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Abstract

Organisms have evolved the ability to detect, process, and respond to many different
surrounding stimuli in order to successfully navigate their environments. Sensory
experiences can also be stored and referenced in the form of memory. The Drosophila
larva is a simple model organism that can store associative memories during classical
conditioning, and is well-suited for studying learning and memory at a fundamental
level. Much progress has been made in understanding larval learning behavior and the
associated neural circuitry for olfactory conditioning, but other sensory systems are
relatively unexplored. Here, we investigate memory formation in larvae treated with a
temperature-based associative conditioning protocol, pairing normally neutral
temperatures with appetitive (fructose, FRU) or aversive (salt, NaCl) stimuli.
Associative memory is tested using thermal gradient geometries, and we quantify
navigation strength towards or away from conditioned temperatures. We find that
larvae demonstrate short-term associative learning. They navigate towards warmer or
colder temperatures paired with FRU, and away from warmer temperatures paired with
NaCl. These results, especially when combined with future investigations of thermal
memory circuitry in larvae, should provide broader insight into how sensory stimuli are
encoded and retrieved in insects and more complex systems.

Introduction 1

General Background 2

Animal behavior relies on sensory input. When sensory information is sent to the brain 3

it can sometimes be encoded in the form of memory and later retrieved. Through 4

memory, previous sensory experiences can be used by the organism to shape future 5

behavior. It is common for organisms to begin to anticipate an outcome based on 6

external and unrelated stimuli, a process that is referred to as associative memory and 7

learning. Associative memory is a complex behavior that is important for survival and 8

fitness for many organisms. Associative memory is ubiquitous across taxa, and is found 9

in both invertebrates like Aplysia [1] and vertebrates like Danio rerio [2]. In the 10

laboratory, the ability for an organism to form associative memory can be tested by 11

implementing a classical conditioning paradigm. During classical conditioning, two 12

stimuli are used, and the study organism learns to form an association between them. 13

The first stimulus normally yields a strong response from the organism when applied 14

alone (unconditioned stimulus, US). The second stimulus is normally neutral to the 15
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organism when applied alone, and elicits no response until after the protocol is 16

completed (conditioned stimulus, CS). 17

Achieving a comprehensive understanding of associative memory that includes both 18

behavior and the underlying neural circuitry is a difficult and important task in 19

neuroscience. Vertebrate models can be more challenging to understand due to the size 20

of their brains (humans have ∼ 90 billion neurons, mice have ∼ 70 million). Using 21

smaller animals like insects offers important advantages due their to more tractable 22

nervous systems. The carpenter ant (Camponotus aethiops) and the honeybee (Apis 23

mellifera) are able to form associations between otherwise neutral odors (CS) and 24

painful temperature stimuli (US) [3, 4]. The Drosophila melanogaster larva (< 10, 000 25

neurons) is an even simpler insect model. A slow-moving crawler with a transparent 26

body, the larva is well-suited for detailed behavior analysis and in vivo neural imaging, 27

and has also been shown to engage in associative learning. Here we use Drosophila 28

larvae to establish a learning and memory assay that pairs unconditioned gustatory 29

stimuli (US) with normally neutral temperatures (CS) in an effort to elicit the 30

formation of thermal associative memory. 31

Larval Learning and Memory 32

The Drosophila larva does form associative memory. Some learning behaviors have been 33

characterized in Drosophila larvae, although nearly every associative memory protocol 34

has relied on odor as the conditioned stimulus. Typically in olfactory-based associative 35

learning experiments, a reward (e.g., sugar) or punishment (e.g., electric shock or 36

quinine) is paired with a neutral odorant [5–11]. 37

At the neural circuit level, it has been established that the brain region responsible 38

for learning and memory formation in insects is the mushroom body (MB) [6, 12–31]. A 39

complete connectome of the larval brain [32] as well as the specific neural circuit 40

responsible for olfactory memory [33] have been recently mapped. A model for the 41

proposed functions of the different neuronal populations within the olfactory learning 42

circuit has also been proposed [34]. It remains unknown whether this circuitry is also 43

involved in the associative learning for non-olfactory stimuli. Research in adult flies 44

provides evidence of some shared circuitry between olfactory and visual memory [35], 45

but a separate MB circuit could responsible for learning involving other stimuli. 46

The field has developed extensive knowledge of the larval olfactory 47

system [10,17,36–42]. Therefore, there is value in developing new learning and memory 48

protocols that include stimuli besides odorants to expand the field. On a technical level, 49

airborn chemical concentrations can be difficult to control and measure precisely, and 50

experimental devices may require complicated systems for delivering, cleaning, and 51

purging odorants [43]. Light has also been used as both a CS and US in larval learning 52

and memory studies [7, 9, 44,45], although larvae have an innate aversion to light [46] 53

that can complicate learning paradigms. Associative memory is inherently multi-sensory, 54

so studies that focus on other stimuli should be conducted to achieve a broader 55

understanding of memory formation and the resulting behavioral responses. 56

Investigating stimuli besides odorants and light in learning and memory experiments is 57

warranted, and in particular, the use of thermal stimuli is lacking in the current 58

literature. 59

Larval Thermal Sensing and Response 60

In the present work, we seek to demonstrate the viability of temperature as a robust 61

stimulus for fly larva conditioning experiments. Temperature is of vital importance to 62

nearly every animal, especially small, slow ectotherms like the Drosophila larva. Two 63

previously established aspects of thermal behavioral response in larvae are especially 64

May 5, 2024 2/21

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 8, 2024. ; https://doi.org/10.1101/2024.05.07.592889doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592889
http://creativecommons.org/licenses/by/4.0/


important for developing associative memory protocols: (1) Larvae are extremely 65

sensitive to changes in temperature (both warming and cooling) and can thus robustly 66

navigate thermal environments [47,48]; but (2) there is a range of temperatures where 67

larvae do not normally exhibit thermotaxis [49], so temperatures within that range can 68

be freely used as the conditioned stimulus (CS). 69

The cellular and molecular mechanisms underlying non-nociceptive temperature 70

sensing in Drosophila larvae are reasonably well understood. Larvae sense changes in 71

the temperature of their environment using three cool-sensing neurons located on each 72

side of their heads [47] as well as two warm-sensing neurons of opposite valence [50], 73

both housed in the dorsal organ ganglion. The three cool-sensing cells are extremely 74

sensitive to very small changes in temperature [47,48], responding to changes as small 75

as a few thousandths of a ◦C per second. Three sub-types of ionotropic receptors 76

expressed by the cool-sensing cells, Ir21a, Ir25a, and Ir93a, are all necessary for the 77

temperature sensitivity of these neurons [51,52]. In terms of learning and memory 78

experiments, nociceptive temperatures have been used as an unconditioned stimulus 79

(US) in adult flies [53] and larvae [54], with subsequent testing in binary choice assays. 80

We deploy non-nociceptive temperatures in the present work. There is a temperature 81

range between cold and warm avoidance regimes (approximately 22− 28 ◦C) where 82

larvae do not normally exhibit thermal preference by moving either up or down a 83

thermal gradient [49]. Individual cooling and warming sensory neurons themselves do 84

remain sensitive to temperature changes in this range, but a cross-inhibition mechanism 85

effectively cancels their competing signals [50]. In this paper we take advantage of the 86

neutral temperature range and use temperature as a CS in learning protocols, and show 87

that larvae are indeed able to form associative memories with temperature-based 88

conditioning and navigate accordingly. 89

Materials and methods 90

Fly Strains and Husbandry 91

All Drosophila stocks were raised at room temperature (∼ 24− 25 ◦C) in test tubes 92

(Genesee) with a cornmeal and molasses food base. Second instar larvae were collected 93

with cages (Genesee) where eggs were laid on Petri dishes containing a 1.5% agar-grape 94

juice mixture topped with re-hydrated inactive dry yeast (∼ 0.35− 0.45 g). The cages 95

and Petri dishes were also kept at room temperature. 96

Two wild-type strains were used: an isogenic line of w1118 (a gift from Sheyum 97

Syed), which has a null mutation of the white gene, and Canton-S [55] (BDSC #64349). 98

We also used the loss of function mutants Orco2 (BDSC #23130), which lacks the 99

co-factor for odor sensing, and Ir25a2 (BDSC #41737), which lacks a required receptor 100

for cooling and warming sensing in the dorsal organ. 101

Temperature Gradient Platforms 102

Two temperature-controlled platforms were used for testing larval navigation 103

performance post-conditioning (Fig. 1). One platform establishes a linear gradient in 104

the x-direction across a square arena, each side set to a specific temperature with a 105

linear transition in temperature between them. The other platform establishes a radial 106

gradient, where the temperatures at the center and perimeter are given different set 107

points, establishing a linear gradient along any radius. Both customized platforms were 108

machined from aluminum blocks. The linear gradient consisted of a top plate (30.5 cm 109

deep in the y-direction, 71 cm wide in the x-direction, 6.4 mm thick) and a reservoir 110

block at each end (30.5 cm deep, 10.2 cm wide, 3.8 cm thick). Agar gels for the linear 111
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gradient platform were 22× 22 cm squares. The radial gradient platform consisted of a 112

top plate (30.5 cm in diameter, 1.25 cm thick) mounted on a circular reservoir block 113

(30.5 cm in diameter, 4.5 cm tall). The reservoir block was hollowed in order to make 114

continuous contact (1 cm) with the outer edge of the top plate, and to allow space for a 115

separate central cooling unit (void 18.5 cm in diameter). The center cooling unit is 116

mounted to a circular aluminum block (5.08 cm in diameter) joined with a aluminum 117

cylinder (2.5 cm in diameter, 2.0 cm tall) which makes contact with the center of the 118

top plate. Agar gels for the radial gradient platform were circular with a diameter of 119

30.5 cm, and poured directly onto the top plate. A silicone barrier held the liquid in 120

place as the gel cooled. The gels for both platforms were 3.5 mm thick. The gel 121

composition was 2.5% wt./vol. agar, 0.75% wt./vol. charcoal, except for experiments 122

with NaCl as the conditioned stimulus, where the composition was 1.5% wt./vol. agar, 123

0.75% wt./vol. charcoal, 8.7% wt./vol. NaCl (1.5 M). The agar gels were placed atop 124

each platform and acted as crawling substrates for recording larva behavior.

Fig 1. Thermotaxis testing platforms. An agar gel (white) is placed on the surface
of these units. A: Top: a stable 1D linear gradient is produced by maintaining a
constant cool temperature on one end and a constant warm temperature on the other
(as in [47, 49] and elsewhere), using thermoelectric coolers (TECs) and resistive heaters.
Bottom: Temperature across the width of the crawling surface. Individual traces from
repeated measurements in gray, average in black. Inset is a schematic of the
temperature profile. B: Top: a stable radial gradient, produced using 6 TECs under the
outer section to maintain a constant temperature around the perimeter and another
more powerful TEC in the center to establish the opposing temperature. Bottom:
Temperature along a radius, individual measurements in gray, average in black. Insets
are schematics of the temperature profile in two configurations. After conditioning,
larvae are placed on one of these platforms and their movement is recorded with a
camera. Drawings are to scale, with each gel 22 cm wide.

125

The temperatures of each gradient were measured by RTDs (McMaster-Carr) or 126

thermocouples (Physitemp), and maintained by thermoelectric coolers (TEC) (Custom 127

Thermoelectric) driven by PID controllers and H-bridge amplifiers (Accuthermo). 128

Copper water blocks (Custom Thermoelectric) attached to the underside of each TEC, 129

were connected to a circulating chiller (VWR) to dissipate excess heat. Both systems 130

allowed us to monitor and control the temperatures at the extremes of each gradient 131

with high precision (0.1 ◦C), maintaining stable gradients throughout all experiments. 132

Image Acquisition 133

The temperature-controlled platforms were each surrounded by a square perimeter of 134

red LEDs (620 nm) that provided dark field illumination to the arena. Using black agar 135

gels aided image contrast. An above-mounted CCD camera (Basler) equipped with an 136

8-mm lens (Computar) continuously recorded many crawling larvae simultaneously 137

during each 10-minute experiment. Images were recorded at 15 frames per second, 138

faster than any larval behavior of interest. After each experiment, videos were run 139

through a customized analysis pipeline to quantify behavior. 140

Video Analysis 141

Raw image data was processed using the MAGAT Analyzer software [56], which 142

extracts the positions and body contours of each individual larva at every frame, 143

determines relevant locomotion parameters, and segments each trajectory into an 144
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alternating sequences of relatively straight-crawling “runs” and direction-altering 145

“turns,” akin to a modified random walk [57]. 146

Custom analysis programs written in Matlab and Igor Pro extracted properties for 147

each run and turn, which were then used to calculate behavioral characteristics at 148

population and individual levels. For example, the number of turns N divided by the 149

sum of run durations T =
∑

∆ti yields the turning rate R = N/T , typically the most 150

important parameter for random walks. When R and other parameters vary with 151

crawling direction (due to varying stimulus inputs), trajectories on average exhibit 152

directed motion, up or down a stimulus gradient. 153

We used the navigation index (NI) as a summary metric for performance on the 154

stimulus gradients. For linear gradients this was computed as NIx = ⟨vx⟩/⟨v⟩, the 155

average x-component of velocity normalized by the average speed during runs. 156

Equivalently, NIx is the weighted average of cos θ, where θ indicates the crawling 157

direction (θ = 0 points in the +x direction). For radial gradients we instead computed 158

NIr = ⟨vr⟩/⟨v⟩, where r is the radial direction. Both navigation indexes distill larva 159

behavior into a dimensionless number that summarizes the efficiency of crawling 160

towards a specific direction, and they emphasize the turning decisions that shape 161

trajectory headings because they are independent of overall speed. 162

Only tracks that started before the 300 s mark in their corresponding experiment 163

and lasted more than 300 s were included. This ensured that each individual animal 164

corresponded to at most one track, avoiding any double counting. With such filtering in 165

place, an overall population navigation index could be computed as the mean of the 166

individual animals’ NI values. 167

Learning Protocols 168

Conditioning: Larvae were repeatedly exposed to paired temperature (conditioned 169

stimulus, CS) and tastant (unconditioned stimulus, US) combinations in an attempt to 170

elicit associative memory formation (Fig. 2). All conditioning was conducted in a dark 171

room, with light for human viewing provided by a red (620 nm) LED lamp, a color that 172

lies outside the larva’s visual range. 173

Fig 2. Schematics of protocols for establishing associative memory with
temperature and tastants. A: Symbol legend, used here and in all figures. Circles
denote the US (by color) and CS (by + or − symbol) to describe the paired
conditioning used in an experiment. B: Single conditioning protocols. All larvae were
washed and held on a plain agar plate for 60 min, then transferred to an agar plate
where the CS and US are paired, and remain there for 5 min. Larvae were then washed
and transferred to another plain agar gel for an additional 5 min. This cycle was
repeated as shown in the schematic. Empty white circles indicate plain agar for all
protocols, and the durations from the first protocol are used in the other five. Naive
controls were performed by using a plain agar plate (without the US tastant), but with
the temperature still present. C: Double conditioning. The plain agar gel stage was
replaced by a second paired gel of the opposite CS and US. D: After conditioning larvae
were tested on a temperature gradient. This gradient was either be linear or radial, and
in the case of the radial gradient, the direction of the gradient could have the lower
temperature at either the center or the perimeter. During testing, larvae crawl on plain
agar gel, except when conditioning involved NaCl, in which case the agar gel contained
salt at 1.5 M. Each experimental trial used 15− 20 individual larvae.

Appetitive conditioning used fructose (FRU) as a reward, where FRU was included 174

in 1.5% agar gels (15% FRU wt./vol.) Gels with similar FRU concentrations have used 175

as the US reward in other conditioning studies with odors as the CS [8,58]. Aversive 176
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conditioning used sodium chloride (NaCl) as a punishment, where NaCl was included in 177

1.5% agar gels (8.7% NaCl wt./vol.). Sodium chloride at similar concentrations has been 178

shown to be an adequately aversive US in other larval conditioning studies [7, 10, 37, 59]. 179

The specific procedure for conditioning (Fig. 2) was performed as follows: Second 180

instar larvae were removed from rearing cages and rinsed in DI water to remove food 181

and waste. They were then placed in a petri dish containing 1.5% agar (wt./vol.) for 182

60 minutes. After this starvation period, larvae were transferred to a new petri dish for 183

paired conditioning, where the agar gel contained either FRU or NaCl (US) and the gel 184

was held at a fixed temperature of either 20 or 27 ◦C (CS). Larvae were kept in the 185

paired conditioning gel for 5 minutes, then rinsed in DI water and moved to a new petri 186

dish. During single conditioning, larvae were transferred to a second agar gel absent of 187

any US, and held at room temperature. During double conditioning, larvae were 188

transferred to a second gel containing the opposite US/CS pairing from the first gel. 189

After 5 minutes on the second dish, the larvae were rinsed again and returned to the 190

first dish. This process was repeated twice more, such that larvae were subjected to 191

each temperature/tastant (CS/US) pairing for three 5-minute intervals. For double 192

conditioning protocols, larvae were finally transferred to a plain agar gel at room 193

temperature to rest for 5 minutes. 194

Testing: After undergoing the conditioning protocol, larvae were transferred to one 195

of the two testing platforms (Fig. 1) and their crawling behavior was recorded by an 196

overhead camera for 10 minutes. In appetitive FRU conditioning experiments larvae 197

crawled on plain agar on a thermal gradient without the US present. In aversive NaCl 198

conditioning experiments, larvae crawled on agar-NaCl gels on a thermal gradient (NaCl 199

concentration 1.5 M). 200

The thermal gradient arenas (Fig. 1) were used to measure the extent to which 201

larvae approach or avoid the temperature used as the CS. Both thermal gradients used 202

20 ◦C and 27 ◦C as their coldest and warmest points (left/right edges for linear 203

gradient, center/perimeter for radial gradient), the same temperatures used as the CS 204

during conditioning protocols. Larvae are initially spaced apart on a 5 cm vertical line 205

in the center of the linear gradient, and placed on the perimeter of a 2.5 cm diameter 206

circle on the radial gradient. 207

The efficiency with which larvae approach either extreme of a thermal gradient is 208

extracted from raw trajectory data, along with many other parameters related to 209

movement speed and turns. As noted above, the efficiency of movement along a 210

gradient (the x-direction or r-direction) is quantified as a navigation index (NIx or 211

NIr), a dimensionless value with a possible range between −1 and +1 (+1, for example, 212

would be the navigation index if an entire population of larvae moved directly up the 213

gradient without ever deviating). For reference, strong linear chemical concentration 214

gradients [56] yield NI near +0.2, and strong thermal gradients [47,48] yield NI near 215

+0.3, and both behaviors are robust in crawling larvae. The 20-to-27 ◦C gradients we 216

use in this paper are strong (0.32 ◦C/cm for the linear gradient, 0.50 ◦C/cm for the 217

radial gradient), but over a temperature range that does not normally elicit strong 218

crawling in either direction (NI near zero, see [49]). Most conditioning protocols were 219

tested on the radial gradient platform as well as the linear gradient. This allowed us to 220

see larvae navigate a more complex thermal landscape, and the circular geometry is 221

well-suited for framing navigation as dispersal away from an initial temperature. For 222

example, a larva crawling in a straight line will experience varying rates of temperature 223

change as it moves. 224
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Results 225

Thermal conditioning with fructose 226

Larva are capable of sensing extremely small changes in temperature [47, 48, 51, 60], but 227

exhibit randomly directed exploratory motion [61] within a temperature range of 228

approximately 22− 28 ◦C, even in the presence of a spatial gradient [49]. In our 229

experiments, naive control larvae, moved between agar plates but without any 230

temperature-odor pairing, indeed show only very small (and statistically insignificant) 231

net navigation on a gradient centered at 23.5 ◦C, as seen in Fig. 3A (gray horizontal 232

bar). We sought to test whether larvae form associative memories to temperatures 233

within the normally neutral range when those temperatures are paired with a positive 234

(fructose, FRU) or negative (salt, NaCl) tastant stimulus. If the association is 235

established through conditioning, then their essentially random exploratory motion 236

should change to include directed navigation towards (away from) the positive 237

(negative) unconditioned stimulus. 238

Fig 3. Thermotaxis measurements following paired FRU-27 ◦C or FRU-27 ◦C
conditioning of w1118 larvae. A: Net larval movement, summarized by the navigation
index NIx = ⟨vx⟩/⟨v⟩, on a linear temperature gradient (0.32 ◦C/cm) from 20− 27 ◦C.
A positive NI indicates navigation towards the warmer temperature and a negative NI
navigation towards the cooler temperature, and magnitude indicates the strength of the
navigation. Circle symbols connected to each result indicate the conditioning used, with
the scheme from Fig. 2. The number of larvae tested is indicated next to or inside of
each bar. Appetitive conditioning with FRU induced significant navigation towards the
conditioned temperature, for conditioning to 27 ◦C and to 20 ◦C. Significance tests are
with respect to the control (gray bar) group. B: Histogram of the NI values for
individual larvae, for the same three experiments in A. C. Turn rate as a function of the
temperature change dT/dt leading up to a turn, with crawling runs sorted into dT/dt
bins. Control larvae (top, gray bars) showed no significant difference between the
dT/dt = 0 bin and any of the other eight bins. FRU-27 ◦C conditioned larvae (bottom,
purple bars) showed a strong drop in turn rate at the highest warming dT/dt bins
compared to the dT/dt = 0 bin. This indicates that the positive thermotaxis resulting
from conditioning is specifically an attractive behavior towards the warm temperature,
rather than an avoidant behavior away from the cooler temperature. The turning rates
used here were adjusted to have crawling speed (which is independent of crawling
direction) regressed out, see S1 Fig. Error bars are s.e.m. * indicates p < 0.05, **
indicates p < 0.01, *** indicates p < 0.001, Student’s t-test.

As a first test of this approach, wild type w1118 larvae were conditioned with FRU 239

(2 M concentration) paired with 27 ◦C (Fig. 2), placed on a spatial temperature 240

gradient (Fig. 1), and their locomotion was recorded with a camera and trajectories and 241

other information extracted with software (see Materials and Methods). These larvae 242

moved up the gradient toward the warmer temperature, considerably more strongly 243

(navigation index NIx = +0.15) than the naive controls (NIx = +0.03) (Fig. 3A). 244

Significant navigation toward the CS was also observed when larvae were conditioned 245

with FRU paired with the cooler 20 ◦C, demonstrating that both the warm and cool 246

ends of the neutral temperature range work for establishing associative learning. 247

Individual animals were tracked throughout every experiments, so we can also 248

observe the distribution of navigation indexes within the population. Figure 3B shows 249

histograms for control groups and both FRU-temperature pairings, and highlight the 250

high level of variance in conditioned larva thermotaxis. 251

By looking more closely at individual turning events, we can also determine whether 252
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positive thermotaxis for larvae conditioned, for example, with FRU-27 ◦C pairing are 253

specifically attracted towards the warmer temperature. Larvae that increase turning 254

rate during cooling and larvae that decrease turning rate during warming would both 255

exhibit positive thermotaxis and move up the gradient, and the NIx summary metric 256

would be unable to distinguish the two cases. By sorting all “run” segments (periods of 257

straight crawling between turns) by the dT/dt, the rate of warming or cooling, that 258

larvae experience, we can determine whether conditioned thermotaxis is avoidant or 259

attractive behavior (Fig. 3C). With data framed this way, we can see that 260

FRU-27 ◦C-conditioned thermotaxis is an attractive behavior, where larvae significantly 261

reduce their turning rate when they experience the strongest warming, whereas turn 262

rates for all other dT/dt groups are not significantly adjusted compared to 263

constant-temperature (dT/dt = 0) crawling. The turning rates used here were adjusted 264

to have crawling speed (which is independent of crawling direction) regressed out, see S1 265

Fig. 266

Paired FRU (2 M) and 27 ◦C conditioning was repeated with Canton-S larvae, 267

another wild type strain. These larvae also navigated strongly up the gradient 268

(NIx = +0.18), while the control larvae did not (NIx = −0.02) (Fig. 4). When a lower 269

concentration of FRU (0.5 M) was used as a reward instead, Canton-S larvae were still 270

able to move towards the warmer 27 ◦C side of the gradient (Fig. 4), but less robustly 271

(NIx = +0.06) than when the conditioning was performed with 2 M fructose. 272

Fig 4. Thermotaxis measurements following paired FRU-27 ◦C conditioning
of Canton-S larvae, at two different FRU concentrations. The bar graph shows
net larval movement, summarized by the navigation index NIx, on a linear temperature
gradient (0.32 ◦C/cm) from 20− 27 ◦C. Circle symbols connected to each result indicate
the conditioning used, with the scheme from Fig. 2. The number of larvae tested is
indicated next to or inside of each bar. Appetitive conditioning with FRU induced
significant navigation towards the conditioned temperature, at both low (0.5 M, smaller
red circle) and high (2 M, larger red circle) FRU concentrations, compared to
non-conditioned control larvae. Larvae conditioned with the higher FRU concentration
approached 27 ◦C more strongly than the more weakly conditioned group. Error bars
are s.e.m. Significance tests are with respect to the control (gray bar) group. * indicates
p < 0.05, ** indicates p < 0.01, Student’s t-test.

A loss of function mutant, Ir25a2, lacking a necessary co-receptor for primary 273

cooling and warming sensation [51] was tested using the same FRU conditioning 274

protocol (Fig. 5). Conditioned Ir25a2 larvae performed similarly to naive controls, 275

whether FRU was paired with 27 ◦C or with 20 ◦C . This result implies that thermal 276

associative learning involves sensory processing and is not merely a physical related to 277

temperature and taste. 278

Fig 5. Thermotaxis measurements following paired FRU-27 ◦C or
FRU-27 ◦C conditioning of Ir25a2 larvae, which are temperature-insensitive
mutants. Bar graph shows net larval movement, summarized by the navigation index
NIx, on a linear temperature gradient (0.32 ◦C/cm) from 20− 27 ◦C. Circle symbols
connected to each result indicate the conditioning used, with the scheme from Fig. 2.
The number of larvae tested is indicated next to each bar. Conditioned Ir25a2 larvae
performed no different than control when FRU was paired with 27 ◦C, or when FRU
was paired with 20 ◦C. Error bars are s.e.m.

Anosmic mutant (Orco2) larvae, which lack the co-factor for chemosensation, were 279

also tested with the FRU-temperature pairing protocol (Fig. 6). Larvae conditioned 280

with FRU paired with 27 ◦C navigated up the gradient more strongly than naive control 281
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larvae, and larvae conditioned with FRU paired with 20 ◦C navigated down the 282

gradient. Although neither comparison was statistically significant with 95% confidence, 283

the results (p = 0.15 for positive thermotaxis, p = 0.20 for negative thermotaxis) suggest 284

that while FRU conditioning relies on both smell and taste, larvae are able to form 285

associative memory in the absence of odors. 286

Fig 6. Thermotaxis measurements following paired FRU-27 ◦C or FRU-27 ◦C
conditioning of Orco2 larvae, which are anosmic mutants. Bar graph shows net
larval movement, summarized by the navigation index NIx, on a linear temperature
gradient (0.32 ◦C/cm) from 20− 27 ◦C. Circle symbols connected to each result indicate
the conditioning used, with the scheme from Fig. 2. The number of larvae tested is
indicated next to or inside of each bar. Orco2 larvae tested after FRU-27 ◦C
conditioning moved up the thermal gradient (NIx = +0.061) more strongly than the
naive control group (NIx = +0.013,p = 0.15). This increased navigation toward the CS
also occurred when FRU was paired with 20 ◦C (NIx = −0.038, p = 0.20). These
results suggest that anosmic larvae are able to form association between tastant and
temperature despite a loss of olfactory sensation. Error bars are s.e.m.

Thermal conditioning with salt 287

We selected NaCl as the unconditioned stimulus (US) for aversive conditioning, as salt 288

has been shown to be aversive at sufficiently high concentrations, and has been used to 289

form associative memory in fly larvae when paired with odors [59,62]. For all 290

experiments with salt as a US, the agar gel for testing also included salt, at a spatially 291

uniform concentration of 1.5 M, well above the threshold between attraction and 292

aversion. Unexpectedly, non-conditioned w1118 control larvae placed on this NaCl agar 293

gel actively crawled down the linear thermal gradient toward lower temperature, with a 294

navigation index NIx = −0.11 (Fig. 7). We suspect this behavior may be due to a 295

temperature dependence at the sensory level, where salt stimulates sensory neurons less 296

strongly at lower temperature, so larvae perceive movement to lower temperature as 297

movement towards lower salt concentrations (see Discussion). Regardless of the 298

underlying reason for this non-conditioned thermotaxis, we should compare any result 299

involving salt conditioning to the NIx = −0.11 control rather than to neutral NIx = 0 300

navigation. 301

Fig 7. Thermotaxis measurements following paired NaCl-27 ◦C or
NaCl-27 ◦C conditioning of w1118 larvae. Bar graph shows net larval movement,
summarized by the navigation index NIx, on a linear temperature gradient
(0.32 ◦C/cm) from 20− 27 ◦C. Circle symbols connected to each result indicate the
conditioning used, with the scheme from Fig. 2. The number of larvae tested is
indicated next to or inside of each bar. Experiments were performed on a gel with NaCl
mixed in (1.5 M). Naive control larvae do not show neutral exploratory motion, but
instead navigate towards the cool side of the gradient (NIx = −0.11). Larvae
conditioned with NaCl-27 ◦C pairing move away from the warmer conditioned stimulus
(NIx = −0.16) more strongly than control group (p = 0.21). Larvae conditioned with
NaCl-20 ◦C pairing moved more weakly toward the cooler side of the gradient
(NIx = −0.046), less than the control group did (p = 0.12). These results suggest that
larvae form negative associative memories with NaCl-temperature pairing, and perform
thermotaxis accordingly, despite their natural tendency for negative thermotaxis on this
gel without conditioning. Error bars are s.e.m.

Larvae conditioned with NaCl paired with 27 ◦C navigate towards the cold side of 302
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the gradient more strongly than the control group, suggesting that a negative 303

association with the warmer temperature can add to the existing tendency to move 304

down this gradient in the presence of salt. Similarly, larvae conditioned with NaCl 305

paired with 20 ◦C navigate towards the cold side of the gradient also, but less strongly 306

than control group, suggesting that a negative association with the cooler temperature 307

can subtract from the existing tendency to move down this gradient. Neither of these 308

two results can be claimed with 95% confidence (see Fig. 7 caption), but together do 309

strongly suggest than despite the unexpected negative thermotaxis, larvae treated with 310

aversive NaCl conditioning do form negative associative memories with a thermal 311

conditioned stimulus. 312

Double unconditioned stimulus experiments 313

We also conditioned larvae using both FRU and NaCl as the US, each paired with a 314

different CS temperature (see protocol schematic in Fig. 2C). After conditioning, larvae 315

were placed on the linear thermal gradient. As with the single-conditioning with NaCl, 316

salt was added to the gel in the testing arena (1.5 M), and therefore any navigation will 317

be compared to the same negative-thermotaxing control group (NIx = −0.11). 318

Fig 8. Thermotaxis measurements following double-paired conditioning:
FRU-27 ◦C with NaCl-20 ◦C or FRU-20 ◦C with NaCl-27 ◦C. Larvae are wild
type w1118. The agar gel includes NaCl at 1.5 M. Bar graph shows net larval movement,
summarized by the navigation index NIx, on a linear temperature gradient
(0.32 ◦C/cm) from 20− 27 ◦C. Circle symbols connected to each result indicate the
conditioning used, with the scheme from Fig. 2. The number of larvae tested is
indicated next to or inside of each bar. Larvae conditioned with FRU-27 ◦C and
NaCl-20 ◦C moved up the gradient towards warmer temperatures, as opposed to naive
control larvae, which move down the gradient in the presence of salt. Conditioning with
the opposite scheme, FRU-20 ◦C and NaCl-27 ◦C, resulted in navigation down the
gradient stronger than the control group. These results indicate the double conditioning
yields more stronger conditioned thermotaxis, as the addition of FRU conditioning
makes this graph essentially a heightened version of Fig. 7. Error bars are s.e.m.
Significance tests are with respect to the control (gray bar) group. * indicates p < 0.05,
*** indicates p < 0.001, Student’s t-test.

In one scheme larvae were conditioned with FRU paired with 27 ◦C, and NaCl 319

paired with 20 ◦C. During testing, these larvae moved strongly towards the warmer side 320

of the gradient, whereas the control larvae navigated towards the cold side, showing that 321

a combination of appetitive conditioning to the warmer temperature and aversive 322

conditioning to the cooler temperature can overcome and reverse the tendency for larvae 323

to move to the lower temperature in the presence of salt. 324

Conditioning with the opposite scheme, FRU paired with 20 ◦C and NaCl paired 325

with 27 ◦C, resulted in strong navigation down the gradient, significantly stronger than 326

the navigation of the control group, which demonstrates that the combined conditioning 327

adds to the already existing tendency for negative thermotaxis on a thermal gradient 328

salt gel. 329

Comparing Fig. 7 and Fig. 8, we observe that the additional conditioning with FRU 330

enchances the effect of NaCl conditioning, for both combinations of double US. 331

Behavior was also quantified using a more traditional counting index method. Final 332

larval location counts (left or right side of the starting position) for all 333

FRU-temperature or NaCl-temperature (or both) conditioned larvae on the linear 334

thermal gradient are shown in S2 Fig. This metric only relies on final locations and 335

does not take into account the speed or efficiency of approach, but the results are 336
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consistent with the navigation index metric results (Figs. 3,4,5,6,7,8), although the 337

statistical significance levels tend to be less robust. 338

Behavioral components and population distributions of 339

conditioned thermotaxis 340

The navigation index (NI) as a summary metric of thermotaxis is sufficient to 341

determine whether associative learning has taken place. But a more detailed look at the 342

specific behavioral components that together determine the thermotaxis strength is 343

warranted as well. 344

The table in S3 Fig shows the population histogram of NIx for all linear gradient 345

experiments, along with how turning rate, turn size, and crawl speed depend on the 346

crawling direction (up gradient, down gradient, or perpendicular to gradient). We also 347

show turning direction and drift direction biases, and an efficiency metric that 348

quantifies the degree of curvature during ostensibly straight runs. 349

Overall, we find a high variance in NIx among individuals, as in Fig. 3B, and 350

typically a difference in turn rate when larvae crawl up vs. down the thermal gradient. 351

There is also a mild but consistent tendency to steer runs towards the warm side of the 352

gradient, although in practice, given the generally high run efficiency, would have only a 353

mild effect on navigation compared to turn rate bias. 354

Testing thermal conditioning with a radial gradient geometry 355

Larval navigation was also evaluated using a radial gradient (Fig. 1B), with the same 356

range of 20− 27 ◦C, with the center held at one end of the range and the perimeter at 357

the other. This geometry complicates the temperature stimulus inputs larvae experience 358

during crawling. For example, a straight-crawling “run” segment of a larva’s trajectory 359

will always sense a constant dT/dt temperature rate of change on a 1D linear gradient, 360

but dT/dt will vary during any run that is not parallel to a radius on a radial gradient. 361

Prior to navigation testing, wild type w1118 larvae were conditioned with one of 362

three single-pairings also used on the linear thermal gradient: FRU-27 ◦C, NaCl-27 ◦C, 363

and NaCl-20 ◦C. All three conditioning protocols were tested on two radial gradient 364

configurations: 27 ◦C inside and 20 ◦C inside (Fig. 2D). 365

In the first gradient configuration, the perimeter is held at 27 ◦C and the center at 366

20 ◦C. Naive control larvae (with a plain agar testing gel) navigate away from the center 367

with a radial navigation index of NIr = +0.20 (Fig. 9A). We note that because larvae 368

start experiments near the center of the circular arena, all NIr values are positive, so 369

any effect on thermotaxis due to paired conditioning will be relative to the positive 370

control number, and not to NIr = 0. Larvae conditioned with FRU-27 ◦C pairings 371

navigated towards the warmer perimeter more strongly (NIr = +0.30) than the control 372

group (Fig. 9A). 373

Conditioning with NaCl prior to testing on this same warm-perimeter gradient leads 374

to very weak outward navigation (NIr = +0.03) with NaCl-27 ◦C pairing, but only 375

slightly reduced (and not statistically different) navigation (NIr = +0.10) with 376

NaCl-27 ◦C pairing. These results are largely consistent with the equivalent linear 377

gradient experiments (Fig. 7), although here the NaCl-27 ◦C pairing result is more 378

dramatic and the NaCl-20 ◦C pairing less significant. We suspect this is because larvae 379

crawling in a radial thermal gradient geometry always initially travel in the +r 380

direction, and will immediately encounter their aversive conditioned stimulus and adjust 381

turning rate or other behaviors accordingly. When the conditioning is instead related to 382

the center temperature, larvae will move away from it, and it may take several minutes 383

of random exploration before they move towards the center and then bias their behavior. 384

This time is a significant portion of the 10 minute experiment duration, so we expect 385
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Fig 9. Thermotaxis measurements in a radial gradient arena following
single-paired conditioning in w1118 larvae. The gradient ranged from 20− 27 ◦C,
with a strength of 0.5 ◦C/cm. The polar bar graphs show net larval movement towards
the perimeter, summarized by the radial navigation index NIr = ⟨vr⟩/⟨v⟩. Circle
symbols connected to each result indicate the conditioning used, with the scheme from
Fig. 2. The number of larvae tested is drawn inside each bar. A: Radial gradient with
27 ◦C on the perimeter and 20 ◦C at the center. Larvae conditioned with FRU-27 ◦C
pairing and tested on plain agar navigate to the outer edge more strongly than naive
control larvae. Larvae conditioned with NaCl-27 ◦C pairing and tested on agar with
1.5 M salt navigate very weakly toward the outside compared to the control group,
whereas larvae conditioned with NaCl-20 ◦C pairing navigate essentially the same as the
control group. B: Reversed radial gradient with 20 ◦C on the perimeter and 27 ◦C at
the center. Larvae conditioned with FRU-27 ◦C pairing and tested on plain agar
navigate to the outer edge to the same degree as control larvae. Larvae conditioned
with NaCl-27 ◦C pairing and tested on agar with 1.5 M salt navigate very strongly
toward the outside compared to the control group, and larvae conditioned with
NaCl-20 ◦C pairing navigate strongly to the outside as well. Error bars are s.e.m.
Significance tests are with respect to the control (gray bar) group closest to the
experiment group bar. ** indicates p < 0.01, Student’s t-test.

conditioning effects on thermotaxis to be less noticeable when appetitive or aversive 386

tastants are paired with the center temperature. 387

In the second gradient configuration, the perimeter is held at 20 ◦C and the center 388

at 27 ◦C (Fig. 9B). In this case, larvae conditioned with a FRU-27 ◦C pairing navigated 389

similarly to the naive control group, paralleling the observations noted above regarding 390

the NaCL-20 ◦C pairing. Both NaCl pairings (with 27 ◦C and with 20 ◦C) showed 391

significantly altered NIr metrics. When conditioned to avoid the warm center, larvae 392

moved outwards more efficiently than the control group, and did the same when 393

conditioned to avoid the cooler perimeter. 394

Put together, these radial gradient experiments show larvae successfully traversing a 395

more complex thermal landscape after associative conditioning. 396

Discussion 397

Larvae learn to approach temperatures paired with fructose 398

In this study, we showed that Drosophila larvae perform thermotaxis following a 399

conditioning protocol that paired temperature with appetitive or aversive gustatory 400

stimuli (Fig. 3A). The observed change in behavior following conditioning is consistent 401

with associative learning and show that larvae can use temperature as a learning cue; to 402

our knowledge this is the first time this has been done in this animal. The temperatures 403

used as conditioned stimuli (27 ◦C and 20 ◦C) do not naturally elicit thermotaxis, and 404

we therefore attribute the navigation behavior to associative learning from the 405

conditioning. When fructose was paired with either the cooler or warmer temperature, 406

larvae moved towards the appropriate conditioned stimulus. 407

Larvae conditioned with FRU paired with 27 ◦C dramatically reduced their turn 408

rate when they experienced higher rates of warming during crawling (Fig. 3C). 409

Comparing to naive control larvae, with an essentially constant turn rate for all 410

warming and cooling levels, we conclude that the conditioned larvae not only move 411

towards warmer temperature, but are in fact actively attracted to the conditioned 412

stimulus. In other research studying fly larva navigation without conditioning, both 413
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positive and negative thermotaxis are characterized as inherently avoidant behaviors, 414

where larvae increase turning rates when experiencing cooling below the neutral range 415

(22− 28 ◦C) or warming above the neutral range [47,48,50]. In the latter two articles, 416

the equivalent of Fig. 3C here is flat for positive dT/dt but increases substantially on 417

the left side. Our observations here notably show larvae using thermotaxis as an active 418

seeking behavior, reducing turn rate to more efficiently move towards what they 419

perceive is a better temperature, rather than increasing turn rate to avoid a worse 420

temperature. We note that this method was not applied to the other experimental 421

protocols due to a lack of statistical power. 422

Experiments with Canton-S larvae (Fig. 4) establish that thermal associative 423

learning takes place in other genetic backgrounds, and that its strength depends on the 424

tastant concentration, so that performance during testing improves with an increased 425

intensity of the reward during conditioning. 426

Overall these appetitive results are consistent with the model of associative memory 427

of other stimuli in Drosophila [6, 9, 11, 63], and more generally across other taxa [3, 4, 18]. 428

Conditioned IR25a2 larvae showed no directed movement to conditioned 429

temperatures (Fig. 5), implying that associative learning does not occur in Ir25a2 loss of 430

function mutants. These experiments acted as a negative control, and establish that 431

larvae are not cueing in on other stimuli during the testing phase. 432

Our results using ORCO2 loss of function mutants, which are anosmic, imply that 433

the loss of olfactory sensing decreases the learned response after conditioning (Fig. 6). 434

Thermotaxis, although still present, is not as high as for the wild type strains able to 435

both smell and taste. It is possible that the larvae are forming the association using 436

some combination of olfactory and gustatory sensing of fructose, suggesting close ties 437

between the sensing of smells and tastes in larvae. Although the statistical significance 438

of the conditioned thermotaxis compared to controls (p = 0.15) does not fall within a 439

95% confidence interval, it strongly suggests that larvae can form associative memory 440

without odor present as either a CS or a US, which is an important step in broadening 441

the range of learning and memory experiments that are possible in this animal. 442

Larvae navigate towards lower temperatures in the presence of 443

salt 444

We observed that naive larvae tested on a thermal gradient moveds toward the cooler 445

side when a spatially uniform NaCl concentration (1.5 M) was present in the gel (Fig. 7). 446

This result, while not expected, does not preclude using NaCl as an aversive US during 447

conditioning experiments. Any thermotaxis measurement performed post-conditioning 448

does need to be compared to the negative thermotaxis control result. For example, the 449

double-conditioning experiment with NaCl-20 ◦C pairing and FRU-27 ◦C pairing shows 450

that appetitive reward conditioning can overcome the negative thermotaxis bias and 451

produce positive thermotaxis towards the rewarded warmer temperature (Fig. 8). 452

The shift in thermotaxis in the presence of salt that we have observed must be taken 453

into account when designing future thermal memory experiments, and perhaps other 454

aversive tastants without the shift would be preferable. The mechanism responsible for 455

thermotaxis shift remains an open question, and uncovering the mechanism is beyond 456

the scope of this paper. However, a possible explanation could be a change in the 457

affinity of NaCl to gustatory receptors as a function of temperature. This would make it 458

possible that the perceived NaCl concentration varies along the temperature gradient, 459

even if the real salt concentration is spatially uniform. Previous observations noted that 460

low concentrations of NaCl act as a reward in larval olfactory learning 461

experiments [59, 64]. It should be possible in the future to characterize the sensitivity to 462

NaCl at different temperatures with in vivo microscopy of gustatory sensory neurons 463
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expressing Gr66a, a known receptor for high salt concentrations like those used in our 464

experiments here [65]. In larvae, Gr66a is expressed in the terminal organ ganglion 465

(TOG), adjacent to the dorsal organ ganglion (DOG) that houses primary themosensory 466

neurons [47,50]. However, the TOG has also been reported to house thermosensory 467

neurons [66], which could even be the same cells as the salt sensors. The proximity, or 468

even overlap, of secondary thermosensors and salt sensors could explain the temperature 469

dependence of salt sensation and therefore the anomalous thermotaxis in the presence of 470

salt. 471

Larvae form thermal associative memory with salt conditioning 472

Despite the unexpected thermotaxis in the presence of salt described above, larvae are 473

still capable of forming associative memory with salt-temperature paired conditioning 474

(Fig. 7). When NaCl is paired with 27 ◦C during conditioning, larvae crawl towards 475

20 ◦C more strongly than the negative thermotaxing control group does (although 476

p = 0.21), and conversely for NaCl paired with 27 ◦C, where larvae move less strongly 477

towards 20 ◦C (p = 0.12). The second result shows that a negative association can be 478

formed with the lower temperature, even when larvae normally move towards that 479

temperature without conditioning. 480

Avoidance of 27 ◦C was also seen in larvae navigating the radial thermal gradient 481

arena, in both orientations (Fig. 9). 482

Larvae perform associative-learning-based thermotaxis in 483

complex thermal environments 484

Following conditioning, navigation on the radial gradient (Fig. 9) is largely consistent 485

with navigation on the linear gradient. larvae were generally able to successfully 486

navigate the radial gradient to seek out the temperature to which they have been 487

conditioned regardless of valence. A specific advantage in using thermal stimuli for 488

learning and memory experiments in larvae is that it is relatively straightforward to 489

precisely manipulate the testing environment to create conditioned stimulus landscapes. 490

This quality would allow for the design of more complex behavioral arenas to test the 491

limits of larval thermal memory, and these arenas could be designed to specifically test 492

extinction or replacement learning. Additionally, it would be of great value to expand 493

these protocols to test different forms of memory including short-term, long-term, 494

reversal learning, or operant conditioning using optogenetic rewards. 495

Conclusion 496

The learned responses we have demonstrated are a result of the pairing of gustatory and 497

thermal stimuli. The presence of conditioned thermotaxis behavior implies downstream 498

neural circuitry where these sensory signals are integrated. Presumably, these signals 499

converge in the mushroom body via a similar canonical circuit to that proposed in the 500

current model for larval olfactory memory [33]. Single-cell-resolution neural imaging of 501

larvae that are actively undergoing associative conditioning should be an exciting follow 502

up to the thermal associative memory behavior experiments performed here. 503

Investigation into candidate neurons involved in the pairing of thermal stimuli with 504

other sensory inputs is warranted. The gustatory and olfactory sensory systems are 505

highly interconnected, so it is not unreasonable to hypothesize that the gustatory 506

fructose rewards and salt punishments used to establish thermal memory might utilize 507

at least part of the established olfactory learning circuity. 508
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Our findings are also consistent with thermal learning experiments conducted in 509

adult flies [54] suggesting that this behavior is present in both life stages. Previous 510

studies in mushroom body neural circuitry have identified regions that undergo 511

extensive structural changes as well as regions that appear relatively conserved in the 512

adult [44]. In the future, it will be important to identify GAL4 drivers that target 513

neurons specific to this thermal memory behavior across life stages. 514

In all, our experiments testing larval thermal memory indicate that larvae are 515

capable of using neutral temperatures as a learning cue. We also demonstrate that 516

larval thermotaxis can be turned into a active seeking behavior following appetitive 517

conditioning. Thermal conditioning of Drosophila larvae could be adopted as an 518

important tool to develop a more comprehensive understanding of learning, memory, 519

and sensory integration. 520

Supporting information 521

S1 Fig. Slower larvae turn more frequently, independent of crawling 522

direction. Scatter plots from non-conditioned control larvae crawling on plain agar gel 523

with a linear gradient (same experiments as Fig. 3, gray bar). Each individual “run” 524

from all trajectories (N = 240 larvae) is considered separately, and its duration, average 525

speed, and average crawling direction are extracted. Average turn rate is the inverse of 526

the average run duration. A: Run duration vs. run speed, showing a significant 527

correlation. A linear fit to the data provides a slope, which can then be used to regress 528

the effect of speed out of run duration data. B: Run speed vs. crawling direction. These 529

two quantities are not correlated, seen here for neutral thermotaxis crawling on a linear 530

gradient, but also true when thermotaxis is present (see every entry in the “SPEED” 531

column of S3 Fig). 532

S2 Fig. Thermotaxis binary counting index analysis for larva conditioned 533

with single or double tastant-temperature pairings. This is an alternate method 534

of determining preference, based solely on the final location of each larva after 10 535

minutes of activity on the linear gradient testing arena. The experiments are the same 536

as used in Fig. 3, 4, 5, 6, Fig. 7, and Fig. 8. Horizontal bars indicate the fraction of 537

animals with final position to the LEFT (NL) or RIGHT (NR) of the starting location, 538

and the number in the white rectangle for each experimental condition indicates the 539

preference index, which is (NR −NL)/(NR +NL), or equivalently, the difference 540

between the right and left fractions. Significance tests are with respect to the control 541

(gray bar) group for that strain and type of experiment. * indicates p < 0.05, ** 542

indicates p < 0.01, *** indicates p < 0.001, Fisher’s exact test. 543

S3 Fig. Behavioral components of thermotaxis in larvae conditioned with 544

single tastant-temperature pairings. The experiments are the same as used in 545

Fig. 3, 4, 5, and 6, and used the linear thermal gradient for testing. Strain is indicated 546

by a colored square: w1118 (purple), Canton-S (green), Ir25a2 (orange), and Orco2 547

(pink). The conditioning protocol prior to thermotaxis testing is indicated by colored 548

circles with + or − symbols as described in Fig. 2. The navigation index NIx is the 549

average of NIx for each individual larva, with the full distribution shown as a histogram 550

and the average printed adjacent to it (red text indicating NIx > 0.04 and blue text 551

NIx < −0.04). Turn rate, turn size, and speed are shown as a function of crawling 552

direction, sorted into the wedges pictured above the columns (blue for the −x direction, 553

red for +x direction, gray for +/− y direction). Turn direction to +X indicates the 554

percentage of turns made following a run headed in the +/− y directions that point the 555

larva to the warm (+x) side of the gradient. Similarly, run drift to +X indicates the 556
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percentage of runs that drift towards the warm (+x) side of the gradient. Finally, 557

efficiency indicates how straight are the runs during the experiment set. For each run, 558

efficiency is the ratio of the displacement to the path length, each animal’s efficiency is 559

the average of its run efficiencies, and the number in the table is the average of all the 560

animals’ run efficiencies. 561
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