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Abstract All animals face the challenge of finding nutritious resources in a changing environ-
ment. To maximize lifetime fitness, the exploratory behavior has to be flexible, but which behavioral
elements adapt and what triggers those changes remain elusive. Using experiments and modeling,
we characterized extensively how Drosophila larvae foraging adapts to different food quality and
distribution and how the foraging genetic background influences this adaptation. Our work shows
that different food properties modulated specific motor programs. Food quality controls the trav-
eled distance by modulating crawling speed and frequency of pauses and turns. Food distribution,
and in particular the food-no food interface, controls turning behavior, stimulating turns toward the
food when reaching the patch border and increasing the proportion of time spent within patches of
food. Finally, the polymorphism in the foraging gene (rover—sitter) of the larvae adjusts the magni-
tude of the behavioral response to different food conditions. This study defines several levels of
control of foraging and provides the basis for the systematic identification of the neuronal circuits
and mechanisms controlling each behavioral response.

Editor's evaluation

This paper contributes to the growing body of literature that investigates foraging in complex
sensory landscapes. It is therefore of interest to both neuroscientists and ecologists. Using behav-
ioral analysis and computational modeling, the authors characterize different behavioral components
of the foraging strategy adopted by the Drosophila larva as a function of food quality and food
distribution. Altogether, this works sets the stage for investigating the genetic and neural-circuit
bases underlying the control of foraging behavior.

Introduction

Most moving organisms need to explore their surroundings to increase their chances of finding
nutritious resources. This is a challenging task in natural environments, where food quality varies
both in time (e.g., seasonal effects) and space (e.g., patchy distribution). Therefore, the exploratory
behavior of animals has to be flexible and adapt to environmental challenges. From the perspec-
tive of evolutionary ecology, foraging strategies have evolved to maximize lifetime fitness under
distinct constraints (Stephens and Krebs, 1987) including the concentration of food inside patches
(Charnov, 1976). Accordingly, several hypotheses and models have been developed to predict the
optimal foraging strategy that an animal will adopt (Stephens and Charnov, 1982; Viswanathan
et al., 2011). These models postulate that animals will use different strategies depending on the
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distribution of the resources. In environments where resources are abundant, animals will search and
exploit them performing short movements in random directions, in patterns well approximated by
Brownian random walks. When resources are sparse, and foragers have incomplete knowledge about
their location, a more diffusive strategy is needed, with an alternation between short- and long-range
movements, which can be modeled as a Lévy random walk. Analysis of animal movements in the wild
has demonstrated that environmental context can induce the switch between Lévy to Brownian move-
ment patterns (Humphries et al., 2010), but the effective mechanisms behind the implementation of
such behavior (e.g., cognitive capacity, memory) often remain elusive (Budaev et al., 2019). Under-
standing the motor mechanisms that regulate the execution of different movement strategies and
the transitions between them could provide insight into how the nervous system can drive the search
for resources in complex and ever-changing environments. Drosophila larva is an excellent model to
study this question, because the movement of single animals can be tracked for long periods of time
in a controlled environment.

Larvae of the fruit-fly are constantly foraging and feeding to fulfill their nutritional needs for the
following non-feeding pupal stage. They explore the substrate by executing sequences of crawls,
pauses, and turns (Berni, 2015; Berni et al., 2012) and can efficiently explore an environment even
without brain input (Sims et al., 2019). Larvae approach (or avoid) sources of odor by triggering
oriented turns during chemotaxis (Gomez-Marin et al., 2011) and can also navigate through gradi-
ents of light intensity (Kane et al., 2013, Humberg and Sprecher, 2018), temperature (Luo et al.,
2010; Lahiri et al., 2011), and mechanosensory cues (Jovanic et al., 2019). Their natural habitat is
decaying vegetable matter distributed in patches (Ringo, 2018), and due to food decay and intra-
specific competition larvae are constantly deciding what patch to visit and how long to stay before
exploring for new higher quality food patches. This constant exploration comes at a high energetic
cost since crawling behavior is very demanding (Berrigan and Lighton, 1993; Berrigan and Pepin,
1995).

The foraging behavior of Drosophila both in the larval and adult stages is influenced by the foraging
(for) gene (Sokolowski, 2001, Sokolowski et al., 1997). Larvae with the rover allele crawl significantly
longer paths on a yeast paste than larvae with the sitter allele, and a proportion of 70% rovers and
30% sitters is observed in natural populations (Sokolowski, 2001). Due to the higher dispersal of
rover larvae, their pupae are usually found in the ground while those from sitter are usually found on
the fruit (Sokolowski et al., 1986). However, it is not known if the behavioral differences between
rover and sitter larvae can be observed in food substrates of different compositions, nor how rovers
and sitters behave in a patchy environment of regions with and without food (even though it has been
hypothesized that rover larvae are more likely than sitter to leave a patch of food to search for a new
one, Sokolowski, 2001).

Previous studies on larval foraging focused on the behavior in homogeneous substrates, where
larvae engage in a highly exploratory movement pattern if no food is available (Berni et al., 2012,
Godoy-Herrera et al., 1984; Sims et al., 2019). However, the natural habitat of larvae is very patchy
and it is not clear how they select feeding vs. exploring when the environment has food patches sepa-
rated by areas without food. Previous studies have shown that larvae are more willing to leave a patch
if the protein concentration is low but tend to stay in the patch if its nutritional content is adequate
(Ringo, 2018). Nevertheless, these studies lack an individualized tracking of the path executed by
larvae during patchy exploration.

Here, we investigate the mechanisms of foraging that adapt to changes in food distribution. To
address this challenge, we investigate how (1) the quality of the food and (2) its distribution, homog-
enous vs. constrained in small patches, influence larval foraging. We test the effect of the rover and
sitter genetic dimorphism in the different food distributions and disentangle the role of olfaction
in remaining in food patches using anosmic animals. By combining a detailed analysis of individual
larval trajectories from behavioral experiments and computational modeling, we characterize the
elements of the navigation routine and show how they adapt to a changing environment. Our results
show a modular adaptation to different food characteristics. Food quality modulates crawling speed,
turning frequency, and fraction of pauses controlling the distance traveled and therefore the area
explored. The patchy distribution of food triggers oriented turns toward the food at the patch inter-
face, increasing the time larvae exploit the food inside the patch. The foraging polymorphism of
rovers and sitters adjusts the degree of the behavioral response to different food conditions. The
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Figure 1. Drosophila larva exploratory behavior in homogeneous substrates. (A) Experimental setup: 10 larvae of the same phenotype (rover or sitter)
were placed on the top of an agar-coated arena and recorded for 50 min, experiments were repeated three times with independent samples. Three
types of substrates were used: agar-only (blue), sucrose (green), and yeast (orange). (B) Sample trajectories of rover larvae in the different substrates
(top: agar, bottom left: sucrose, bottom right: yeast) with turning points identified by the RDP algorithm. Corresponding turning angle distributions are
shown as an inset. (C) Average crawling speeds of rovers (N = 30, 30, 29) and sitters (N = 29, 30, 30) in the different substrates: agar (A, blue), sucrose

(S, green), and yeast (Y, orange). The speed was calculated during bouts of crawls. Horizontal line indicates median, the box is drawn between the 25th
and 75th percentiles, whiskers extend above and below the box to the most extreme data points within 1.5 times the interquartile range, points (gray for
rovers, white for sitters) indicate all data points. (D) Average number of turns per minute registered in each trajectory. (E) Fraction of time in which larvae
did not move (pauses). (F) Total distance traveled in 50 min. (G) Handedness score. The horizontal dashed line corresponds to a score of 0.5, that is,

an equal number of counter-clockwise (CCW) and clockwise (CW) turns. Mann-Whitney-Wilcoxon test with Bonferroni correction was performed since
the data were not normally distributed. ns: 0.05 < p < 1, *0.01 < p < 0.05, **0.001 < p < 0.01, ****p < 0.0001. The number of larvae tested is detailed in
Table 1. Statistical power and Cohen'’s size effect of non-significant comparisons are included in Table 4.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Comparison between rover and sitter behavior in different substrates.

detailed description of the larval behavior and the model presented here provide the basis for the
systematic identification of the neuronal circuits and mechanisms controlling each behavioral response
modulated by different food resources.

Results
Food quality controls the distance traveled modulating the speed and

the frequency of pauses
To study the effect of different food substrates in foraging larvae, we devised a behavioral assay
where larvae explore different substrates with minimal external stimuli (Figure 1A). The three different
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substrates (agar, sucrose, yeast) had the same
agar density but distinct nutritional quality (with
yeast being the richest due to its high content of
protein) (Materials and methods). Wildtype larvae
from different polymorphisms - rovers and sitters
— were separately recorded because of previ-
ously reported differences in foraging behavior
(Sokolowski et al., 1997). We recorded the
free exploratory behavior of groups of 10 third-
instar larvae in large arenas (240 x 240 mm?) for
50 min and then tracked each individual trajec-
tory (Risse et al., 2013; Sims et al., 2019). Three
independent replicates were analyzed. To iden-

Video 1. Video of a larva pausing. A sitter larva was tify salient turning points in the trajectory and to
allowed to feed on a fine layer of yeast supplemented obtain the distribution of turning angles of each
with 0.1% Bromophenol blue sodium salt (B5525, larva, we used the Ramer—-Douglas-Peucker algo-
Sigma). During pauses the larvae are immobile and rithm (Materials and methods). Larvae explored

only the movement of their gut content can be seen. the three different substrates (Figure 1B and

Figure 1—figure supplement 1A) by executing
sequences of crawls, turns (marked as circles in
the trajectories), and pauses. Interestingly, we
observed that a preferential orientation — clock-
wise (CW) or counter-clockwise (CCW) — is present in many trajectories, and the paths described often
have circular shapes (Figure 1B).

We found that the presence of food in the substrate had a strong effect on the larval crawling
speed. Rover (sitter) larvae crawl on average at a speed of 0.84, 0.68, and 0.37 mm/s (0.96, 0.68, and
0.31 mm/s) in the agar, sucrose, and yeast, respectively (Figure 1C). In addition to changing speed,
larvae suppressed turning in the food substrates, with rover (sitter) larvae executing an average of
2.65,2.44,and 2.00 (2.79, 2.13, and 1.71) turns per minute in the agar, sucrose, and yeast, respectively
(Figure 1D). Larvae also paused more often in the yeast substrate (Figure 1E and Video 1). Most
pausing larvae were completely still, except for internal movements in their gut, suggesting they were
digesting (Video 1). As a consequence, the total distance traveled showed a clear dependence with
food quality, with yeast, the most nutritious food, generating the shorter path and consequently often
a smaller explored area (Figure 1B, F and S1A).

We next quantified the individual orientation preference of each larva based on its turning angle
distributions. We defined the handedness score H of a larva as the number of CCW turns divided by
the total number of turns in the trajectory, that is, CCW and CW combined. Larvae with H > 0.5 (H <
0.5) have a bias to turn CCW (CW). Surprisingly, in both rover and sitter populations we found larvae
with a very strong handedness, meaning that larvae have individual biases when turning in homoge-
neous environments that do not provide orientation cues in the form of sensory stimuli (Figure 1G).

Finally, we contrasted the differences in exploratory behavior of rovers and sitters in the different
homogeneous substrates (Figure 1—figure supplement 1B-G). In particular, we were interested in
evaluating if sitter larvae crawled significantly less than rovers in the first 5 min of the recording
in the food substrates, as previously observed in experiments using yeast substrates (Sokolowski,
1980). We did not find significant differences between the crawled distances of rovers and sitters in
the substrates that we tested. Thus, when the resources are distributed homogenously, the genetic
foraging dimorphism could not be detected.

In summary, we have provided a detailed characterization of larval foraging behavior in homoge-
nous substrates with different types of food. We found that larval crawling speed and probabilities to
turn and to pause are behavioral elements that are adapted according to the quality of food.

https://elifesciences.org/articles/75826/figures#video’

A phenomenological model of crawling describes larval exploratory
behavior in patchy substrates

In ecological conditions, the fruit on which Drosophila eggs are laid and on which the larvae forage
decays over time. To maximize their survival chances, and reduce competition, larvae therefore move
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Figure 2. Model of larva crawling in different substrates. (A) Simulated larva crawls at time steps t, and t.,, turns at t,.;, and makes a pause at t,.3.
Crawling speed and turning angle are sampled from normal and von Mises probability distributions, respectively. At each time step, there is a

constant probability to turn Py, or to pause P,, ... (B) Sample model trajectories and turning angle distributions of sitter larvae simulated in different
homogeneous substrates: agar (left), sucrose (middle), and yeast (right). (C) Simulations with patchy environments: food (sucrose or yeast) is distributed
inside two circular regions, with agar in the remaining substrate. Crawling speeds, turning and pause probabilities are sampled from different
distributions when the simulated larva is inside (green) or outside (blue) the patch. (D) Sample model trajectories and turning angle distributions of sitter
larvae in simulated patchy substrates: sucrose (left) and yeast (right) patches. (E) Average fraction of time each simulated larva (rover (r), sitter (s), N = 30)
spent inside patches (sucrose and yeast) in the simulations. Horizontal line indicates median, the box is drawn between the 25th and 75th percentiles,
whiskers extend above and below the box to the most extreme data points that are within a distance to the box equal to 1.5 times the interquartile
range and points indicate all data points. Mann-Whitney-Wilcoxon paired test two-sided. ns: 0.05 < p < 1, ****p < 0.0001.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Fraction of time spent inside patches.

toward food patches that are more nutritious and less crowded (Del Pino et al., 2015). Here, we
designed a phenomenological model to simulate larval exploratory trajectories in different substrates
based on our collected data (Figure 1 and Methods). The model predicted the fraction of time larvae
spent inside patches of food, as a measure of food exploitation, if larvae only used the information
about the substrate while foraging. Each type of larva (rover, sitter) had a distribution of crawling
speeds v and probabilities to crawl P, to turn Py, and to pause P,... in a given time step for each
type of homogeneous substrate: agar, sucrose, and yeast (Figure 2A). To capture the variability in the
turning behavior, each simulated larva had its own set of parameters for the turning angle distribution
based on a single recorded larva. The simulated trajectories preserved the CW or CCW orientation
inherited from the turning angle distributions characterized in the experiments (Figure 2B).

Using our model based on crawling behavior in homogeneous substrates, we next tested how
changes in the food distribution influence the exploratory trajectories of rovers and sitters. We
modeled heterogeneous environments with two circular patches of food substrate with agar substrate
in the rest of the arena (Figure 2C, see Materials and methods). The two patches had a fixed radius
(25 mm) that corresponds to the surface area of a grape (Xie et al., 2018). We simulated larval explo-
ration of rovers and sitters in patches of two food substrates — sucrose and yeast (Figure 2D). The
initial position was picked at random in each simulation, but always inside one of the two food patches
to match the experiments.

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 5 of 25
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We next quantified the fraction of simulation time that rovers and sitters spent inside patches. For
each larva, this was averaged over 30 simulation runs (Figure 2E and Figure 2—figure supplement
1A, B). Inside sucrose patches, the percentage of time spent inside patches was small for both rovers
and sitters (9.2% and 9.8%, respectively). These values were only slightly larger than those in a simu-
lated environment with patches made of agar (7.47% for rovers and 6.99% for sitters — Figure 2—
figure supplement 1A, C, D) — that is, the same speed and probabilities to turn and pause inside
and outside patches. This result is unsurprising since in our homogeneous substrate experiments with
rover and sitter larvae both had similar behavior in the agar and sucrose arenas. In simulations with
yeast patches, the percentage of time spent inside patches was higher for both rovers (22.6%) and
sitters (26.9%). This increase can be linked to the slower speeds and more frequent pauses in the
homogeneous yeast substrate executed by the larvae. In spite of non-significant differences in the
crawling of rovers and sitters in the homogeneous yeast substrate (Figure 1—figure supplement
1B-G), in our model simulated sitter larvae remained longer inside the yeast patches due to their
lower (though not significantly different average crawling speed in the homogeneous yeast substrate
experiments).

Thus far, our model predicts that, in patchy environments, larvae spend a relatively small proportion
of time inside patches (approximately 1% for sucrose and 3% for yeast) while exploring takes up most
of their time with a significant energy cost. However, our model does not integrate other possible
mechanisms that a larva might employ to remain inside a food patch besides decreasing its crawling
speed and increasing the fraction of pause events. We therefore compared the model predictions on
foraging efficiency in patchy environments with behavioral experiments.

Increased proportion of time in patches relies on turns toward the
patch center at the food-no food interface

We next recorded the larval behavior in arenas with patchy substrates. We used the same size and
distribution of food patches as in our simulations (Figure 3A). Food was distributed inside, with agar
outside patches (Figure 3A and Materials and methods). We tested sucrose and yeast at the same
concentration as in the homogenous substrate. We also performed experiments using apple juice as
a nutrient, motivated by the fact that it is ecologically relevant and that, unlike sucrose, the fructose
contained in apple juice is volatile, which makes it detectable by smell and not only by taste. Groups
of five larvae of the same type (rovers or sitters) were placed inside each patch (total of two) at the
beginning of the recordings (total of ten larvae of the same type per replicate, repeated in three inde-
pendent experiments).

We tracked the trajectories with the same methods used in the homogeneous environment
(Figure 3B and Figure 3—figure supplement 1A). Then, we performed the analysis separately
for the two different regions: inside and outside the patches, and quantified features of the larval
exploratory behavior. Inside yeast and apple juice patches, larvae crawled significantly slower than
outside them (Figure 3C). In yeast patches, both rovers and sitters executed fewer turns inside than
outside (Figure 3D). All larvae made significantly more pauses inside the food patches than outside
(Figure 3E). We also observed that the handedness score of the larvae is less broad than in the homo-
geneous substrates (Figure 3F), which may be caused by reorientations that are triggered to prevent
the larva from exiting the food patch. As expected from the phenotype, sitter larvae crawled a shorter
distance in the first 5 min of the recording in the yeast but also the sucrose substrates (Figure 3G).
In general, sitter larvae had slower crawling speeds and executed fewer turns in the patchy environ-
ments than rovers (Figure 3—figure supplement 1A-C). We also noticed that sitters paused more
inside patches than rovers (Figure 3—figure supplement 1D). Outside yeast and apple juice patches,
the crawling speed increased but did not return to levels similar to the agar-only condition, suggesting
that the behavior of larvae that exit the patch is influenced by the recent food experience or that
larvae might still be sensing the food (Figure 3—figure supplement 1E). In line with this, in yeast the
number of turns outside the patch was higher than inside the patch.

Our model predicted that fraction of time spent inside patches should vary according to the
substrate: larvae should remain longer inside yeast patches than inside sucrose patches (Figure 2E).
In particular, simulated sitter larvae stayed longer than simulated rovers inside yeast patches. In the
experiments, the same trend was observed: for both rovers and sitters the fraction of time spent
inside patches was higher in the yeast compared to both sucrose and apple juice patches (Figure 3H).
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Figure 3. Larval exploratory behavior in patchy substrates. (A) Experimental setup: Five larvae of the same phenotype were placed on top of each food
patch (two patches, total: 10 larvae per experiment). Three types of food patches were tested: sucrose (green), yeast (orange), and apple juice solution

(magenta). Agar was uniformly spread in the arena outside the food patches. (B) Sample trajectories of sitter larvae in the three patch substrates with
inward (outward) turns marked in black (white) circles. Distribution of turning directions is shown on the bottom of each trajectory. (C) Larval crawling
speeds of rovers and sitters measured inside (colored bars) and outside (blue bars) food patches: sucrose (S, green), yeast (Y, orange), and apple juice
(AJ, magenta). Horizontal line indicates median, the box is drawn between the 25th and 75th percentiles, whiskers extend above and below the box
to the most extreme data points that are within a distance to the box equal to 1.5 times the interquartile range and points indicate all data points. (D)
Average number of turns executed per minute. (E) Fraction of time in which larvae did not move (pauses). (F) Handedness score. (G) Total distance

crawled by rover (r; darker colors) and sitter (s; lighter colors) larvae in the first 5 min of the recording. (H) Fraction of time spent inside patches of rovers
(r) and sitters (s). (I) Left: Identification of turning angle as inwards (6, < 6;, black) or outwards (9, > 6, white). Right: Circular regions with fixed distances
relative to the patch center. The yellow line represents the patch border. (J) Relative fraction of inward turns calculated as a function of the distance from
the patch center. The distance bin that includes the patch radius is highlighted in yellow. Left: Sucrose, middle: apple juice, right: yeast patches. Top:
Rovers, bottom: sitters. Mann-Whitney—Wilcoxon test two-sided was performed since the data are not normally distributed. ns: 0.05 < p < 1, *0.01 < p

Figure 3 continued on next page
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Figure 3 continued

< 0.05, **0.001 < p < 0.01, ***0.0001 < p < 0.001, ****p < 0.0001. The total number of larvae tested is detailed in Table 1. Statistical power and Cohen’s
size effect of non-significant comparisons are included in Table 4.

The online version of this article includes the following figure supplement(s) for figure 3:
Figure supplement 1. Comparison between rover and sitter behavior in two patch substrates.

Figure supplement 2. Larval exploratory behavior in no-food patchy substrates.

Sitter larvae stayed significantly longer inside yeast patches than rovers (Figure 3H). Nevertheless,
the percentage of time the larvae spent inside patches in the experiments was very different from our
model predictions. Rover (sitter) larvae remained on average 72.6% (72.3%) of the experiment inside
sucrose, 85.7% (90.0%) inside yeast, and 75.6% (81.3%) inside apple juice patches. Those values were
much higher in the experiments than what we predicted with our simulations, and suggest that larvae
might employ other mechanisms in addition to slower crawling and more frequent pauses to remain
inside the food.

To gain more insight into the strategies used by larvae to increase the time spent inside the food
patches, we studied the distribution of turns in the food-no food interface. First, we labeled each
turn as inwards or outwards depending on whether they were oriented toward or away from the
patch center (Tao et al., 2020; Figure 3, left). We observed that inward turns occur more often than
outward turns at the border of the patch for the three substrates (Figure 3B, inward turns are shown
in black). To control for possible mechanosensory effects due to the border edges, we prepared new
arenas with patches that contained no nutrients, either using the same agar that composed the rest of
the arena, or using ultrasound gel (Methods). Larvae in the agar-agar or the agar—gel border did not
show any changes in their preference to turn toward the patch center, confirming that the behavioral
change observed in response to food is specific (Figure 3—figure supplement 2).

We then studied the fraction of turns toward the patch center as a function of the distance to
the patch center (Figure 3I, right). For the three types of substrates, the bias to turn inwards was
clearly manifested when the larvae experienced the patch border (patch radius: 25 mm, distance bin:
20-30 mm) (Figure 3J). The bias persisted when the larva exited the patch (distance bins: 30-40,
40-50, 50-60 mm). We did not consider further distance bins in our analysis because most larvae did
not reach those locations in our experiments.

Therefore, our model predictions do not seem to be well supported by experiments with patchy
substrates. In particular, we conclude that when larvae reach the food-no food interface their turning
behavior changes. This is accomplished by turning toward the patch center while maintaining the
handedness (Figure 3J and Figure 3—figure supplement 1F) and represents an important mecha-
nism to remain inside the food.

Anosmic larvae also select turns toward the patch center when
reaching the food-no food border, but not on the yeast
It is well known that Drosophila larvae can efficiently navigate toward or away an odor source using
chemotaxis (Louis et al., 2008; Gomez-Marin et al., 2011; Schulze et al., 2015). Chemosensory
information from gustatory and olfactory receptors is combined to allow larvae to locate food sources
in the environment (Vosshall and Stocker, 2007). We next wondered how much of the tendency to
turn toward the patch center once outside the patch could be attributed to processing olfactory cues.
Thus, we repeated the patchy experiments with mutant anosmic larvae, where Orco, the obligatory
co-receptor for all olfactory neurons, apart the CO2 sensing ones, is mutated (Vosshall and Stocker,
2007) and tested if they show the same distant-dependent bias when exploring the patchy substrate.
Anosmic larvae extensively explored the patchy substrate (Figure 4A). In general, they exhibited a
small difference in crawling speeds when comparing their behavior inside vs. outside of food patches
(Figure 4B). Curiously, this difference in speeds was non-significant inside vs. outside yeast patches.
We also found that the fraction of pauses of anosmic larvae in yeast patches was smaller than that of
rovers and sitters (Figures 3G and 4D). This suggests that yeast patches are not attractive to anosmic
larvae, in agreement with the lower fraction of time spent inside yeast patches relative to sucrose and
apple juice patches (Figure 4F).
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Figure 4. Exploratory behavior of anosmic larvae in patchy environments. (A) Sample trajectories of anosmic larvae in the three patch substrates with
inward (outward) turns marked in red (gray) circles. Distribution of turning directions is shown on the bottom of each trajectory. (B) Crawling speeds
of anosmic larvae measured inside (colorful bars) and outside (blue bars) food patches: sucrose (S, green), yeast (Y, orange), and apple juice (AJ,
magenta). Horizontal line indicates median, the box is drawn between the 25th and 75th percentiles, whiskers extend above and below the box to
the most extreme data points that are within a distance to the box equal to 1.5 times the interquartile range and points indicate all data points. (C)
Average number of turns per minute inside and outside patches. (D) Fraction of pauses inside and outside patches. (E) Handedness score of anosmic
larvae inside and outside patches. (F) Fraction of time spent inside patches for different types of food. (G) Relative fraction of inward turns calculated
as a function of the distance from the patch center, top: sucrose, middle: yeast, bottom: apple juice. The distance bin that includes the patch radius is
highlighted in yellow. Mann-Whitney-Wilcoxon test two-sided was performed since the data are not normally distributed. ns: 0.05 < p < 1, **0.001 < p
< 0.01, ***0.0001 < p < 0.001, ****p < 0.00001. The number of larvae tested is detailed in Table 1. Statistical power and Cohen'’s size effect of non-
significant comparisons are included in Table 4.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Analysis of diffusion of nutrients on behavior.

Next, we investigated if anosmic larvae can bias their turns at the patch border interface without
navigating odorant cues. Turns in the trajectory were labeled as inwards or outwards (as in Figure 3l)
and the fraction of turns toward the patch center was analyzed as a function of the distance away from
the patch center.

In sucrose and apple juice substrates, anosmic larvae consistently increased the fraction of inward
turns near the patch border (20-30 mm; Figure 4G). This was not the case in the yeast patches, where
no bias was detected at the patch border.

In sum, we found that anosmic larvae, apart from on yeast, trigger turns toward the patch center
at the food-no food interface, suggesting that olfaction is not the only mechanism responsible for the
turning bias that increases the fraction of time larvae spend inside patches.

Taste very likely influences the probability that larvae remain in the patches. To control for the
diffusion of nutrients (sucrose and apple juice) at the edge of a patch, we evaluated the maximum
distance at which an increased fraction of turns toward the center was significantly different when
compared to the yeast non-responsive anosmic control. At a distance greater than 0.5 cm from the
edge, anosmic larvae on sucrose, apple juice, and yeast were indistinguishable, suggesting that diffu-
sion has a limited impact on behavior (Figure 4—figure supplement 1A).

Finally, to control for possible effects of diffusion over time, we compared the fraction of turns
toward the center in the first and second half of the experiment. For most distance and nutrients, the
two distributions were not significantly different (Figure 4—figure supplement 1B).

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 9 of 25


https://doi.org/10.7554/eLife.75826

ELife Neuroscience

g Outside patches:
o
o,
heading direction = A .
053 Inside patches:
) ) =]
d ccw «Q
o ),
Q
3 Yeast
b m e .
' o Apple Juice
0.7}
€ E
2 006}
o2
[0}
EZO5)
Za
c g04r " 2
S @
5 £03) %%
o
01L r s r s r s N=1 r=354| [N=2 r=25/ IN=8 r=12.5| [N=32 r=6.25
S Y AJ 50 mm
F =  10r - G 3 .
3 | Rover Sitter o— Sucrose 5 1.0} Rover [ Sitter o Sucrose
& » 0.8h Lo o Yeast ‘g 0.8| L o Yeast
o ©lo o Apple juice o Apple juice
ES 0 PP 3 o6} I ppie)
= ® Lo L =
5 T 0.6 \ 2 04ld o
c o ° ° Z o8 %
£32 04}8 ° 2 02febs 8 L[ 78 8
82 7% t 7 IS t : § [0 o 8 g
= ! ° L % ° 3 0.0} I
o 0.2 8 8 o ’y o. 2 o ®©
z o o o 8 8 ¢ . -0.2} 3
0.0575 76 32 64 248 16 32 64 z 248 16 32 64 248 16 32 64
Total number of patches Total number of patches Total number of patches Total number of patches

Figure 5. Interplay between food quality and patches distribution. (A) Schematic showing inward turn (clockwise, CW) being selected by the simulated
larva. By selecting inward turns, the trajectory approaches the patch center. (B) Spatial-dependent probability of turning toward the patch center.

Each region is a concentric circle with a fixed probability of drawing inward turns (see Figure 3I, right). The yellow line shows the patch border. (C)
Sample simulated trajectories for a sitter larva with biased inward turns: sucrose patch (green), yeast patch (orange), and apple juice patch (magenta).
(D) Fraction of time spent inside patches of rovers (r; darker colors) and sitters (s; lighter colors) in the different substrates: sucrose (S, green), yeast (Y,
orange), and apple juice (AJ, magenta). Each point is 30 simulation runs of one larva (total: 30 larvae simulated per substrate). Horizontal line indicates
median, the box is drawn between the 25th and 75th percentiles, whiskers extend above and below the box to the most extreme data points that

are within a distance to the box equal to 1.5 times the interquartile range and points indicate all data points. (E) Sample trajectories of sitter larvae in
environments with varying number of randomly located patches, with a fixed total area of yeast substrate being distributed (Np = 1, 2, 8, 32 from left to
right). (F) Average fraction of time spent inside patches of distinct substrates (S: sucrose, green; Y: yeast, orange, and A: apple juice, magenta) for rovers
(left) and sitters (right) as a function of the number of patches. Each point is the average of 30 larvae (30 simulation runs each). Bars show the standard
deviation. (G) Same as (F) but for the average fraction of visited patches. Mann-Whitney-Wilcoxon paired test was performed since the data are not
normally distributed. ns: 0.05 < p < 1, ***0.0001 < p < 0.001.

The online version of this article includes the following figure supplement(s) for figure 5:
Figure supplement 1. Fraction of time spent inside patches with the model that includes turn bias.

Figure supplement 2. Simulations with varying number of patches.

To remain inside of the food patch larvae combine turning bias with
other strategies

To understand the impact of the turning bias on the percentage of time that larvae spend inside
patches, we included a distance-dependent probability of turning toward the patch center in our
model (Figure 5A). After drawing a turning angle from the probability distribution, the turn was
implemented toward the patch center with probability Py;,s that depends on the distance between
the current position and the center of the closest patch (Figure 5B). For each simulated substrate,
larva type, and relative distance, Pyj,s corresponds to the fraction of turns toward the patch center
quantified in our experiments (Figures 3J and 4G).
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We observed that the simulated trajectories with this distance-dependent turning bias resemble
the experimental ones much more (Figure 5C), with larvae often returning to a patch when leaving
its border. Indeed, larvae spent three times longer inside a patch in the new simulations compared
to the model without biased orientations (Figure 5D and Figure 5—figure supplement 1A): now
rover (sitter) larvae remain on average 31.1% (28.9%) of the simulation inside sucrose patches and
63.8 (68.4%) of the simulation inside the yeast patches. Simulated anosmic larvae also showed a gain
in the ratio of time inside patches (Figure 5—figure supplement 1B, C). Therefore, biased orienta-
tions at the patch border are an important mechanism employed by larvae to return to a food source
when they detect a change in the substrate quality. This can be achieved without olfactory orientation
cues, since anosmic animals can also perform biased turns (Figure 4G). However, the ratio of time
that simulated larvae remain inside patches was still smaller than that measured in the experiments
(Figures 3H and 4F). We reason that other mechanisms, such as working or short-term memory (Louis
et al., 2008, Schleyer et al., 2015), or other sensory modalities at the vicinity of the border of the
patch (see discussion) can contribute to increasing the time inside the food.

Our model reveals the interplay between food quality and patches
fragmentation

We next used our model to investigate how a further fragmentation of the food patches affects the
ability of larvae to stay in patches where they can feed. To test we fixed the total area of food S and
varied the number of patches choosing the center coordinates for each patch randomly (Figure 5E).
We tested seven levels of fragmentation from 1 to 64 patches and to compensate for different patch
radii, we adjusted the distance-dependent probability to turn inwards of each larva (Figures 3J and
4G, see Materials and methods). We modeled the three types of food tested thus far, for rover, sitter,
and anosmic larvae. In total, this would represent 1575 hr of experiment, highlighting the advantage
of the model.

First, we quantified the average fraction of the time spent inside patches relative to the whole
simulation for the different food substrates as a function of the number of patches (Figure 5F and
Figure 5—figure supplement 2A, B). As expected, both rovers and sitters spent less time inside a
patch as the number of patches increases (and thus the patches radius decreases) (Figure 5F). Larvae
spent longer inside patches in more nutritious environments, for example yeast, irrespective of the
number of available patches. Interestingly, despite the small differences we previously quantified, our
results showed that sitter larvae consistently spent more time inside yeast patches than rovers for
each number of patches (Figure 5—figure supplement 2D). This was not observed in the sucrose or
apple juice patches. Anosmic animals also spent less time inside patches when the number of patches
increases, but the dependence on the quality of food was much less pronounced (Figure 5—figure
supplement 2B).

Next, we investigated the effect of different food substrates on the number of patches larvae
explore to understand how fractioning environment would affect exploitation, which is key for survival.
We quantified the fraction of new patches a larva visits during the simulation (discounting the source
patch, since all the simulations start with the larva inside one patch) (Figure 5G). Rovers and sitters
explored more patches in the less nutritious substrate (sucrose), with a slightly higher fraction of
visited patches for rovers in the sucrose and yeast patches (Figure 5G; Figure 5—figure supple-
ment 1E). Anosmic larvae showed a weaker effect of the substrate on the fraction of patches visited
(Figure 5—figure supplement 1C).

Our model predicts a trade-off between the quality of the food and the fraction of patches visited:
when exploring a substrate with low-quality (high-quality) food, the larvae are more (less) likely to
leave and more (fewer) patches are visited.

Larvae experience a trade-off between food consumption and
exploration

To confirm that larvae adapt their behavior as modeled in response to different quality and fragmen-
tation of food, we compared the behavior of larvae in two and eight patches. We conducted new
experiments in arenas with eight patches of sucrose and yeast with rover and sitter larvae. Three sets
of random positions of patches were used for each replicate (Figure 6B). Each larva (total of eight)
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Figure 6. Behavioral response to changes in food quality and fragmentation. (A) Sample simulated trajectories for sitter and rover larvae exploring

in eight patches: sucrose patch (green) and yeast patch (orange). (B) Sample experimental trajectories of rover and sitter larvae in an arena with eight
patches of food. Three random distributions (exp1; exp2; exp3) were used for each type of food: sucrose patches (green) and yeast patches (orange).
(C) Fraction of time spent inside patches of rovers (darker colors) and sitters (lighter colors) on sucrose (green) and yeast (orange). Horizontal line
indicates median, the box is drawn between the 25th and 75th percentiles, whiskers extend above and below the box to the most extreme data points
that are within a distance to the box equal to 1.5 times the interquartile range and points indicate all data points. (D) Average fraction of time spent
inside patches of distinct substrates (sucrose, green; yeast, orange) for rovers and sitters as a function of the number of patches. Data represent mean
+ standard deviation. (E) Same as (D) but for the average fraction of visited patches. analysis of variance (ANOVA) test was performed for (C) and (D)
(normally distributed) and Mann-Whitney-Wilcoxon paired for (E) (non-normally distributed). ns: 0.05 < p < 1, *0.01 < p < 0.05, **0.001 < p < 0.01,
***%0.00001 < p < 0.0001. The number of larvae tested is detailed in Table 1. Statistical power and Cohen'’s size effect of non-significant comparisons are
included in Table 4.

was placed inside a different patch and left to crawl for 50 min. The data were compared to the exper-
iments with two patches (Figure 3).

A first comparison of the trajectories of simulated and experimental larvae exploring in an environ-
ment with eight patches shows great similarity (Figure 6A, B). As predicted by the model, both rovers
and sitter spent half of the time inside patches when the area of food was divided in eight compared
to two patches (Figures 5F and 6C, D). Furthermore, the larvae stayed longer on the yeast patches
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compared to the sucrose ones (Figure 6C, D), supporting the prediction of the model that larvae will
spend less time in less nutritious patches irrespective of the number of available patches.

We then analyzed the effect of food quality on the proportion of patches visited by the larvae.
There were no significant differences comparing the larvae in yeast and sucrose apart for rover in yeast
for two patches. In this case, the model had predicted a difference between yeast and sucrose that is
not present experimentally, probably because the larvae spend more time on the patches than what
the model predicted via other mechanisms. However, it is clear that larvae spent more time looking
for new patches (outside patches, Figure 6C, D) when the quality of food was lower (in sucrose)
compared to higher quality (yeast), but they did not reach more patches in our experimental timeline.
It is possible that having left a source of poor food, the larvae were more interested in exploring in
search of food of better quality.

Finally, we were particularly interested in testing the prediction that larvae would reach a steady
state in the proportion of patches visited as the food would become more fragmented. This was
supported by the experiments with two and eight patches despite our suspicion that.

Overall, the experiments show how larvae tune the elements of the navigation routine to generate
a foraging behavior that adapts to the quality and spatial distribution of food resources.

Discussion

Foraging behavior is a complex process influenced by many internal factors (locomotion style, sensory
perception, cognitive capacity, age) and external variables (spatiotemporal distribution of resources,
presence of predators, social interactions with co-specifics). Here, we focused on the detailed char-
acterization of foraging in a single model organism, the fruit fly Drosophila larva, using extensive
experiments and modeling. This allowed us to study the role of both internal and external factors
on foraging: (1) genetics (rovers, sitters, and later orco null anosmic animals), (2) food quality (agar,
yeast, sucrose, and apple juice), and (3) food spatial distribution (homogeneous and heterogeneous
environments).

We systematically investigated larval exploratory behavior first in experimental arenas with homo-
geneously distributed food. Larval crawling speed, turning frequency and fraction of pausing events
adapted according to the quality of the food substrate (Figure 1C-E). The quality of the food had a
strong impact on the distance traveled by the larvae. In yeast, larvae moved less and their speed and
turn frequency were decreased. They also made more pauses, with the majority remaining stationary,
except for internal gut movements (Video 1), which suggested that they were digesting the yeast.
The pauses were rarely observed in sucrose, which is metabolized more quickly than yeast, even when
mixed with agar (Figure 1E).

We observed that larval trajectories often had a circular shape, revealing an individual preference
for a given turning direction in the absence of direction cues, which we quantified as the larval hand-
edness (Figure 1B, F). The population variability in the handedness has been quantified in adult flies
(Buchanan et al., 2015), but to our knowledge not until now at the larval stage. In adult walking flies,
individual preferences of turning left or right in maze tests have been shown to persist across days
(Buchanan et al., 2015) and recently have been linked to anatomical differences in the synaptic distri-
bution of bottleneck neurons downstream of the central complex (Skutt-Kakaria et al., 2019). It is
therefore possible that, as found in adults, larval individual differences in neuronal connections could
define handedness. It would be interesting to understand the evolutionary advantage of handedness,
if there is one, and to relate it to the ‘hard-wired’ circuitry controlling Lévy search behavior (Sims
et al., 2019).

It is expected that animals change their foraging behavior depending on the quality and spatial
distribution of food, with more localized exploitation of resources where they are abundant and a
more exploratory behavior when resources become scarce (Humphries et al., 2010). We tested this in
a phenomenological model of larval foraging behavior in patchy substrates (Humphries et al., 2010,
Figure 2). We reasoned that crawling speed, turning frequency and fraction of pauses are the behav-
ioral elements that adapt when the larva crosses the food-no food interface at the patch boundary.
To quantify the food exploitation, we measured the fraction of the time each larva spent inside the
patches. We found that decreasing the speed and turning frequency and increasing the fraction of
pauses is not sufficient to explain why larvae remain inside the food for longer periods.
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In experiments with patchy substrates, we found that larvae spend a longer time inside food
patches than predicted with our model (Figure 3H). The lack of agreement between the experiments
and our model was not surprising, since the latter does not include additional mechanisms that could
guide the larva back to the patch when it leaves it, such as chemotaxis (Louis et al., 2008; Gomez-
Marin et al., 2011). Since in chemotaxis larvae redirect their turns toward a source of odor, we classi-
fied each turn in their recorded trajectory as toward or away from the patch center. We observed that
the fraction of inward turns is very high around the patch border (Figure 3J). To test whether larvae
could redirect their turns toward the food when exiting it using olfactory cues, we repeated the exper-
iments with anosmic mutants. Surprisingly, in sucrose and apple juice substrate anosmic larvae bias
their turns toward the patch center when in the neighborhood of the patch border (Figure 4G). There-
fore, this reorientation at the border does not seem to rely solely on olfaction. When exiting the food
patch, larvae sense the lack of taste and it is possible that the turn bias changes as a result of temporal
integration of the recent sensory-motor experience allowing them to return to the patch, as observed
when navigating in an olfactory or light intensity gradient. Also, the patches of sucrose and apple
juice were in direct contact with the surrounding agar arena. This has the advantage of generating a
smooth transition in the substrate (Figure 3—figure supplement 1E, F), but it also allows diffusion at
the interface which the larvae can sense as they crawl away from the food (Lebrun and Junter, 1993).
In anosmic larvae, the fraction of turns toward the center for sucrose and apple juice patches was only
higher compared to the one for the yeast patch (where there was no food effect) within the first half
centimeter outside the patch, suggesting that the impact of diffusion could be significant only in that
region (Figure 4—figure supplement 1).

An experiment using the gustatory sweet sensor Gr43a mutant on sucrose, which is not volatile
and does not produce smell, could help discerning the contribution of taste at the border of the patch
(Fujishiro et al., 1984; Marella et al., 2006; Miyamoto et al., 2013; Wang et al., 2004; Mishra
et al., 2013). For yeast, the lack of smell completely changed the response of the larvae, which did
not show differences inside and outside the patch for most foraging parameters (Figure 4B, C, E, G).
In this instance, taste was not sufficient to retain larvae inside the yeast patch (compare Figure 3H
with Figure 4F) even though several gustatory receptors have been shown to be activated by yeast
metabolites (Wisotsky et al., 2011; Ganguly et al., 2017; Croset et al., 2016).

Another sensory modality that could have influenced the larval behavior at the food-no food inter-
face, is mechanosensation. We excluded the possible role of the border of the patches performing
experiments in patches without food (Figure 3—figure supplement 2). However, when larvae are
crawling, they leave a print of their denticle attachment on the agar, that could inform them about
their previous location and help returning to the food. Overall, the differences in behavior of larvae
exposed to different foods, revealed the complexity of the sensory-motor processing involved in
foraging.

One of the strengths of our phenomenological model is that it incorporates a modular organiza-
tion of foraging that could reflect how the crawl and turn modules are controlled. First, we modeled
a stochastic search where no information regarding food is available outside of the current location,
because food is absent or because the larvae cannot sense it. This corresponds to an autonomous
search behavior implemented by circuits located in the ventral nerve cord without input from the
brain (Berni et al., 2012; Sims et al., 2019). Second, we incorporated a goal-directed navigation
that allows larvae to return to the food. Our phenomenological model includes a distance-dependent
probability to turn inwards that mimics the effect of chemotaxis (when present), as much as any other
possible mechanism that contributes to the turning probability. As a consequence, we observed that
simulated larvae, even when the resources are fractioned in eight patches, could stay inside the food
patch for longer periods, in line with experimental observations (Figures 5 and 6). The model could
be improved by setting the turning properties outside the patch to match as closely as possible exper-
imental observations. To this end, we could consider studies of larvae crawling in different attrac-
tive gradients, where the changes in turning probability and angle, including weathervaning, have
been investigated in relation to precise spatiotemporal information of odorants (Louis et al., 2008;
Gomez-Marin et al., 2011; Davies et al., 2015). It would also be helpful to have information about
other attractive gradients, like taste, to know if a common set of mechanisms is used regardless of
the sensory modality. Using this information, our model could be used to investigate how crawling
speed and turning properties are controlled via descending pathways from the brain (Tastekin et al.,
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2018; Jovanic et al., 2019). Finally, in the presence of nutrients, our model adjusts movements to
stay on the food patch. The concerted decrease in turning rate and crawling speed and increase in
the number of pauses, suggests that a neuromodulatory depression of movement (Marder, 2012; Lin
et al., 2019) could be relevant in this phase. It would be interesting to investigate more generally how
neuromodulators influence the decision to remain or explore new food resources in relation to the
resources available and the larval motivational state.

Overall, we found both in our experiments and modeling that larvae spend less time exploiting
patches of less nutritious food (e.g., sucrose). What could be the effect of this when several patches
are available in the substrate? Our model results predict that larvae would spend more time exploring
and more patches would be visited when food quality is lower (Figure 5G). In natural environments,
this would enhance the chances that larvae will eventually find a better food source in the surround-
ings. Our experiments show a slightly different picture, where larvae indeed explore for a longer
period when on less nutritious food but the number of patches they find is not increased compared
to when they are on a more nutritious food (Figure 6C, D). It is possible that having left a poor food
source, the larvae are more likely to continue looking for a more nutritious one, in the short term,
instead of visiting and exploiting a new poor patch. Therefore, the internal state of the animal is
probably playing an important role in the decision of choosing a new patch of food to exploit (Ringo,
2018; Branch and Shen, 2017).

The differences we found in the foraging behavior of rovers and sitters are not as drastic as previ-
ously reported, where the length of the path of rovers was roughly twice that of sitters when crawling
in a yeast paste for 5 min (Sokolowski, 2001). In the homogeneous agar, sucrose, and yeast substrates,
we did not observe significant differences in the path length of rovers and sitters (Figure 1—figure
supplement 1). This was expected for the no-food condition (agar substrate; Kaun et al., 2007; Yang
et al., 2000), but not in the presence of yeast (Sokolowski, 2001). This could be attributed to differ-
ences in the food preparation protocol: we applied a thin layer of yeast on top of the agar surface
instead of thick yeast suspension as in Sokolowski, 1980 to allow recording from underneath the
food (Risse et al., 2013). Also, our experiments were conducted in the dark, which might influence
behavior (Sokolowski, 1980).

Interestingly, when the food is constrained inside patches, as done in the classical work studying
the foraging polymorphism, we observed significantly shorter crawling paths of sitters in sucrose and
yeast patches (Figure 3G). Sitters’ crawling speed was also slower and they perfomed fewer turns per
minute and more pauses (Figure 3—figure supplement 1). It is possible that the presence of a patch
border plays a significant role for the foraging polymorphism phenotypic expression.

In summary, we have identified a set of behavioral elements - the crawling speed, frequency and
biasing of turns, and fraction of pauses — that adapt when larvae explore environments with a patchy
distribution of food sources. This adaptation leads to an efficient substrate exploration, as larvae
either increase the time inside nutritious food patches or continue exploring the substrate depending
on the local quality of food.

Materials and methods

Animals

Rover and sitter flies were a gift of Marla Sokolowski (University of Toronto) and Orco™? from Bloom-
ington stock center (stock 23130). Flies were allowed to lay eggs for 1 day in standard corn meal food,
which consists of 420 g of cornmeal; 450 g of dextrose; 90 g of yeast; 42 g of agar; 140 ml of 10%
Nipagin in 95% EtOH; 22 ml of propionic acid, and 6.4 | of water. Larvae that were 72 hr old were
collected for the experiment.

Larva tracking
We recorded movies of larval exploratory behavior in arenas with minimal external stimuli - the
recordings were made in the dark with a constant temperature of 25°C. Each trial lasted 50 min and
the larvae were simultaneously tracked in a 240 x 240 mm? arena with a 2-mm thick layer of 0.4%
agar-based coating (see the protocol of substrate preparation below).

At each trial, 10 young third-instar larvae (72-80 hr since egg laying) of approximately the same
size were washed to remove traces of food and allowed to crawl freely for 5 min on a clean 0.4%
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Table 1. Number of larvae per recording.

Average number of larvae per

Substrate Number of trials trial Total larvae

3 rovers 10 rovers 30 rovers
Agar homogeneous 3 sitters 10 sitters 29 sitters

3 rovers 10 rovers 30 rovers
Sucrose homogeneous 3 sitters 10 sitters 30 sitters

3 rovers 10 rovers 29 rovers
Yeast homogeneous 3 sitters 10 sitters 30 sitters
Agar 2 patches 3 sitters 9 sitters 28 sitters
Gel 2 patches 3 sitters 11 sitters 33 sitters

2 rovers 8 rovers 15 rovers

2 sitters 8 sitters 15 sitters
Sucrose 2 patches 3 anosmic 10 anosmic 28 anosmic

3 rovers 8 rovers 24 rovers
Sucrose 8 patches 3 sitters 8 sitters 19 sitters

3 rovers 10 rovers 30 rovers

3 sitters 10 sitters 27 sitters
Yeast 2 patches 3 anosmic 10 anosmic 21 anosmic

3 rovers 8 rovers 25 rovers
Yeast 8 patches 3 sitters 8 sitters 21 sitters

3 rovers 10 rovers 30 rovers

3 sitters 10 sitters 30 sitters
Apple juice 2 patches 3 anosmic 10 anosmic 29 anosmic

agar coated plate before being transferred to the arena (Table 1). We used a Frustrated Total Internal
Reflection (FTIR)-based imaging method to record the larval exploratory behavior (Risse et al., 2013).
Movies (duration 50 min) were recorded with a Basler acA2040-180km CMOS camera at 2048 x
2048 px? resolution, using Pylon and StreamPix software, mounted with a 16-mm KOWA IJM3sHC.
SW VIS-NIR Lens and 825-nm high-performance longpass filter (Schneider, IF-093). We recorded the
movies at 2 frames per second to obtain forward movement displacements and actual pause turns
that are recorded accurately rather than to include ‘flickering’ movements associated with peristaltic
movements.

Substrate preparation

The following food substrates were prepared for our experiments, and stored refrigerated for up to
1 day:

1. Agar substrate: 0.8 g of agar was melted in 200 ml| of distilled water;

2. Sucrose substrate: 0.8 g of agar with 3.42 g of sucrose was dissolved in 200 ml of distilled water;

3. Apple juice substrate: 0.8 g of agar with 0.342 g of sucrose and 5 ml apple juice (Del Monte
Quality Pure Apple Juice from Concentrate) was dissolved in 195 ml of distilled water;

4. Yeast substrate: 0.8 g of agar was melted in 200 ml of distilled water with a layer of 5 ml of 20%
yeast in water on top.

In the case of agar and sucrose homogeneous substrates, the solution was homogeneously spread
on top of the acrylic arena and we waited for it to reach room temperature before transferring the
larvae to the arena. Yeast homogeneous arenas were obtained by spreading 5 ml of 20% yeast in
water with a soft metallic disk. For sucrose or apple juice patchy arenas, first, the agar solution was
homogeneously spread in the acrylic arena. When the solution cooled down, two holes in the agar
were made at fixed positions (Figure 3A) using circular-shaped Petri dishes with a 25-mm radius. We
carefully removed the agar inside the holes and transferred the food solutions to the holes with the
same thickness as the agar around them. Control two agar patches were filled with 04% agar alone. For
each one of the two yeast patches, 100 pl of yeast solution was placed on a 25-mm-radius metal disc
and printed on the agar. For gel 2 patches control we stamped a drop of 150-200 mg of ultrasound
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gel for TENS machine (Boots ingredients: purified water, glycerin, propylen glycol, hydroxyethylcellu-
lose, sodium citrate, citric acid, domiphen bromide). The viscosity of the gel is not identical to the one
of yeast, but it informs us about the transition from viscous and smooth (gel-yeast) to agar. For eight
patches, we chose three distributions randomly generated in the modeling experiment (Figure 6A,
lower panel). Using a 12.5-mm-radius disc we printed the patches with 25 pl of yeast solution. For
sucrose 8 holes were made using a cylinder and then filled with food solution. One larva was placed
in each patch, meaning that each larva was exposed to a different distribution of the resources. The
experiments were repeated three times.

Descriptive statistics of larval trajectory
The data (x,y coordinates of individual larvae) were extracted from the behavioral movies using the
FIM track free software (Risse et al., 2017). We used a Kalman filter to the (x,y) coordinates of each
larva (code will be available at github after the paper is accepted). The position of each larva in video
frame j is represented as the vector:

—

R(45)=(x(5).y(5).j=12....N

where x (t;) and y (1) are the centroid coordinates, #j = jAt (j=1,...,N), At=0.5s, and N = 6000
is the number of frames continuously recorded during the experiment. We defined the following
quantities that were used in our analysis.

Velocity:

Heading:

Scalar speed:
N
s () = V@l
Instantaneous turn rate:

cos ' (H fi—1 -ﬁrzj
PPl CUSLD) N

A
At

Next, the Ramer-Douglas—-Peucker algorithm (https://pypi.org/project/rdp/) was used to simplify
the larval trajectories and therefore identify the locations where larvae executed turns. After visual
inspection of the simplified trajectories, we fixed the distance dimension &, that represents the
maximum distance between the original points and the simplified curve. e = 2.5 mm to the analysis
with agar, sucrose, and apple juice and € = 1.25 mm to the yeast analysis.

With turning points identified in the trajectory, the turning angles were obtained in the range
[—m, 7] using the atan2 function in python. As a convention, clockwise turns were in the range [, 0]
and counter-clockwise turns in the range [O, 7r] . The handedness index of each larva was obtained as:

where Nccw is the number of counter-clockwise turns in the trajectory and Ncy the number of
clockwise turns. Thus, if H> 0.5 (H < 0.5) the larva has a bias to execute more counter-clockwise
(clockwise) turns.

From the turning points identified by the RDP algorithm, we built a vector that registers 1 in the
time points where turns were registered and 0 otherwise. The length of this vector is the number of
frames in the recording. Next, we applied a rolling window of 120 frames (1 min) to this vector and
summed the elements within the window. Then, we averaged the number of turns registered within
each 1-min window to obtain the average number of turns per minute.
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Patch radius and center coordinates

We used imageJ to determine the center and radius of each patch in the experiments. A frame of
the recording was adjusted for contrast and brightness until the borders of the patch became visible.
Circular regions of interest were drawn for each patch and the center coordinates and radius were
obtained.

Classification of turns as toward the patch center

—

Let S (#) be the trajectory simplified by the RDP algorithm, where each point is a turning point of
the original trajectory. To classify the k th turn in the trajectory as inwards or outwards, we define the
following vectors:

— — —
Vi=S () — S (k—1)
— — —
Vo=S§ (l‘k+1) S (lk)
— — —
U=P— S (1)

— - —
where S (f_1)and S (41) are the previous and the following turning locations and P is the center

.
of the patch that is closest to S (#) . The following angles are then computed (Figure 3I, left):

- —
0, =cos ™! (j‘iﬂ)
vl

- =

Vo-U
— —
1

0, = cos ™!
|7

and the turn at L_S) (tk) is classified as inwards (outwards) if 6, < 0 (6, > 6;) (Tao et al., 2020).

Model

Homogeneous substrate

The simulated crawling substrate has rigid boundaries and the same dimensions as the behavioral
arenas used in the experiments (240 x 240 mm?). At each time step #; the simulated larva can be at
one of three different states (Figure 2A):

1. with probability P, crawling with speed v(#;) > 0 sampled from a normal distribution;
2. with probability Py, turning an angle 6 (1) sampled from a von Mises distribution;
3. with probability P,... paused (v(z) = 0).

The parameter values and distributions were obtained from our experimental data of larval crawling
in homogeneous substrates and are unique for each type of larva and substrate (Table 2). Crawl, turn
or pause events were registered with a constant probability per time step (Peaw = 1 = (Pum + Poause))
and the simulation duration was the same as our behavioral recordings (50 min). To capture the vari-
ability in the turning behavior, each larva was simulated with its own set of parameters for the turning
angle distribution according to one recorded larva (with an average of 30 sitter and 30 rover larvae
recorded at each type of substrate). The RDP algorithm was then used to identify salient turning
points in the simulated trajectory (Figure 2B).

Table 2. Parameters of model in homogeneous and patchy substrates obtained in homogeneous
substrate experiments.

Substrate Larva Mean v (mm/s) Std v (mm/s) Pl Ppause/s
Agar Rover 0.84 0.13 0.044 0.0083
Agar Sitter 0.96 0.13 0.046 0.0063
Sucrose Rover 0.68 0.092 0.041 0.012

Table 2. Continued on next page
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Table 2. Continued

Substrate Larva Mean v (mm/s) Std v (mm/s) Pounl's Ppause/s
Sucrose Sitter 0.68 0.085 0.035 0.021
Yeast Rover 0.37 0.13 0.033 0.25
Yeast Sitter 0.31 0.11 0.028 0.25
Patchy substrate

Without biased turns toward the food

We modeled patchy environments initially with two circular patches (radius 25 mm) of food substrate
(sucrose or yeast) with agar substrate in the rest of the arena (Figure 2C). Crawling speed and proba-
bilities to turn or pause were drawn based on the current position of the simulated larva. The param-
eters were sampled from the corresponding food experiment when the larva was inside a patch, and
sampled from the agar experiment when the larva was outside the patch. The turning angle distribu-
tion of each simulated larva corresponded to one from the recordings in the agar substrate. The same
turning angle probability distribution was used whether the larva is inside or outside the patch. The
initial position was picked at random in each simulation, but always inside one of the two food patches
to match the experiments.

With biased turns toward the food

Except for the choice of turning angles, the model was the same as the one described above. The
biased choice of turns toward the food followed the implementation in Tao et al., 2020. After drawing
a turning angle from the von Mises probability distribution, the turn direction was chosen such that the
larva points toward the patch center with probability Py;,s that depends on the distance between the
current position relative to the center of the closest patch (Figure 5B). When the simulated larva was
further than 60 mm away from the closest patch center, no bias was applied in the turning direction
since the data were very sparse in this region (most larvae never crawled such long distances away
from the patch of food in the experiments). Each turn was defined by a set of three points {p;,p2.p3}
where p; is where the turn initiates, p; is the end location of a left turn, and p3 the end location of a
right turn. Three movement vectors that characterize the turn options (to the left or to the right) were
defined as:

N
Vi =p2—p1
—
V2 =p3 —pi1
—
U =-—p

We next calculated the angle 6 the larval trajectory makes with the inward vector W when turning
to the left (py) or to the right (p3). The inward turn is the turn that results in the smallest 6 (as shown
in Figure 5A).

With more patches

We fixed the total surface area of food to be distributed in N patches as § = 27R? , where R = 25mm
is the radius of the patches from the previous simulations and experiments. Then, the radius of each
N th patch is given by R’ = V/S/INm. The simulated larvae started within a random food patch, and
were tracked for 50 min. The simulation parameters were kept the same as in the two patches model,
except that the distances in the distance-dependent probability to turn inwards were adjusted for
smaller patch radius, by multiplying the distance values by R'/R.
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Model parameters (Tables 2-4)

Table 3. Parameters of corrected model in patchy substrates obtained in patchy substrate
experiments.

Patchy Mean v inside Std vinside P..../s inside Pause/s inside
substrate Larva (outside) (mm/s) (outside) (mm/s) (outside) (outside)
Agar + sucrose  Rover 0.60 (0.65) 0.27 (0.25) 0.037 (0.044) 0.039 (0.0014)
Agar + sucrose  Sitter 0.52(0.57) 0.28 (0.26) 0.030 (0.030) 0.088 (0.040)
Agar + yeast Rover 0.37 (0.44) 0.19 (0.20) 0.039 (0.068) 0.17 (0.023)
Agar + yeast Sitter 0.26 (0.36) 0.14 (0.17) 0.025 (0.048) 0.32(0.053)
Agar + apple

juice Rover 0.44 (0.53) 0.24 (0.26) 0.026 (0.017) 0.096 (0.076)
Agar + apple

juice Sitter 0.39 (0.48) 0.21(0.22) 0.021 (0.031) 0.13 (0.065)

Table 4. Statistical power and Cohen'’s effect size of non-significant comparisons.

Figure 1
D - Avg. number of turns per min Power (1 — B) Cohen’s size effect (d)
Rover Agar Sucrose 0.24 0.34
Rover Sucrose Yeast 0.48 0.52
Sitter Sucrose Yeast 0.47 0.51

G - Handedness

Rover Agar Sucrose 0.13 -0.22
Rover Agar Yeast 0.05 0.01
Rover Sucrose Yeast 0.19 0.31
Sitter Agar Sucrose 0.14 0.25
Sitter Agar Yeast 0.08 0.16
Sitter Sucrose Yeast 0.08 -0.15
Figure 3

C - Crawling speed Power (1 — B) Cohen'’s size effect (d)
Sucrose

Rover In Out 0.14 -0.34
Sitter In Out 0.20 -0.44

D - Avg. number of turns per min

Sucrose
Rover In Out 0.29 -0.56
Sitter In Out 0.05 -0.02

F — Handedness

Rover
Sucrose In Out 0.11 -0.30
Yeast In Out 0.10 -0.24
Apple juice In Out 0.15 0.31
Sitter

Table 4. Continued on next page
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Table 4. Continued

Figure 1

Sucrose In Out 0.06 -0.15
Yeast In Out 0.06 -0.14
Apple juice In Out 0.16 -0.39

G — Crawl dist. 5 min

Apple juice Rover Sitter 0.20 0.34

H — Fraction of time spent inside patch

Sucrose Rover Sitter 0.08 0.20

Apple juice Rover Sitter 0.32 -0.40

Figure S3

Apple juice Power (1 —=B)  Cohen’s size effect (d)
Crawling speed

In Rover Sitter 0.61 0.60

Out Rover Sitter 0.32 0.40

Avg. number of turns per min

In Rover Sitter 0.53 0.55

Out Rover Sitter 0.09 0.18

Fraction of pauses

In Rover Sitter 0.32 -0.40

Out Rover Sitter 0.07 0.10

Figure 4

Anosmic Power (1 — B) Cohen’s size effect (d)
B - Crawling speed

Sucrose In Out 0.51 -0.56

Yeast In Out 0.23 -0.39

C — Avg. number of turns per min

Sucrose In Out 0.10 -0.19

Yeast In Out 0.32 -0.50

E — Handedness

Sucrose In Out 0.10 0.24
Yeast In Out 0.07 -0.16
Apple juice In Out 0.45 0.58

F — Fraction of time spent inside patch

Sucrose Yeast 0.26 0.40
Sucrose Apple juice 0.44 -0.50
Figure 6
C — Fraction of time spent inside patch — eight patches Power (1 —B)  Cohen’s size effect (d)
Sucrose Rover Sitter 0.14 -0.31
Yeast Rover Sitter 0.31 0.45

E — Fraction of visited patches

Table 4. Continued on next page
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Table 4. Continued

Figure 1

Rover

Sucrose 2 patches 8 patches 0.05 0
Sitter

Sucrose 2 patches 8 patches 0.07 0.15
Yeast 2 patches 8 patches 0.56 -0.62
Acknowledgements

MW was supported by a Capes-Humboldt postdoctoral fellowship. JG was funded by the Max Planck
Society. JB was funded by a Sir Henry Dale fellowship from the Wellcome Trust and Royal Society
105568/2/14/Z. The authors thank Dr. Bertram Gerber and Michael Schleyer for helpful discussions
during early stages of this work and also Andre Maia Chagas for technical assistance, Omar D Perez for
statistical recommendations, Nick Humphries, Marla Sokolowski, Carlotta Martelli, and Alex Kacelnik
for constructive comments on the manuscript.

Additional information

Funding

Funder Grant reference number Author

Royal Society 105568/2/14/Z Jimena Berni

Wellcome Trust 105568/2/14/Z Jimena Berni

Max-Planck-Gesellschaft Marina E Wosniack
Julijana Gjorgjieva

Alexander von Humboldt- Marina E Wosniack

Stiftung

The funders had no role in study design, data collection, and interpretation, or the
decision to submit the work for publication. For the purpose of Open Access, the
authors have applied a CC BY public copyright license to any Author Accepted
Manuscript version arising from this submission.

Author contributions

Marina E Wosniack, Conceptualization, Software, Formal analysis, Funding acquisition, Validation,
Investigation, Visualization, Methodology, Writing - original draft; Dylan Festa, Formal analysis,
Writing — review and editing; Nan Hu, Formal analysis, Investigation; Julijana Gjorgjieva, Conceptu-
alization, Supervision, Funding acquisition, Validation, Methodology, Project administration, Writing
- review and editing; Jimena Berni, Conceptualization, Formal analysis, Supervision, Funding acqui-
sition, Validation, Investigation, Visualization, Methodology, Project administration, Writing — review

and editing

Author ORCIDs

Marina E Wosniack  http://orcid.org/0000-0003-2175-9713
Dylan Festa  http://orcid.org/0000-0003-3803-1542
Julijana Gjorgjieva  http://orcid.org/0000-0001-7118-4079
Jimena Berni  http://orcid.org/0000-0002-5068-1372

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.75826.sa
Author response https://doi.org/10.7554/elife.75826.sa2

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 22 of 25


https://doi.org/10.7554/eLife.75826
http://orcid.org/0000-0003-2175-9713
http://orcid.org/0000-0003-3803-1542
http://orcid.org/0000-0001-7118-4079
http://orcid.org/0000-0002-5068-1372
https://doi.org/10.7554/eLife.75826.sa1
https://doi.org/10.7554/eLife.75826.sa2

eLife

Neuroscience

Additional files

Supplementary files
* Transparent reporting form

e Source data 1. All data individual larvae for Figures 1, 3, and 4.
* Source data 2. All data individual larvae for Figure 6.

Data availability

All data generated or analyzed during this study are included in the manuscript and supporting
files 1 and 2. Source data files have been provided formal experimental data: Figures 1, 3, 4 and 6.
Code available on GitHub: https://github.com/comp-neural-circuits/adaptation-of-drosophila-larva-
foraging (copy archived at swh:1:rev:d501cd1f0df3df2fda0f286d58e98ee0f72b4898).

References

Berni J, Pulver SR, Griffith LC, Bate M. 2012. Autonomous circuitry for substrate exploration in freely moving
Drosophila larvae. Current Biology 22:1861-1870. DOI: https://doi.org/10.1016/j.cub.2012.07.048, PMID:
22940472

Berni J. 2015. Genetic dissection of a regionally differentiated network for exploratory behavior in Drosophila
larvae. Current Biology 25:1319-1326. DOI: https://doi.org/10.1016/j.cub.2015.03.023, PMID: 25959962

Berrigan D, Lighton JR. 1993. Bioenergetic and kinematic consequences of limblessness in larval diptera. The
Journal of Experimental Biology 179:245-259. DOI: https://doi.org/10.1242/jeb.179.1.245, PMID: 8340729

Berrigan D, Pepin DJ. 1995. How maggots move: allometry and kinematics of crawling in larval Diptera. Journal
of Insect Physiology 41:329-337. DOI: https://doi.org/10.1016/0022-1910(94)00113-U

Branch A, Shen P. 2017. Central and peripheral regulation of appetite and food intake in Drosophila. Harris RBS
(Ed). Appetite and Food Intake. Boca Raton: CRC Press. p. 17-38. DOI: https://doi.org/10.1201/
9781315120171, PMID: 28880507

Buchanan SM, Kain JS, de Bivort BL. 2015. Neuronal control of locomotor handedness in Drosophila. PNAS
112:6700-6705. DOI: https://doi.org/10.1073/pnas. 1500804112, PMID: 25953337

Budaev S, Jargensen C, Mangel M, Eliassen S, Giske J. 2019. Decision-Making from the animal perspective:
bridging ecology and subjective cognition. Frontiers in Ecology and Evolution 7:1-14. DOI: https://doi.org/10.
3389/fevo.2019.00164

Charnov EL. 1976. Optimal foraging, the marginal value theorem. Theoretical Population Biology 9:129-136.
DOI: https://doi.org/10.1016/0040-5809(76)90040-x, PMID: 1273796

Croset V, Schleyer M, Arguello JR, Gerber B, Benton R. 2016. A molecular and neuronal basis for amino acid
sensing in the Drosophila larva. Scientific Reports 6:34871. DOI: https://doi.org/10.1038/srep34871, PMID:
27982028

Davies A, Louis M, Webb B. 2015. A model of Drosophila larva chemotaxis. PLOS Computational Biology
11:e1004606. DOI: https://doi.org/10.1371/journal.pcbi.1004606, PMID: 26600460

Del Pino F, Jara C, Pino L, Medina-Mufioz MC, Alvarez E, Godoy-Herrera R. 2015. The identification of
congeners and aliens by Drosophila larvae. PLOS ONE 10:e0136363. DOI: https://doi.org/10.1371/journal.
pone.0136363, PMID: 26313007

Fujishiro N, Kijima H, Morita H. 1984. Impulse frequency and action potential amplitude in labellar
chemosensory neurones of Drosophila melanogaster. Journal of Insect Physiology 30:317-325. DOI: https://
doi.org/10.1016/0022-1910(84)90133-1

Ganguly A, Pang L, Duong V-K, Lee A, Schoniger H, Varady E, Dahanukar A. 2017. A molecular and cellular
context-dependent role for ir76b in detection of amino acid taste. Cell Reports 18:737-750. DOI: https://doi.
org/10.1016/j.celrep.2016.12.071, PMID: 28099851

Godoy-Herrera R, Burnet B, Connolly K, Gogarty J. 1984. The development of locomotor activity in Drosophila
melanogaster larvae. Heredity 52:63-75. DOI: https://doi.org/10.1038/hdy.1984.7

Gomez-Marin A, Stephens GJ, Louis M. 2011. Active sampling and decision making in Drosophila chemotaxis.
Nature Communications 2:441. DOI: https://doi.org/10.1038/ncomms 1455, PMID: 21863008

Humberg TH, Sprecher SG. 2018. Two pairs of Drosophila central brain neurons mediate larval navigational
strategies based on temporal light information processing. Frontiers in Behavioral Neuroscience 12:305. DOI:
https://doi.org/10.3389/fnbeh.2018.00305, PMID: 30568583

Humphries NE, Queiroz N, Dyer JRM, Pade NG, Musyl MK, Schaefer KM, Fuller DW, Brunnschweiler JM,

Doyle TK, Houghton JDR, Hays GC, Jones CS, Noble LR, Wearmouth VJ, Southall EJ, Sims DW. 2010.
Environmental context explains Lévy and Brownian movement patterns of marine predators. Nature 465:1066—
1069. DOI: https://doi.org/10.1038/nature09116, PMID: 20531470

Jovanic T, Winding M, Cardona A, Truman JW, Gershow M, Zlatic M. 2019. Neural substrates of Drosophila
larval anemotaxis. Current Biology 29:554-566.. DOI: https://doi.org/10.1016/j.cub.2019.01.009, PMID:
30744969

Kane EA, Gershow M, Afonso B, Larderet |, Klein M, Carter AR, de Bivort BL, Sprecher SG, Samuel ADT. 2013.
Sensorimotor structure of Drosophila larva phototaxis. PNAS 110:E3868-E3877. DOI: https://doi.org/10.1073/
pnas.1215295110, PMID: 24043822

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 23 of 25


https://doi.org/10.7554/eLife.75826
https://github.com/comp-neural-circuits/adaptation-of-drosophila-larva-foraging
https://github.com/comp-neural-circuits/adaptation-of-drosophila-larva-foraging
https://archive.softwareheritage.org/swh:1:dir:3d4ebd10cf88552dba5130135eb747ef788105c5;origin=https://github.com/comp-neural-circuits/adaptation-of-drosophila-larva-foraging;visit=swh:1:snp:43753aabd2a5580dbe4c6ca76ae69d5aaa481571;anchor=swh:1:rev:d501cd1f0df3df2fda0f286d58e98ee0f72b4898
https://doi.org/10.1016/j.cub.2012.07.048
http://www.ncbi.nlm.nih.gov/pubmed/22940472
https://doi.org/10.1016/j.cub.2015.03.023
http://www.ncbi.nlm.nih.gov/pubmed/25959962
https://doi.org/10.1242/jeb.179.1.245
http://www.ncbi.nlm.nih.gov/pubmed/8340729
https://doi.org/10.1016/0022-1910(94)00113-U
https://doi.org/10.1201/9781315120171
https://doi.org/10.1201/9781315120171
http://www.ncbi.nlm.nih.gov/pubmed/28880507
https://doi.org/10.1073/pnas.1500804112
http://www.ncbi.nlm.nih.gov/pubmed/25953337
https://doi.org/10.3389/fevo.2019.00164
https://doi.org/10.3389/fevo.2019.00164
https://doi.org/10.1016/0040-5809(76)90040-x
http://www.ncbi.nlm.nih.gov/pubmed/1273796
https://doi.org/10.1038/srep34871
http://www.ncbi.nlm.nih.gov/pubmed/27982028
https://doi.org/10.1371/journal.pcbi.1004606
http://www.ncbi.nlm.nih.gov/pubmed/26600460
https://doi.org/10.1371/journal.pone.0136363
https://doi.org/10.1371/journal.pone.0136363
http://www.ncbi.nlm.nih.gov/pubmed/26313007
https://doi.org/10.1016/0022-1910(84)90133-1
https://doi.org/10.1016/0022-1910(84)90133-1
https://doi.org/10.1016/j.celrep.2016.12.071
https://doi.org/10.1016/j.celrep.2016.12.071
http://www.ncbi.nlm.nih.gov/pubmed/28099851
https://doi.org/10.1038/hdy.1984.7
https://doi.org/10.1038/ncomms1455
http://www.ncbi.nlm.nih.gov/pubmed/21863008
https://doi.org/10.3389/fnbeh.2018.00305
http://www.ncbi.nlm.nih.gov/pubmed/30568583
https://doi.org/10.1038/nature09116
http://www.ncbi.nlm.nih.gov/pubmed/20531470
https://doi.org/10.1016/j.cub.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30744969
https://doi.org/10.1073/pnas.1215295110
https://doi.org/10.1073/pnas.1215295110
http://www.ncbi.nlm.nih.gov/pubmed/24043822

eLife

Neuroscience

Kaun KR, Riedl CAL, Chakaborty-Chatterjee M, Belay AT, Douglas SJ, Gibbs AG, Sokolowski MB. 2007. Natural
variation in food acquisition mediated via a Drosophila cGMP-dependent protein kinase. The Journal of
Experimental Biology 210:3547-3558. DOI: https://doi.org/10.1242/jeb.006924, PMID: 17921156

Lahiri S, Shen K, Klein M, Tang A, Kane E, Gershow M, Garrity P, Samuel ADT. 2011. Two alternating motor
programs drive navigation in Drosophila larva. PLOS ONE 6:e23180. DOI: https://doi.org/10.1371/journal.
pone.0023180, PMID: 21858019

Lebrun L, Junter GA. 1993. Diffusion of sucrose and dextran through agar gel membranes. Enzyme and
Microbial Technology 15:1057-1062. DOI: https://doi.org/10.1016/0141-0229(93)90054-6, PMID: 7505595

Lin S, Senapati B, Tsao CH. 2019. Neural basis of hunger-driven behaviour in Drosophila. Open Biology
9:180259. DOI: https://doi.org/10.1098/rsob.180259, PMID: 30914005

Louis M, Huber T, Benton R, Sakmar TP, Vosshall LB. 2008. Bilateral olfactory sensory input enhances chemotaxis
behavior. Nature Neuroscience 11:187-199. DOI: https://doi.org/10.1038/nn2031, PMID: 18157126

Luo L, Gershow M, Rosenzweig M, Kang K, Fang-Yen C, Garrity PA, Samuel ADT. 2010. Navigational decision
making in Drosophila thermotaxis. The Journal of Neuroscience 30:4261-4272. DOI: https://doi.org/10.1523/
JNEUROSCI.4090-09.2010, PMID: 20335462

Marder E. 2012. Neuromodulation of neuronal circuits: back to the future. Neuron 76:1-11. DOI: https://doi.org/
10.1016/j.neuron.2012.09.010, PMID: 23040802

Marella S, Fischler W, Kong P, Asgarian S, Rueckert E, Scott K. 2006. Imaging taste responses in the fly brain
reveals a functional map of taste category and behavior. Neuron 49:285-295. DOI: https://doi.org/10.1016/j.
neuron.2005.11.037, PMID: 16423701

Mishra D, Miyamoto T, Rezenom YH, Broussard A, Yavuz A, Slone J, Russell DH, Amrein H. 2013. The molecular
basis of sugar sensing in Drosophila larvae. Current Biology 23:1466-1471. DOI: https://doi.org/10.1016/j.cub.
2013.06.028, PMID: 23850280

Miyamoto T, Chen Y, Slone J, Amrein H. 2013. Identification of a Drosophila glucose receptor using ca2+
imaging of single chemosensory neurons. PLOS ONE 8:56304. DOI: https://doi.org/10.1371/journal.pone.
0056304, PMID: 23418550

Ringo J. 2018. Foraging by Drosophila melanogaster larvae in a patchy environment. Journal of Insect Behavior
31:176-185. DOI: https://doi.org/10.1007/s10905-018-9661-5

Risse B, Thomas S, Otto N, Lépmeier T, Valkov D, Jiang X, Klédmbt C. 2013. Fim, a novel FTIR-based imaging
method for high throughput locomotion analysis. PLOS ONE 8:e53963. DOI: https://doi.org/10.1371/journal.
pone.0053963, PMID: 23349775

Risse B, Berh D, Otto N, Kldmbt C, Jiang X. 2017. FIMTrack: an open source tracking and locomotion analysis
software for small animals. PLOS Computational Biology 13:€1005530. DOI: https://doi.org/10.1371/journal.
pcbi. 1005530, PMID: 28493862

Schleyer M, Reid SF, Pamir E, Saumweber T, Paisios E, Davies A, Gerber B, Louis M. 2015. The impact of
odor-reward memory on chemotaxis in larval Drosophila. Learning & Memory22:267-277. DOI: https://doi.org/
10.1101/Im.037978.114, PMID: 25887280

Schulze A, Gomez-Marin A, Rajendran VG, Lott G, Musy M, Ahammad P, Deogade A, Sharpe J, Riedl J,

Jarriault D, Trautman ET, Werner C, Venkadesan M, Druckmann S, Jayaraman V, Louis M. 2015. Dynamical
feature extraction at the sensory periphery guides chemotaxis. eLife 4:e06694. DOI: https://doi.org/10.7554/
elife.06694, PMID: 26077825

Sims DW, Humphries NE, Hu N, Medan V, Berni J. 2019. Optimal searching behaviour generated intrinsically by
the central pattern generator for locomotion. eLife 8:¢50316. DOI: https://doi.org/10.7554/eLife.50316, PMID:
31674911

Skutt-Kakaria K, Reimers P, Currier TA, Werkhoven Z, de Bivort BL. 2019. A Neural Circuit Basis for Context-
Modulation of Individual Locomotor Behavior. bioRxiv. DOI: https://doi.org/10.1101/797126

Sokolowski MB. 1980. Foraging strategies of Drosophila melanogaster: a chromosomal analysis. Behavior
Genetics 10:291-302. DOI: https://doi.org/10.1007/BF01067774, PMID: 6783027

Sokolowski MB, Bauer SJ, Wai-Ping V, Rodriguez L, Wong JL, Kent C. 1986. Ecological genetics and behaviour
of Drosophila melanogaster larvae in nature. Animal Behaviour 34:403-408. DOI: https://doi.org/10.1016/
S0003-3472(86)80109-9

Sokolowski MB, Pereira HS, Hughes K. 1997. Evolution of foraging behavior in Drosophila by density-dependent
selection. PNAS 94:7373-7377. DOI: https://doi.org/10.1073/pnas.94.14.7373, PMID: 9207098

Sokolowski MB. 2001. Drosophila: genetics meets behaviour. Nature Reviews. Genetics 2:879-890. DOI: https://
doi.org/10.1038/35098592, PMID: 11715043

Stephens DW, Charnov EL. 1982. Behavioral ecology and sociobiology optimal foraging: some simple stochastic
models. Behavioral Ecology and Sociobiology 10:251-263.

Stephens DW, Krebs JR. 1987. Foraging Theory. Princeton University Press. DOI: https://doi.org/10.1515/
9780691206790

Tao L, Ozarkar S, Bhandawat V. 2020. Mechanisms underlying attraction to odors in walking Drosophila. PLOS
Computational Biology 16:e1007718. DOI: https://doi.org/10.1371/journal.pcbi. 1007718, PMID: 32226007

Tastekin |, Khandelwal A, Tadres D, Fessner ND, Truman JW, Zlatic M, Cardona A, Louis M. 2018. Sensorimotor
pathway controlling stopping behavior during chemotaxis in the Drosophila melanogaster larva. elife
7:€38740. DOI: https://doi.org/10.7554/eLife.38740, PMID: 30465650

Viswanathan G, da Luz MGE, Raposo EP, Stanley HE. 2011. The Physics of Foraging. Cambridge: Cambridge
University Press. DOI: https://doi.org/10.1017/CBO9780511902680

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 24 of 25


https://doi.org/10.7554/eLife.75826
https://doi.org/10.1242/jeb.006924
http://www.ncbi.nlm.nih.gov/pubmed/17921156
https://doi.org/10.1371/journal.pone.0023180
https://doi.org/10.1371/journal.pone.0023180
http://www.ncbi.nlm.nih.gov/pubmed/21858019
https://doi.org/10.1016/0141-0229(93)90054-6
http://www.ncbi.nlm.nih.gov/pubmed/7505595
https://doi.org/10.1098/rsob.180259
http://www.ncbi.nlm.nih.gov/pubmed/30914005
https://doi.org/10.1038/nn2031
http://www.ncbi.nlm.nih.gov/pubmed/18157126
https://doi.org/10.1523/JNEUROSCI.4090-09.2010
https://doi.org/10.1523/JNEUROSCI.4090-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20335462
https://doi.org/10.1016/j.neuron.2012.09.010
https://doi.org/10.1016/j.neuron.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23040802
https://doi.org/10.1016/j.neuron.2005.11.037
https://doi.org/10.1016/j.neuron.2005.11.037
http://www.ncbi.nlm.nih.gov/pubmed/16423701
https://doi.org/10.1016/j.cub.2013.06.028
https://doi.org/10.1016/j.cub.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23850280
https://doi.org/10.1371/journal.pone.0056304
https://doi.org/10.1371/journal.pone.0056304
http://www.ncbi.nlm.nih.gov/pubmed/23418550
https://doi.org/10.1007/s10905-018-9661-5
https://doi.org/10.1371/journal.pone.0053963
https://doi.org/10.1371/journal.pone.0053963
http://www.ncbi.nlm.nih.gov/pubmed/23349775
https://doi.org/10.1371/journal.pcbi.1005530
https://doi.org/10.1371/journal.pcbi.1005530
http://www.ncbi.nlm.nih.gov/pubmed/28493862
https://doi.org/10.1101/lm.037978.114
https://doi.org/10.1101/lm.037978.114
http://www.ncbi.nlm.nih.gov/pubmed/25887280
https://doi.org/10.7554/eLife.06694
https://doi.org/10.7554/eLife.06694
http://www.ncbi.nlm.nih.gov/pubmed/26077825
https://doi.org/10.7554/eLife.50316
http://www.ncbi.nlm.nih.gov/pubmed/31674911
https://doi.org/10.1101/797126
https://doi.org/10.1007/BF01067774
http://www.ncbi.nlm.nih.gov/pubmed/6783027
https://doi.org/10.1016/S0003-3472(86)80109-9
https://doi.org/10.1016/S0003-3472(86)80109-9
https://doi.org/10.1073/pnas.94.14.7373
http://www.ncbi.nlm.nih.gov/pubmed/9207098
https://doi.org/10.1038/35098592
https://doi.org/10.1038/35098592
http://www.ncbi.nlm.nih.gov/pubmed/11715043
https://doi.org/10.1515/9780691206790
https://doi.org/10.1515/9780691206790
https://doi.org/10.1371/journal.pcbi.1007718
http://www.ncbi.nlm.nih.gov/pubmed/32226007
https://doi.org/10.7554/eLife.38740
http://www.ncbi.nlm.nih.gov/pubmed/30465650
https://doi.org/10.1017/CBO9780511902680

e Llfe Research article

Neuroscience

Vosshall LB, Stocker RF. 2007. Molecular architecture of smell and taste in Drosophila. Annual Review of
Neuroscience 30:505-533. DOI: https://doi.org/10.1146/annurev.neuro.30.051606.094306, PMID: 17506643
Wang Z, Singhvi A, Kong P, Scott K. 2004. Taste representations in the Drosophila brain. Cell 117:981-991. DOI:
https://doi.org/10.1016/j.cell.2004.06.011, PMID: 15210117

Wisotsky Z, Medina A, Freeman E, Dahanukar A. 2011. Evolutionary differences in food preference rely on
gréde, a receptor for glycerol. Nature Neuroscience 14:1534-1541. DOI: https://doi.org/10.1038/nn.2944,
PMID: 22057190

Xie S, Tang Y, Wang P, Song C, Duan B, Zhang Z, Meng J. 2018. Influence of natural variation in berry size on the
volatile profiles of vitis vinifera L: cv-merlot and cabernet gernischt grapes. PLOS ONE 13:€0201374. DOI:
https://doi.org/10.1371/journal.pone.0201374, PMID: 30231031

Yang P, Shaver SA, Hilliker AJ, Sokolowski MB. 2000. Abnormal turning behavior in Drosophila larvae:
identification and molecular analysis of scribbler (sbb). Genetics 155:1161-1174. DOI: https://doi.org/10.1093/
genetics/155.3.1161, PMID: 10880478

Wosniack et al. eLife 2022;11:e75826. DOI: https://doi.org/10.7554/eLife.75826 25 of 25


https://doi.org/10.7554/eLife.75826
https://doi.org/10.1146/annurev.neuro.30.051606.094306
http://www.ncbi.nlm.nih.gov/pubmed/17506643
https://doi.org/10.1016/j.cell.2004.06.011
http://www.ncbi.nlm.nih.gov/pubmed/15210117
https://doi.org/10.1038/nn.2944
http://www.ncbi.nlm.nih.gov/pubmed/22057190
https://doi.org/10.1371/journal.pone.0201374
http://www.ncbi.nlm.nih.gov/pubmed/30231031
https://doi.org/10.1093/genetics/155.3.1161
https://doi.org/10.1093/genetics/155.3.1161
http://www.ncbi.nlm.nih.gov/pubmed/10880478

	Adaptation of ﻿Drosophila﻿ larva foraging in response to changes in food resources
	Editor's evaluation
	Introduction
	Results
	Food quality controls the distance traveled modulating the speed and the frequency of pauses
	A phenomenological model of crawling describes larval exploratory behavior in patchy substrates
	Increased proportion of time in patches relies on turns toward the patch center at the food–no food interface
	Anosmic larvae also select turns toward the patch center when reaching the food–no food border, but not on the yeast
	To remain inside of the food patch larvae combine turning bias with other strategies
	Our model reveals the interplay between food quality and patches fragmentation
	Larvae experience a trade-off between food consumption and exploration

	Discussion
	Materials and methods
	Animals
	Larva tracking
	Substrate preparation
	Descriptive statistics of larval trajectory
	Patch radius and center coordinates
	Classification of turns as toward the patch center
	Model
	Homogeneous substrate
	Patchy substrate
	Without biased turns toward the food
	With biased turns toward the food
	With more patches

	Model parameters (﻿Tables 2–4﻿)


	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


