe papefoin wasinfluencing orientation behaviour, | did additional stimuli moving
the dot 6s | ocat i-pin Inrthede &iald, theesingleotargethmas ppead e r
either to the left or right of the centre by 90°. In addition, gratings with the dot absent were
used as a control. Thus, there were four different visual stimuli presented to the animals:
6central dot®0A)0,A)gr iod retb t dadtod® 6(( XAt raond .6 nlT h e
the dot stimulus was randomised by 5 sec of dpep bidirectional rotation at the initiation

of the trial to ensure that all flies were not immediately facing the target. Each fly was presented

the stimuli consedively and in a randomised order.

3.2.3 Combining 3D with 2D visual cues

For experiment 2, to understand whetlgosophila can discriminate small objects with

different depths, flies were presented with three black 2D dots (3.9°), one of which had a
icamoadd algD bl ack pi n ( 2 ThisA)tsize vas chesdmpnovide hi n i t
sufficient coverage around the pin but remained below the optical resolutionTlimaidots

were visual features in an otherwise uniform white background (plain papgrj3(1C and

D) . FIies were tested with the pin placed or
(61 efOt0O Api méd6 right dot (6right pind90A) to i
to the 2D dot with the 3D pin. The pin was #nfong from the tapered tip to its base. Thus it

was approximately 21 mm from an individual 6:
mm to the 2D dots. Crucially, during the arena rotations generated by the fly, the pin
continually pointed toward$é arena centre (and fly). Thus, no subtended angles made the pin

more visible to the fly, i.e. the pin was always viewed (relative to the fly) directly within the

centre of the dot, even when its physical position moved rotationally. Thereby, if trenfly c

detect the presence of the 3D pin, it would have to use the increased binocularity due to the left
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and right eye photoreceptor microsaccades. The experimental protocol was identical to
Experiment 1. Individuals were recorded over 8 min of cldsed urconditioned flight, with

four different visual stimuli presented to the fly consecutively and presented in random order.

B

2 PiQ/Dot

e

./—Dot

Dét\—/

Fig. 3.1 Single object experiments.

(A, C) A fruit fly tethered at the torque meter within the flight simulator and (A) presented a
small singular black dot (1°) placed centrally within a light bar amongst dark and light bars
(2.3°). (C) A 4 mm black pin (2.7°) is placed centrally amongst one of three dots with a 90°
distribution. (B, D) Schematic illustration of (B) the dot and (D) pin experiment.

3.2.4 Small pattern learning

This behavioural assay is based on previously described work investigating operant learning of
Drosophilaat the torque metgBrembs, 2008)The test was an 18 min assay presenting a
constant pattern overmie 2 min sSstages running sequential

control the angular position of the patterns. The experiment delivers heat punishment
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(unconditioned stimulus, USyith an lasert o t he f 1l yds headhewhen
conditioned stnhulus (CS)The laser was positioned 150 mm from the fly, placed 45° vertically

and 25A horizontally to the left of the flyoé
learning experiments (personal communication, Narendra Soldiag)laser deligrs pulses

(D200 msec pulse width 84 Hz) when the fly is within the quadrant of the CS, this intensity

of the beam is reduced to ensure the fly can surinhat case, the test@tosophilashould

learn to orientate away from the conditioned stimassociated with heat (CS+) and instead

fly towards the) Aisafeo stimulus (CS

During the preraining (stages 1 and 2), the fly receives no reinforcement, and any naive
preference for one pattern can later be determined. During training (stages 8d4)6tae

computer turns on the heat when one of the patterns is in the frontal visual field of the fly.
During the test stages (stages 5, 8, 9), t he
pattern preference for the &f8llowing heat punisiment. Between every 2 min stage, the scene

is rotated bidirectionally for a random duration lasting 5 s overall. This manoeuvre randomises

the starting position of the panorama for ea

| tested the learning perfmance index (PI) for three different visual stimufig( 3.2)
presented in a random orgdérvo hyperacute tests incorporating 3D and 2D objects and a 2D
pattern control. The-sltame a o, lwhitwtha/e hesdevellc | as s
described forlgiting pattern learningWolf and Heisenberg, 1991; Dill, Wolf and Heisenberg,
1993, 1995; Dill and Heisenberg, 1995; leual, 1998, 1999, 2006)his patterrconsists of

four black TFshaped patterns measuring 40° vertically and 40° degrees horizontally; the bar
width was 10° wide. There were two pairs of each type of pattern within the visual scene for
each stimulus (i.e. two upright and two inverted). Theesfiolentical patterns (i.e. both upright

Ts) were placed in opposing quadrants at 180° apart (from the midline of the pattern), with a
90° separation between each pattern around the arena wall. For both hyperacute stimuli, | used
the same 3D object as preusly described in Chapter 3. First, four black 2D dots (3.9°)
separated by 90°, two of the dots had the 3D object placed within them. So as with the
alternating TFpatterns, the dots alternated either with or without the 3D object. Second, an
identical aproach but now using vertical stripes (horizontal 3.9°, vertical 38°) with or without

the 3D object present.
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Depth
discrimination ] I | |
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Pattern
discrimination

Fig. 3.2 Visual learning experiments.

(A, B) Schematic illustration of the (A) visual stimuli presented to the fruit flies, (top) test stimuli
includes (upper) a dot stimulus (3.9°) and (lower) a stripe stimulus (horizontal width 3.9°). In
each, four black patterns (90° separation) are presented to the fly with two pins (3D objects)
placed within alternating quadrants (180° separation). (bottom) The control stimulus is the
classic T-pattern with alternating upright and inverse T-shaped patterns. (B) A fly views the

stripe stimulus with a pin, either present or absent.

Under software control, the scene was divided into four 90° quadrants aligned centrally with
each physical pattern of the arena. The laser automatically turned on or off dgmmemaimich

guadrant the CS+ was within. This switching occurred whenever the fly rotated the scene,
crossed the invisible boundary from one quadrant, and entered another. Which pattern was the
designated CS+ was randomised, although an effort was madeetddth patterns the CS+ a
broadly equal amount of ti mes. The heat pun
pulsating infrared laser (825 nm, 150 mW), guided using a piemds3micromanipulator
(Sensapex, Finland), directed from above (degrased)slightly off centre (degrees) from

directly in front of the fly.

In contrast, traditionally, the heat punishment for this behavioural assay has been delivered
from behind onto the head and thorax of the(Wolf and Heisenberg, 1991; Dill, Wolf and
Heisenberg, 1993; Targf al, 2004) This approach provided a higher $2lore when a few
control flies were tested with this methady S8). This finding suggests that heat punishment
from behind delivers a more potent unconditioned stimulus. Regardless, throughout the

learning experiments, | delivered the punishment froeadlof the fly. This choice was due to
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the rigid setup of the flight simulator system, meaning the best way to minimise additional
visual cues, e.g. experimenter activity and external light sources surrounding the faraday cage,
was to have a fly facing inavds i.e. towards the laser. Despite previous work showing higher

Pl scores, the comparison between groups within these experiments is valid since | use the

same approach consistently.

3.2.5 Deep pseudopupil imaging

For RhirescuenorpA*®* flies, electroretingrams (ERGs) and deep pseudopupil imaging
(performed by Joni Kemppainen) were undertaken immediately after the learning experiment.
The deep pseudopupil imaging unexpectedly showed substantial variations in the
photoreceptor microsaccade size of some iddals between their left and right eyes. This
discovery highlighted that sometimes the mutants showed no lateral (sideways moving)
photoreceptor microsaccades in one of their eyes (~10%the 97 flies tested in the flight
simulator (dots: 30; stripe80; tpatterns: 37), five escaped after behavioural assessment and
before the eye could be imaged (stripes:patterns: 4), and a single fly (stripes) had no
saccade movement in either eye. It is unclear why this fly had no saccade moyeinért,

likely due to development errors occurring in photoreceptor pivoting and anchoring for the
Rh1-rescuenorpA®*® genotype(Kemppaineret al, 2022) Regardless, this phenomenon was
helpful as it allowed me to categorise the flies into two additional subgroupsdboaaleand

monasaccadesfor analysis (see below).

3.2.6 Data analysis

All data collection and stimulus procedures were performed using custidten MATLAB
software.During the single object experiments, fheenor amadés position r el
fixed orientation was measuratil kHzand then given as the mean fixation probability. The

optimal bin size was determineds i ng St u turges,sl826fk ul+&22ldg&)Jor

visualisation of the distribution. This rule gave an optimal number of 15 bins, giving a bin

width of 24°. | rounded down to 20° bin widths oved lins for visual clarity. The thin
(hyperacute) papgoin seemed to adict fly behaviour with varying levels of attraction, which

suggested it was an unexpected visual cue.

To compare whether flies preferred to fly towards the single dot or pin stimulus, | analysed
each experiment in thre®0° bins from the object. Theserbs wer e t he-189 ef t o
to 0°), the middle sectiornq0° to 90°) and the right section (0° to 180°). The mean probability

within each bin was then compared to determine whether the section with the dot had a
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statistically higher mean. For exampee central pin stimulus places the pin at 0° in the centre

of the middle section90° to 90°). The two empty dots, meanwhile, ar®@t and 90°. Thus,

they are placed within the centre of the left secti@8@F° to 0°) and right section (0° to 180°),
respectively. | predicted the larger bin size ¢20°) would be required to determine whether

any preference was shown to the single object. Indeed, if the fly were to detect the visual cue,
it is such a small cue that the behavioural response waelg hot be sufficient with a smaller

bin size, e.gx25° In contrast, | used +30° bins to directly compare behaviour within a
narrower range to compare the salience of the single dot or pin.

Each tethered fly had a combined flight time of 32 min whesickering all four 8 min stimuli,

so some experienced flying problems. These interruptivese easily observable and
characteristic as a fly stopped flying and either dangled or erratically moved its legs. Struggling
animals were encouraged to fly agaithsair blows while the trail was paused. Otherwise, the
trial was stopped for the few that experienced reoccurring flying problems (i.e. stopped flying
>5 times during a 2 min stage), and the fly was excluded from the dataset. Most typically, flies

in thedataset experienced no flying problems during the experiments.

In learning experiments, | analysed the performance index (PI) for each of the 2 min stages.
Performance indices were automated and recorded ifiesecond in the computer storage.

The performance index was calculated as the time the fly selected to orientate towards the CS+,
minus the time the fly selected to orientate towards the @@ded by the total experiment

time. Scores ranged from 1.0 (at-tathes oriemating towards the Gpto -1.0 (at alltimes
orientating towards the CS+). Flies that spent an equal amount of time facing each pattern
received a score close to 0. Which pattern was the designated CS+ was alternated for each new

fly, thereby making eacpattern the CS+ a broadly equal amount of times.

Theoretically, the fly should have no naive preference to either pattern during the initial stages
(pre-training). However, it has previously been shown that flies sometimes demonstrate a naive
preferencdor the inverted T pattern over the upright{Oill and Heisenberg, 995; Solanki,

Wolf and Heisenberg, 2015Consequently, since experiment 2 shows voluntary orientation
towards the pin, a naive preference may be shown during theapi@g phasgwhereas,
duringtrainingthe fly should actively avoid the heat pumisgnt and produce a robust positive

Pl. For stage 5, the initial test, it is expected that the fly should now produce a positive score,
having experienced the first two phases of training. However, we found that performance for
this stage varied immenselgtiween subjects. If the fly can see the patterns as expected during
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the test stage, we predict a positive learning score, though not as strong as during the training

stages.

For the RhirescuenorpA® flies with varying photoreceptor microsaccades, th&a i

analysed first as the whole population of flies, whose microsaccade category was unknown at
the time of behavioural experi ments. Second,
R1-R6 phototransduction and symmetrical microsaccades globatgsaboth eyes. Finally,
o6monocul ar mi cr os acc ad«®R6 phétdtransdactionw but Haultyn o r ma
microsaccades in one eye, producing asymmetrical monocular microsaccades. Therefore, a
comparison could be drawn between normal or faulty microsaccadwement and

performance index during learning experiments.

3.2.7 Statistics

All statistical tests were performed using SPSS (IBM SPSS Statistics 26). Tests for normal
distribution were performed using the Shapiik test. To test whether the mean fixation

within each section was statistically different during the single object experiments, | used either

an independent samplegest or a onavay ANOVA with Tukeyds pos

appropriate.

In learning experiments, many flies exhibited varied and arpipreeferences during the first

test phase (stage 5) compared to the following phases (stages 8 and 9). To ensure that
comparisons were made during the most reliable phase of the experiment as to whether a fly
learnt or not, | focussed on Stage 8 alonesfatistical evaluation as it was the first stage after

all the training phases had been completed and before the performance would reduce due to
waning memory in stage 9. Therefore, the performance of the fruit flies during a single
performance index (Sg& 8) was statistically compared against zero using edilea one

sample {test for each stimulus within the same group of flies.

To test whether the performance indices for the dot and stripe stimuli differed from the control
stimulus within a group, | used a oneay ANOVA wi tpost Hoatestn Ant t 6 s
independent samplegdst oraoneavay ANOV A wiposhhocist doanpaced the
performance indices between fly groups. | used &ghare test to compare the number of flies
with a performance index high than 0.1 in stage 8. During the initial phases (stages 1 and 2),
many flies showed less than 0.1-0r1, i.e. equal preference. Thus, | designated a score higher

than 0.1 to indicate a trained bias for the CS
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3.3 Results

3.3.1 A small single visual cue

The yaw torque of the animals was recorded in the flight simulator to study the spatial resolving
power of fruit flies in respect to a single tiny target( 3.3) when presented with a black dot
within gratings as the only visual €uThis experiment builds on the relatively simple
optomotor behaviour by exploring the visual perception of the fly. Many flies maintained a
weak attraction for heading towards the stimulus without reinforcement. When presenting the
dot 180° from the papgoin (central dot), the fruit flies kept attempting to centre the dot within
the frontal visual field, as shown by the mean fixatiemn .(3.3B). Indeed, when the middle
region ¢90° to 90°) is compared to the control, it differs significantly (Indepetrsiample ¢
test:t(38) = 4.29P O DFig03®ad). Typically, it was observed that flies continuously
changed heading direction but would repeatedly return towards the small dot and perform small
saccadicbehaviour on either side of the stimul&accadicbehaviourg(rapid high agular
velocity turns) are aommon feature of tethered flight at the torque meter, as flies do not hold
the scene immobile or turn it smooth{Brembs and Heisenberg, 200@n the other hand,

many flies would perform anfixation behaviouand fly towards the papgwoin.

Next, to investigate whether fruit flies were biased by unknown visual cues or stimulus location
within the system, the stimul usods-omtdhet i on
left (left dot) and right (rigt dot). Similar to the central dot, fruit flies often changed direction

but would return to the dot stimulus located at the left.(3.3A) (Independenrsample ttest:

t(38) = 2.58P = 0.014Fig. 3.3F). In contrast, the right dot stimulusiq. 3.3C). did not differ
significantly from the control for the right section180°) (Independerdample {test:t(38) =

1.77,P = 0.084 Fig. 3.3H). Nevertheless, flies predominantly kept an orientation to the right
when the right dot was present (blue bag, 3.3E). Many flies maintained arbitrary headings
throughout their flight when the singular visual cue was absent (n@idot3.3D). However,

it does show a peak between the pgperand-90°. This finding suggests that the flies kept a

chosen directioklose to the papgoin when it was the only cue.
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Fig. 3.3 Detecting and using a singular small visual cue to direct orientation.

The mean fixation probability of 8 min flights of tethered Drosophila (n = 20) presented with a

small black dot (1°) placed centrally within the light bar of a panorama of gratings (2.3°),

providing a singular visual cue in an otherwise homogeneous scene. (A-C) The fl i esd f

direction relative to the dot located at the (A) left, (B) central or (C) right position (relative to
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the paper-join). The black dotted line shows the dot location. (D) The gratings are presented
with the dot absent as a control. (E) The means of the left (red), central (black), and right (blue)
dot locations have the mean of the control subtracted. The data shows that when the dot is
present in a region, the flies prefer to orientate in that general direction. The coloured dotted
lines represent the dot location for each stimulus. (F-H) Boxplots show that flies statistically
prefer the left region (F, red box) and central region (G, black box) with the dot present, but
this did not differ significantly for the right section (H, blue box). Boxes indicate the 25-75%
interquartile range, the white line indicates the median, the white box is the mean, whiskers
represent the entire data spread, and red diamonds represent outliers. Asterisks indicate the
level of significance: *P < 0.05, **P < 0.01, ***P < 0.001 and n.s. not significant. Means are

calculated over 20° bins.

The slight preference for heading towards the dot stimulus suggests that fruit flies can detect
single objects smaller than the optical resolution limit and filots this small attractive.
However, the behavioural response is not robust enough to suggest a strong attraction, as found
for vertical stripegHeisenberg and Wolf,aI79).

To investigate whether flies were changing direction regarding the dot stimulus being located

in different arena sections (relative to the pgpen), | analysed the mean orientation for each
section for each stimulus-ig. 3.4). A two-way ANOVA revealed a significant interaction

bet ween stimulus position and arena section
stimulus was statistically different as shown by a Tysest hodest between the central region

(with the dot) and left regiorP(= 0.023) but not with the centre and right regions (P = 0.984).
When comparing the central section between all three stimuli, flies preferred to fly in this
direction when the dot was present although this was not statistically different (Central dot vs

left dot, P = 0.096; central dot vs right dot (P = 0.0%1); 3.4 middle box of all plots).

When the dot was located at the left region (eé. dot stimulus), i.e:180° to 0°, the flies

preferred to fly in the general direction of the dot. This was not significant against the middle
section (Poshoc Tukey: P = 0.055) but it was statistically different against the right section
(Posthoc Tk e y P = O .001). This finding was conf
all three stimuli €ig. 3.4 left box of all plots). There was a clear preference for the left section

when the dot was present rather than absent-ffdastukey: left dot veentral dot (P = 0.012);

|l eft dot vs right dot (P O 0.001).
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Similar to what was observed with the left stimulDspsophilapreferred to fly in the arena

section with the dot for the right stimulus, though whether there a significant difference was
incongstent. There was no significant difference when compaagmjnstthe central region

(Posthoc Tukey: P = 0.258) but there was an effect when comparing against the leftq®ost

Tukey: P = 0.019) regions. The right region of the right stimulus didiffet dith statistical
significance as shown by a tukey post hoc from the central dot (P = 1.00). However, there was

a clear difference comparrFgd34dtightbbxhofeall dloesf.t st i
These results confirm that (i) the fliesncperceive the small visual cue and (ii) use that
information for choosing a general flight direction in the flight simulator, possibly as it provides

a reference point (or landmark) within the highly artificial environment.
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Fig. 3.4 Effect of dot position on orientation preference.

The fixation behaviour of fruit flies (n = 20) viewing a small dot indicates a bias towards the
single object when presented towards the left (boxes outlined in red), central (boxes outlined
in black) and right stimulus (boxes outlined in blue). Shaded boxes indicate the dot location in
each stimulus (left, red box; centre, black box, right, blue box). Boxes indicate the 25-75%
interquartile range, the red line indicates the median, whiskers represent the entire data
spread, and red diamonds represent outliers. Asterisks indicate the level of significance: *P <
0.05, *P < 0.01, **P < 0.001, n.s. not significant. Shaded boxes are replotted from Figure 3.3

F, G and H. Means calculated over 180° bins.
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3.3.2 The use of a small depth cue

The tested fliesd mean fixat ewhethepasngladDi | ity
object was detectable and more salient than multiple 2D obfegts3(5). When presenting

the pin 180° from the paper join (central dot) within the middleRiatsophilakept attempting

to centre the pin by repeatedly returning &ogls the pin and performirsgiccadidehaviour on

either side of the 3D objecti@. 3.5B). When the middle regionrq0° to 90°) is compared to

the control, it differs significantly (Independesample ttest:t(38) = 4.89P O OFig0 0 1
3.5G).Similaro t he central pin, fruit flies often c
position when found at the left arena sectidi80° to 0°) Fig. 3.5A) (Independensample 1

test:t(38) = 2.33P = 0.025 Fig. 3.5F) as well as the right section (0° 180°) (ig. 3.5C)
(Independensample ttest:t(38) =5.57P O 0rFig.(.6H).

A slight preference is shown for the single pin object as with the single dot. This finding
suggests that they can detect the changing depth of the pin and find it more Aglessible
interpretation i s that t h ethefattificiél envioromenandat i o n
tether(Solanki, Wolf and Heisenberg, 2019)he pin perhaps is chasas the best direction,

viewing it as a landing site.
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Fig. 3.5 Using a subtle depth cue within small objects for orientation.

The mean fixation probability of 8 min flights of tethered Drosophila (n = 20) presented with a

4mm black pin (2.7°) placed within the centre of one of three (90° separation) black 2D dots

(3.9°). Presenting a singular depth cue amongst multiple visualcues . The fl i esd flig
relative to the pin located at the (A) left, (B) central or (C) right position (relative to the paper-
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join). The black dotted line shows the pin location. (D) No visual cues are presented as a
control. (E) The means of the left (red), central (black), and right (blue) pin locations have the
mean of the control subtracted. The data shows that when the pin is present in a region, the
flies prefer to orient in that direction. The coloured dotted lines represent the pin location for
each stimulus. (F-H) Boxplots show that flies statistically prefer the left (F, red box), central (G,
black box) and right region (H, blue box). Boxes indicate the 25-75% interquartile range, the
white line indicates the median, whiskers represent the entire data spread, and red diamonds
represent outliers. Asterisks indicate the level of significance: *P < 0.05, **P < 0.01, ***P <

0.001 and n.s. not significant. Means are calculated over 20° bins.

To compare t he f praferance bdtweenstiie chamrging pint pasitions, n
analysed the mean fixation probability for each stimukis.(3.6). A two-way ANOVA

revealed a significant interaction between stimulus position and arena section, F(4, 171) =
20. 43, P O 0 dobsiimulus wah et statistically didférent as shown by a Tukey

post hoctest between the central region (with the pin) and left region (dot only) (P = 0.754)

but it was significant with the centre and r
section between all three stimuli, flies preferred to fly in this direction when the dot was present,
this was statistically diff er edndcTukeyybuthohe <cen
against the right dot (Pekbc Tukey: P = .354)ig. 3.6 middle box of all plots). These

findings suggest that fruit flies favour the dot with the pin present, although often the flies show

an arbitrary preference to the three dots, so the mean fixation preferring the pin is not robust.

When the pin is gsitioned to the left, i.e180° to 0°, the flies preferred to orient towards the

left section compared to the central section @Ppostc Tukey: P O .00-1) and
hoc Tukey: P O .001). As with téneompasifgthedot ,
left section for all three stimuli~(g. 3.6 left box of all plots). There was a clear preference

for the left section when the dot was present rather than absent (left vs middleyddakey:

P =.035; left vs right, Po$toc Tukey: RO . 00 1) .

In contrast, the right pin did not differ significantly between the sectigns .6 right plot)
when testing against the middle section (Fhaxt test: P = .962) and left section (Plost test:

P = .997). When comparing the right region witle pin present or absent, there was no
statistical difference against the middle pin (Hust test: P = .208) but there was against the
left pin (Posth o ¢t e s t Fig. P6 ridht boxdo0all Dlots).
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This finding indicates that while the right sect did not attract the highest mean fixation
during the right stimulus, it nevertheless had the highest fixation when comparing this section
between the three different stimuli. Thus, this still suggests a preference to fixate the pin in all
positions. Aswith the dot visual cue, this result suggests that it is the singular object that fruit
flies generally choose to orientate towards, somehow deciding that this singular piece of visual

information is more critical for choosing heading directions.
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Fig. 3.6 Effect of pin position on orientation preference.

The fixation behaviour of fruit flies (n = 20) viewing a small pin and two dots indicates a bias
towards the pin when presented towards the left (boxes outlined in red), central (boxes outlined
in black) and right stimulus (boxes outlined in blue). Shaded boxes indicate the dot location in
each stimulus (left, red box; centre, grey box, right, blue box). Boxes indicate the 25-75%
interquartile range, the red line indicates the median, whiskers represent the entire data
spread, and red diamonds represent outliers. Asterisks indicate the level of significance: *P <
0.05, *P < 0.01, **P < 0.001, n.s. not significant. Shaded boxes are replotted from Figure 3.5

F, G and H. Means calculated over 180° bins.
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3.3.3 Preference for single 2D and 3D small visual cues

To characterise fixation performance in the presence of either the dotgtae or single pin

cue, | compared the dati@. 3.3) and pin Fig. 3.5) data together to analyse the performance
(Fig. 3.7). When plotted togetheFig. 3.7A to F), the traces suggest a robust similarity in the
salience of the respective objects. \Aby, the most striking difference is for the right stimulus
(Fig. 3.7A), which show a peak in the central section for the pin stimulus (blue), which is absent
in the dot stimulus (red). This is most likely due to the empty dot present within this section
for the pin stimuluswhich is absent for the dot stimulus.

The mean fixation probability does not significantly differ when the flies were presented with
either visual cue for the left (Independaaimple ttest:t(38) = 1.95P = 0.06 Fig. 3.7G),
central (Independergample itest: t(38) =-0.88,P = 0.38 Fig. 3.7H) and right stimulus
(Independensample ttest:t(38) = 1.43P = 0.16 Fig. 3.71). This suggests that both cues are
equally salient, indicating high acuity and binocularity in ffligs.

3.3.4 Constant orientation throughout the flight

The mean fixation remained relatively constant when tested with dot stimuli throughout the
flight time. This was indicated as there was no statistical difference for any of therfmar 2
phases for théeft dot Oneway ANOVA: F(3, 76) = 0.17, P = 0.9Zjg. 3.8E), central dot
(Oneway ANOVA: F(3, 76) = 0.63, P = 0.6jg. 3.8F), right dot (Oneway ANOVA: F(3, 76)
=0.42, P =0.745ig. 3.8G) or control (Onewvay ANOVA: F(3, 76) =1.57, P = 0.Zjg. 3.8H).

Similar to what is observed with the dot cue, fruit flies kept a relatively stable orientation
preference throughout the entire 8 min experiment for the left pin@@yeANOVA: F(3, 76)
=0.39, P = 0.76Fig. 3.9E), central pin (Onavay ANOVA: F(3, 7§ = 0.26, P = 0.85¢ig.

3.9F), right pin (Oneway ANOVA: F(3, 76) = 2.59, P = 0.06ig. 3.9G) and the control (Ore

way ANOVA: F(3, 76) = 0.48, P = 0.Fig. 3.9H). This suggests that the information fruit
fliesd place on t he stimuudrentaiassalde ovef time within theo t
flight simulator.
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Fig. 3.7 Singular 2D or 3D objects, when tested separately, are equally salient.

The mean fixation behaviour of Drosophila (n = 20) of 8 min flight periods when presented with
either the smal/l bl ack dot (red)

or

smal |

bl ack

to the singular landmark for the (A) left, (B) central and (C) right location. Means are calculated

over 20° bins. Error bars indicate SEM. The black dotted line in A-Fs h ows

t he

dot

combined location. (G-I) Boxplots show no significant difference in the mean fixation between

the dot and pin. Boxplots are the same data as shown in Fig. 3.3 and Fig. 3.5 for dots and

pins, respectively. Boxes show the interquartile range, the white line indicates the median, the

white box is the mean, whiskers represent the entire data spread, and red diamonds represent

outliers. n.s. not significant. D-F Means calculated over 30° bins.
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Fig. 3.8 Stable fixation in time when viewing a small single visual cue.

The mean fixation of flies (n = 20) shows similar orientation when viewing the dot stimulus
during the first, second, third and fourth 2 min phase of the 8 min flight for the left (A), central
(B), right (C) and control (D). This indicates that whether the dot is present or absent, fly
behaviour is relatively constant with no apparent difference between each phase. The black
dotted line in A-C shows the dot location. Means are calculated over 20° bins. (E-H) Boxplots
confirm that there is no statistical difference between the 2 min phases. Boxes show the
interquartile range, the white line indicates the median, the white box is the mean, whiskers

represent the entire data spread, and red diamonds represent outliers. n.s. not significant.
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