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Summary

Animals use sensory information to move towards more favorable conditions. Drosophila larvae
can move up or down gradients of odors (chemotax), light (phototax), and temperature (thermotax)
by modulating the probability, direction, and size of turns based on sensory input. Whether larvae
can anemotax in gradients of mechanosensory cues is unknown. Further, while many of the
sensory neurons that mediate taxis have been described, the central circuits are not well
understood. Here we used high-throughput, quantitative behavioral assays to demonstrate
Drosophila larvae anemotax in gradients of wind speeds and to characterize the behavioral
strategies involved. We found that larvae modulate the probability, direction and size of turns to
move away from higher wind speeds. This suggests similar central decision-making mechanisms
underlie taxis in somatosensory and other sensory modalities. By silencing the activity of single or
very few neuron types in a behavioral screen, we found two sensory (chordotonal and
multidendritic class I11) and six nerve cord neuron types involved in anemotaxis. We reconstructed
the identified neurons in an electron microscopy volume that spans the entire larval nervous
system and found they received direct input from the mechanosensory neurons or from each other.
In this way we identified local interneurons, and first- and second-order SEZ and brain projection
neurons. Finally, silencing a dopaminergic brain neuron type impairs anemotaxis. These findings
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suggest anemotaxis involves both nerve cord and brain circuits. The candidate neurons and
circuitry identified in our study provide a basis for future detailed mechanistic understanding of

the circuit principles of anemotaxis.

eTOC Blurb

Jovanic et al. use high-throughput quantitative behavioral analysis, manipulation of neuronal
activity and EM reconstruction of neuronal connectivity to characterize Drosophila larva
anemotactic behavior and identify two types of sensory neurons, six nerve cord neurons and a

brain dopaminergic neuron cluster all implicated in anemotaxis.
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Introduction

Many animals have been shown to be capable of sensing air-currents and moving with
respect to the direction and speed of the wind. In nature wind can carry information about
appetitive or aversive odors. Also predators may generate air disturbances that can be
detected by the preys [1]. Thus being able to orient one’s movement with respect to the
direction of the wind may allow animals to find food or to avoid dangers [2-5]. In addition,
information about the wind direction can be used by animals with limited perceptual range
to make movement decisions (i.e. to keep straight course) during search behaviors [6]. The
ability to move up or down air-current gradients may therefore be shared and important for
survival across the animal kingdom from invertebrate species to mammals. This behavior is
called anemotaxis (from the Greek anemo - d-vepo for wind and taxis - ta&vg for
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arrangement). Animals can perform both positive and negative anemotaxis, depending
whether they move upwind or downwind [2-5, 7].

While some sensory hairs and hair like organs that mediate anemotaxis in multiple species
have been identified [8-11] the neural underpinnings of how information about the wind
direction is transformed into directional behavioral responses during anemotaxis in the
central nervous system have been understudied.

Small genetic model organisms like Drosophila larva are well suited for discovering circuit
implementation of taxis strategies in sensory gradients by combining targeted neuronal
manipulations with high-throughput behavioral assays and electron microscopy
reconstruction of neural circuits.

Larvae have been shown to perform taxis in gradients of odors, CO,, light and temperature
and the computations and the behavioral dynamics of taxis behaviors in these sensory
gradients were described in recent years using quantitative analysis methods [12-18].
Typically, in larvae, taxis involves regulating two stereotyped motor patterns: runs, which are
periods of forward crawling and turns which are reorientation events involving head sweeps
(one or multiple) followed by a choice of direction [12, 13, 16, 19, 20]. It is thought that
larvae compare sensory information over time during a run and turn when they detect a
change in sensory input for the worse (e.g. a decrease in the concentration of an attractive
odor, or an increase in aversive light intensity) [12, 13, 16]. Thus, larvae are more likely to
turn when they are crawling in the unfavorable direction (away from attractive or towards
aversive cues), than in the favorable direction (towards attractive or away from aversive
cues). Comparison of sensory information during an exploratory head sweep is thought to
determine the direction of the turn [12, 13, 16, 20]. Thus, larvae are more likely to accept
head sweeps (and turn in that direction) during which there is a change for the better, than
those during which there is a change for the worse. Larvae have also been shown to
modulate the size of turns and make bigger turns towards favorable conditions than towards
unfavorable conditions. Larvae use these same strategies when navigating gradients of odors
(chemotaxis), CO,, light (phototaxis) and temperature (thermotaxis) [12-14, 16, 19]. Bigger
third instar larvae, but not smaller second instar larvae also appear to perform a spatial
comparison of olfactory input on the left and right side of their body during chemotaxis, as
they are more likely to perform the first head sweep after a run towards the favorable
direction [16].

The sensory neurons and receptors that mediate taxis in some types of sensory modalities
(odor, temperature, light, CO,) in Drosophila larvae have also been extensively investigated
[13-15, 17, 20-23]. Some central neuron types have also been identified [24]. For examples
the lateral neurons (LNs) downstream of photoreceptor neurons and a pair of neurons in the
brain have been shown to be implicated in phototaxis [12, 25, 26], a central neuron pathway
have been identified for odor-tracking [27] and the SEZ as a premotor center has been shown
to regulate the selection of behavioral programs based on the integration of sensory stimuli
of different modalities [28]. However, despite these findings, the central components of the
neural circuits underlying taxis strategies (regulating when to turn, which way to turn, and
how much to turn) are still poorly understood.
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Adult flies orient in response to air-currents during flight and in the context of response to
odor plumes [5, 7, 29]. It is unknown whether Drosophila larvae can perform anemotaxis,
and if so, if they do so via the strategies used during chemotaxis, phototaxis, and
thermotaxis.

Here we used a high-throughput behavioral assay combined with quantitative behavioral
analysis to show Drosophilalarvae perform negative anemotaxis. We found they use similar
strategies as during chemotaxis, phototaxis, and thermotaxis: they modulate turn probability,
direction and size to move away from high wind speeds and away from the direction of the
wind. We then combined the high-throughput quantitative behavioral analysis methods with
manipulation of neuronal activity (silencing using tetanus toxin) and determined two types
of mechanosensory neurons that together contribute to anemotaxis: chordotonal and
multidendritic class Il neurons. In a targeted behavioral inactivation screen, we found seven
candidate central neuron types involved in anemotaxis. By reconstructing the neurons in an
EM volume of the larval nervous system we identified local interneurons, and first- and
second-order SEZ and brain projection neurons of the anemotaxic circuit. We also found that
silencing a dopaminergic brain neuron type impaired anemotaxis. Altogether, these neurons
represent the starting points for determining the circuit mechanisms that implement
sensorimotor decisions during anemotaxis.

Drosophila larvae perform negative anemotaxis

To determine whether Drosophila larvae can anemotax, we presented fixed spatial gradients
of wind speed to large numbers of animals while tracking their motion to analyze their
behavioral dynamics.

We generated gradients of air-current speeds with one end of the arena at high wind speeds
and the other at low wind speeds. We tested two different gradients: one gradient was
between 3 m/s and 1 m/s and a second between 5 m/s and 2 m/s. The gradient of wind
speeds is generated along the x axis in the arena. At the start of the assay we placed larvae in
the center of each agar plate in a line along the y axis, perpendicular to the gradient of wind
speeds, and monitored their behavior for 10 min. We found that at the end of the experiment
the majority of the larvae were located at or near the lower speed end (Figure 1A). To
quantify the overall taxis performance of Drosophilalarvae in an air-speed gradient we
computed the navigational index by dividing the mean velocity of all larvae in the x
direction, {v,), parallel to the wind gradient, by the mean crawling speed, {s)

Nind = <vx>/(s>
A navigational index of +1 would correspond to all larvae moving straight down the
gradient, a navigational index of —1 to all the larvae moving straight up the gradient and a

navigational index of O to larvae moving without bias towards 0° or 180° (down or up the
gradient).
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The navigational index in the x-axis was 0.17 in a 3 to 1 m/s gradient and 0.37 ina5to 2
m/s gradient. In contrast, navigation index in the y-axis (along which there was no gradient
of wind-speed) was close to 0 (Figure 1B). In a control experiment with no air-current, the
navigation index was close to 0 as expected (Figure 1B, Data S1). Thus, larvae anemotax
away from the direction of the wind and towards lower air speeds in both the 3 to 1 m/s and
5 to 2 m/s air current gradients.

Behavioral strategies in anemotaxis

In order to uncover the behavioral strategies that larvae use during anemotaxis, we
monitored the actions of individual larvae (running, head sweeping, or turning) of 830 intact
attP2>TNT larvae during anemotaxis, using a previously published quantitative behavioral
analysis method [12-14]. We then computed population statistics for features that reveal
how larvae bias their trajectories towards the areas of the arena with slower wind speeds and
away from the direction of the wind. Because larvae anemotax more efficiently in stronger
wind speeds we chose the 5 to 2 m/s gradient for the more detailed analysis (Figure 1A-D).

As for other types of taxis behaviors [12-14, 16, 19, 20], larvae alternate runs (periods of
forward crawling in approximately straight trajectories) with turns which allow them to
change the direction of heading (Figure 1A, 1C, and 1D). We analyzed whether and how
runs and turns were modulated as a function of four different headings in the wind-speed
gradient: down the gradient, up the gradient, and the two headings perpendicular to the
gradient (Figure 2A-H, Figure S1A-H).

We found larvae have a lower probability of orientation towards the wind (upwind) than
away from the wind (downwind) (measured as a fraction of time larvae spend crawling
down and up wind-speed gradients, respectively), i.e. there is a higher probability that larvae
will be found oriented down the wind-speed gradient, than up the gradient (Figure 2A, Data
S3). Larvae also crawled slightly slower when heading up air-speed gradients than down
(Figure 2B).

To test whether larvae reorient themselves with respect to the wind-speed gradient during
runs, we computed the mean heading change during runs as a function of larval heading at
the start of the run. The mean heading change was nearly zero regardless of the initial
heading so the larvae did not reorient themselves during runs in wind-speed gradients
(Figure 2C).

Reorientation thus mostly occurs during turns. We examined the rate at which larvae turned
as a function of heading. The turn rate was highest when the larvae were heading up the
wind-speed gradient and lowest when heading down the gradient (Figure 2D). Thus, as
described for other types of taxis [12, 13, 16, 17, 19], larvae decreased their turn rate when
headed in a favorable direction and increased their turn rate when headed in an unfavorable
direction.

We also examined whether larvae modulate the size of turns, as a function of heading prior
to the turn (Figure 2E). We found that larvae tend to make larger turns (average 94° change
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in direction) when previously headed up the wind-speed gradient (towards 180°) and smaller
turns (average 65°) when headed downwind (0°).

We also found larvae bias the direction of turns when crawling along the axis perpendicular
to the wind-speed gradient (Figure 2F). We found that nearly 67% of turns were downwind,
and only 33% of turns were towards the upwind (Figure 2F).

Furthermore, we found that the direction of the first head sweep after a run was already
biased towards the lower wind-speed side (Figure 2G).

In addition, we observed a significantly higher probability of accepting a head sweep when
facing the lower wind-speed side, relative to the higher wind-speed side (p<0.0001) (Figure
2H).

In summary, larvae mostly use similar strategies during anemotaxis as those previously
described for other types of taxes: they modulate the rate, size, and direction of turns [12, 13,
16, 17]. They even modulate the direction of the first head sweep towards the favorable side,
as has been reported for third instar larvae during chemotaxis [16]. However they do not
modulate the orientation of runs during crawling as has been observed in chemotaxis [30].

Chordotonal and multidendritic class Il sensory neurons are involved in anemotaxis

We have previously identified the chordotonal (cho) sensory neurons on the body wall of the
larvae that mediate on-off responses to air-current [31-33] in a behavioral assay with
uniform speeds in the arena. Here, we asked whether these sensory neurons also mediate
anemotaxis of Drosgphilalarvae (Figure 3A-C, and Figure S2A-C). We found that when we
silence the cho neurons using tetanus toxin (TNT) [34] (cho>TNT) ina 5 to 2 m/s wind-
speed gradient, larvae perform anemotaxis less efficiently: their navigational index was
significantly reduced compared to control larvae (Figure 3A, Data S1) and they show a
lower probability of orientation away from the wind compared to the control (Figure S2C,
Data S3). The navigational index normalizes for run speed, so changes in baseline
locomotion speed should not cause changes in the navigation index. We nevertheless
wondered whether larvae with silenced cho neurons exhibit locomotion defects [35] in
addition to anemotaxis defects (Figure S2B). We found that silencing cho neurons did not
significantly reduce the mean speed during runs in the absence of stimuli under our
experimental conditions, in fact these larvae showed slightly increased mean speed during
runs (Figure S2B).

Although larvae with silenced cho neurons are not efficient in anemotaxis (i.e. they have a
significantly lower navigation index compared to controls), when we examined individual
behavioral strategies, we found that they were not significantly reduced compared to
controls (Figures 3B—C, Data S3—-S4). The poor navigational performance could be due to a
cumulative effect of slight non-significant perturbations of individual behavioral strategies.

Since silencing of cho sensory neurons only moderately impaired anemotaxis, this suggests
that other types of sensory neurons may also be involved in sensing the wind speed. We
therefore tested another type of sensory neurons that was shown to mediate light touch and
on-off responses to air current [36, 37]: the multidendritic class 111 neurons (md I11) [33]
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(Figure 3A-C, Figure S2A-C, and Data S1). Silencing of md 111 neurons resulted in slightly
lower but not significantly different navigational performance compared to the attP2>TNT
control (Figure 3A, Data S1). We further analyzed the behavioral strategy in md /1/>TNT
larvae and found no strategy that was significantly different from the control (Figure 3 B-C,
Data S3-S4).

Different sensory modalities can act together by providing independent estimates of the
same event that can be combined to improve sensitivity and reduce ambiguity [38—41]. Cho
neurons sense vibration and the deformation of the cuticle as a result of mechanical pressure
[31, 42]. The md I1I neurons sense the light touch through ion channel activated by small
forces [37, 43]. Combining sensory information from these two independent modalities
could result in improved sensing of wind speeds [40]. We therefore silenced both cho and
md 111 neurons to test whether there was a greater effect from silencing the two modalities
together, compared to either one alone. These larvae had a significantly lower navigational
index compared to the controls, and compared to md ///> TNT larvae (Figure 3A, Data S1).
Their navigation index was also lower than of cho> TNT larvae, although the effect did not
reach significance. However, we found that while silencing either modality alone did not
significantly impair individual strategies, silencing both modalities did significantly impair
some of the strategies compared to controls (Figure 3B—C). Thus, the probability of turning
downwind from a perpendicular direction was significantly lower compared to control larvae
(Figure 3B). The difference in acceptance rates of head sweeps away and toward the wind
was also significantly reduced compared to control larvae, as well as compared to larvae in
which we silenced individual modalities (Figure 3C).

Silencing of both cho and md Il neurons simultaneously resulted in a more severe
phenotype in anemotaxis than silencing of individual sensory types. This suggests cho and
md Il neurons may synergistically contribute to anemotaxis.

Because silencing of both cho and md Il neurons simultaneously affected the choice of turn
direction, rather than turn probability and turn size, these sensory types may have a key role
in comparing the sensory information during exploratory head sweeps and the choice of turn
direction.

Identifying central neurons whose silencing leads to reduced performance in anemotaxis

In order to identify neurons in the central nervous system involved in anemotaxis, we
performed a targeted screen of 205 sparse GAL4 and intersectional Split GALA4 lines (Figure
S3A-C, Figure 4A, Figure S4A-B, Table S1). These 205 lines were selected in an
anatomical prescreen for lines that drive expression in single or in few neuron types.
Because generally larvae are more efficient in anemotaxis in stronger wind-speed gradients
(Figure 1B, Data S1), we chose the 5 to 2 m/s gradient for the screen. The silencing was
performed with TNT as using temperature inducible effectors is technically challenging in
air-puff experiments. The air at high speeds would cool down the set up and it is difficult to
maintain stable high temperatures (ca. 35°C) of the larvae and the arena for the duration of
the experiments.
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We identified eight neuronal lines in which the silencing of neurons resulted in less effective
taxis (their navigational index was significantly lower compared to controls) (Figure 4A). As
a control, we also quantified the navigational index in y axis for each of the lines to confirm
that the navigation index (in x axis) is indeed due to the gradient of wind speeds. We found
that for all of the lines, the navigational index in y axis during anemotaxis was around 0 as
expected (Figure S4B, Data S1).

We further examined which type of behavioral strategy caused the poor navigational
performances observed in each line.

We first analyzed the modulation of the turn rate, specifically whether these lines fail to
decrease their turn rate when heading in the favorable direction and fail to increase their turn
rate when facing unfavorable directions (Figure 2D). We found that in all of the eight lines
the turn rate was comparable to controls (Data S3).

Similarly, all lines retained the ability to modulate the size of turns as a function of sensory
gradient (Data S3).

Finally, we examined how the choices of turn direction were affected in the lines with poor
navigational performances (Figures 4B-C).

We found that silencing of neurons in line S501632resulted in a significantly decreased
probability of turning downwind from a perpendicular direction compared to controls
(Figure 4B, Data S4). Interestingly, this strategy is also affected when silencing both cho and
md 111 neurons (Figure 3, Data S4).

Silencing of neurons in the S501401 line resulted in a loss of bias for performing the first
head sweep away from the direction of the wind (Figure 4C, Data S4). Silencing of neurons
in the S501948 line even appears to reverse the bias of first head sweep toward the direction
of the wind (Figure 4C, Data S4).

Thus, amongst the eight lines with less efficient anemotaxis there were three lines with
defects in two different types of strategies: in the choice of turn direction or first head sweep
direction during anemotaxis.

In order to investigate whether some of the neurons that contribute to anemotaxis also
contribute to baseline locomotion, we recorded the locomotion without any stimulation in
larvae expressing TNT in each of the positive hit driver lines. We computed the mean speed
in runs in silencing and control experiments. We next computed the 95% confidence interval
on the ratio of the inactivated lines mean run speed to the control mean run speed (Figure
S4A, Data S2). For most of the CNS neuron lines the confidence interval includes 1, so we
cannot say that the speeds are not the same.

Three of the CNS lines have mean speeds that are significantly lower than the controls
(8500721, S500878, 5501948). The navigational index normalizes for run speed, so
changes in run speed cannot directly cause changes in the navigation index reported in
Figure 4. 5501948>TINT larvae also have a defect in biasing the direction of the first head
sweep: they bias the first head sweep upwind instead of downwind, i.e. they make the
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opposite choice to controls (Figure 4C). This defect cannot be explained in terms of a
general locomotor defect, nor an effect on mean speed. Thus, some of the neurons identified
in our screen may have multiple roles in behavior, both during anemotaxis and in controlling
baseline crawling speed.

Electron microscopy reconstruction of identified neurons reveals portions of the larval
anemotaxis circuit

In order to better understand the circuits underlying anemotaxis, we wanted to identify the
neurons that were targeted by the eight central nervous system (CNS) lines and either
identify or reconstruct them in a an electron microscopy (EM) volume of the larval nervous
system to reveal their connectivity [32, 38, 44].

We first characterized the morphology of the neurons in each line using light-microscopy, by
labelling them with GFP, or when necessary using multicolor flip-out (MCFO) [45] (Figure
5A-H and Figure S5A-D). We found that six lines drove expression in nerve cord neurons
(Figure 5A-F), one in central brain neurons (Figure 5G), and one in two neurons in the
subesophageal zone (SEZ) and one in the posterior end of the nerve cord (Figure 5H). Five
of the nerve cord lines drive expression in just a single neuron type. The S500721 drives
expression strongly in a pair of thoracic neurons, that project to the brain (that we named
Recliner), and weakly in an abdominal neuron pair, which is therefore unlikely to contribute
to the behavioral phenotype obtained with that line.

To determine the identity of the neurons, we compared the light microscopy images of these
neurons to a database of all previously known larval neurons that were reconstructed with
EM [32, 38]. However, if a neuron was unknown and not yet reconstructed with EM, we
would not find it in this database. Previously, only the local partners of cho sensory neurons
in the Al abdominal segment were reconstructed [32, 38], but not the long-range partners.
Some, but not all partners of md 111 sensory neurons had also been reconstructed.

We found that three lines drove expression in previously reconstructed nerve cord neurons
with known connectivity, but unknown function. Two of these neurons receive direct
synaptic input from md 111 neurons: a projection neuron that ascends to the SEZ, A09e [46]
(8500878), and a local abdominal neuron chair-1 (A10a) (5500911) [38] (Figure 5A-B,
Figure 6 and Figure S5D). Another local inhibitory interneuron, drunken-4 (5501401)
receives direct synaptic input from cho neurons [32] (Figure 5C, Figure 6, and Figure S5B).

Three lines, SS00721, SS00886, and S501632, drove expression in unknown nerve cord
neurons that have previously not been reconstructed in the EM volume. Using cell bodies
and primary backbone positions as a guide, we identified several candidate neurons for each
line and traced each candidate until they could be excluded based on morphology. After
several iterative rounds, one candidate emerged for each line. These neurons were then
reconstructed to completion, including all arbors and pre- and postsynaptic connections.
This work revealed three novel long-range projection neurons either directly, or indirectly
downstream of cho sensory neurons: Jupiter, which collects inputs from the VNC and
ascends to the SEZ (Figure 5D, Figure 6, and Figure S5D); Recliner, which primarily
receives thoracic inputs and ascends to the brain (Figure 5E, Figure 6 and Figure S5C); and
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Thoracic ladder-1, which spans many thoracic and abdominal segments (Figure 5F and
Figure 6). Jupiter and Thoracic ladder-1 receive direct cho inputs while Recliner receives
inputs from the first order cho partners: Jupiter (Figure 6, Data S5). Thus, Drunken-4,
Jupiter, and Recliner make a pathway from the mechanosensory cho neurons to the brain
(Figure 6).

EM correlates of SS00854 were not identified. This line drives expression equally strongly
in two types of SEZ neurons and a pair of abdominal neurons, so it is not possible to
speculate whether the phenotype is due to abdominal or SEZ neurons.

The central brain line (5501948) was matched with the pPAM cluster of dopaminergic
neurons (DANS), that innervate the medial lobe of the mushroom body [47, 48] (Figure 5G
and6), surprisingly suggesting that these mushroom body DANSs are involved in anemotaxis.

Discussion

Using targeted genetic manipulation of neuronal activity combined with quantitative analysis
of locomotor behaviors and EM reconstruction of synaptic connectivity, we characterize for
the first time the behavioral dynamics and the candidate neural substrates underlying
anemotaxis in Drosophila larvae.

We determined that larvae move down the gradient, away from strong air-currents (winds),
and identified the behavioral strategies that larvae use to achieve this behavior. Overall, we
found that larvae use similar strategies during anemotaxis as during taxis in other types of
sensory gradients: they modulate the probability, size and direction of turns as a result of
sensory input. They chose the direction of turn by performing one or more head-sweeps
during each reorientation event. Larvae are more likely to reject head sweeps in the direction
of higher wind speeds and accept head sweeps in the direction of lower wind speeds (i.e.
they are more likely to turn in the direction of lower wind speeds). This is consistent with
the idea that larvae perform temporal comparisons of sensory information during left and
right head sweeps, as proposed for other taxes behaviors. Interestingly, we found that during
anemotaxis larvae also bias the direction of the very first head sweep after a run towards the
favorable direction. This suggests that during anemotaxis larvae are also able to use the
somatosensory system to perform a spatial comparison of sensory information on the left
and right side of the body to bias the direction of the first head sweep. Previous studies
showed that the first head sweep was unbiased in odor and CO» gradients in second instar
larvae, but it was biased in odor gradients in third instar larvae [13].

We found that silencing cho sensory neurons impaired anemotaxis, however, it did not
abolish it, and it did not have a significant effect on individual strategies. Silencing md I11
neurons alone did not result in a significant impairment in anemotaxis. However, silencing
of both cho and md 111 neurons simultaneously resulted in a severe phenotype and a
significant defect in the choices of turn direction. This suggests that these two sensory
modalities together mediate temporal comparisons during exploratory head sweeps to
modulate the direction of turns.
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It should be noted that silencing cho and md 111 neurons did not completely abolish
anemotaxis, suggesting that additional sensory neurons might be involved. External sensory
neurons on the body wall are potential candidates to mediate wind related behaviors, based
on their morphology [49, 50].

In a behavioral inactivation screen, we identified eight lines with impaired anemotaxis.
Silencing some of these neurons (Thoracic ladder-1, pPAM DANSs, drunken-4) significantly
affected either the choice of turn direction, or the choice of first head sweep. Thus, different
types of strategies could be controlled independently. It is also possible that some strategies
are redundantly regulated by multiple neuron types, so silencing one type alone does not
produce a significant defect. Modulation of turn and first head sweep direction could be
more susceptible to perturbation of activity in single circuit elements.

Based on EM reconstruction we determined six of the neurons involved in anemotaxis were
directly or indirectly downstream of cho or md 1l neurons. Three nerve cord neurons
received direct sensory input from cho neurons. A fourth neuron is a second order cho
partner, receiving input from the first order partner, Jupiter. The two other VNC neurons
receive input from md 111 neurons. Interestingly, three of the VNC neurons are ascending
projection neurons. A09e and Jupiter receive input from md Il and cho neurons,
respectively, and then both project to the subesophageal zone (SEZ). It was previously
shown that a group of neurons in the SEZ modulates the probability of transitioning between
runs and turns based on information from multiple sensory modalities [28]. The SEZ could
thus be the hub where sensory information for multiple modalities converge, including cho
and md 111 pathways, to modulate sensorimotor decisions during orientation behaviors. In
addition to the SEZ, our study suggests brain contributes to anemotaxis, as we identified an
ascending neuron that projects to the brain and PAM-cluster DANSs in the brain whose
silencing using the 5501948 line surprisingly impairs anemotaxis.

In natural environments, taxis is rarely performed in the presence of stimuli from a single
modality. Rather, larvae combine sensory information from multiple modalities and often
navigate across conflicting sensory gradients. For this reason, some of the circuitry that
underlies taxis strategies could be shared between different types of taxes. The idea of an
overlapping circuitry for taxes in different types of sensory gradients is further supported by
the findings that all described taxes so far (including anemotaxis) comprise similar
strategies. ldentifying circuit elements of anemotaxis in higher order centers, i.e. the SEZ
and brain, can therefore help elucidate universal circuit mechanisms of sensorimotor
decision-making in sensory gradients. For example, our findings suggest that PAM-cluster
DANSs are implicated in taxis. These neurons synapse onto the medial lobe of the mushroom
body, an integrative structure of the insect brain and therefore could be involved in decision-
making in other modalities, not only during anemotaxis [48, 51]. We also found that
inactivating these DANS resulted in significantly decreased mean speed during runs. In the
adult Drosophila, DANs show context and state movement related responses [52, 53] while
midbrain DANSs in vertebrates were shown to be involved in movement initiation, movement
vigor, decision-making and learning [54-57]. Thus, these Drosophila DANs could be
modulating the activity of higher-order centers in the mushroom body depending on the
multisensory context or animal’s behavioral states [57, 58]. It will important to further
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investigate the implication of the DAN neurons in anemotaxis and other types of taxes by
using different drivers and other type of effectors for neuronal manipulation (i.e. temperature
inducible) where possible.

Studying the neural basis of taxis in the genetically tractable Drosophilalarva has many
advantages. Neuronal activity can be manipulated, the connections between neurons
determined by EM reconstruction [32, 38, 44, 48, 59-63], and patterns of neuronal activity
can be correlated with behaviors. The novel candidate elements of the anemotactic circuitry
identified in this study provide an excellent starting point for further studies using other
types of neuronal manipulations and physiology to investigate the role of each individual
neuron. In addition, they provide an entry point into the neuronal pathways and circuit
mechanisms underlying taxis from the sensory inputs to higher, more integrative regions of
the brain by using a combination of approaches available in the Drosophilalarvae:
quantitative behavioral analysis, optogenetics and the monitoring of neuronal activity in a
behaving animal [64].

STAR Methods
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Tihana Jovanic (jovanict@janelia.hhmi.org)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila Stocks—We used GAL4 from the Rubin collection available from
Bloomington stock center each of which is associated with an image of the neuronal
expression pattern shown at http://flweb.janelia.org/cgi-bin/flew.cgi. We used GALA4 lines
(R61D08&for chordotonals, 719-12-GAL4 for multidendritic class 111 [44]) in behavioral
experiments and generate intersectional lines (Split lines: SS00721, SS00854, SS00878,
5500886, 500911, S501401, S501632, S501948). In addition we used the insertion site
stocks, w;;attP2 and w;attP2;attP40 [65, 66], as well as w;iav-GAL4;UAS-TNT-e stock. We
used the progeny larvae from the insertion site stocks, w;;attp2, and w;attP2;attP40 crossed
to the appropriate effector (UAS-TNT-e (1)) for characterizing larval behavior during
anemotaxis. w;; attP2 and w;attP2;attP40 were selected because they have the same genetic
background as the GAL4 and Split-GAL4 tested in the screen. We used the following
effector stocks: UAS-TNT-e [34] and pJFRC12-10XUAS-IVSmyr::GFP (Bloomington
stock number: 32197). We also used Canton S (the background of the UAS-TNT-e stock) to
cross GAL4 and Split-GAL4 drivers with in GAL4 controls.

METHOD DETAILS

Larva dissection and immunocytochemistry—To analyze the expression pattern of
the GAL4 and SplitGAI4 lines, we crossed the lines to pJFRC12-10XUAS-1VSmyr::GFP
(Bloomington stock number: 32197; [23]). The progeny larvae were placed in a phosphate
buffered saline (PBS; pH 7.4) and fixed with 4.0% paraformaldehyde for 1-2 hr at room
temperature, and then rinsed several times in PBS with 1% Triton X-100 (PBS-TX). Tissues
when then mounted on poly-L-lysine (Sigma-Aldrich) coated coverslips and then transferred
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to a coverslip staining jar (Electron Microscopy Sciences) with blocking solution, 3%
normal donkey serum in PBS-TX for 1 hr. Primary antibodies were used at a concentration
of 1:1000 for rabbit anti-GFP (Invitrogen) and 1:50 for mouse antineuroglian
(Developmental Studies Hybridoma Bank) and 1:50 for anti-N-cadherin (Developmental
Studies Hybridoma Bank) and incubated for 2 days at 4°C. Tissues when rinsed multiple
times in PBS-TX and then incubated for 2 days. with secondary antibodies: anti-mouse 1gG
Alexa Fluor 568 Donkey (diluted 1:500; Invitrogen), Alexa Fluor 647 Donkey anti-rat 1gG
(1:500, Jackson ImmunoResearch) and fluorescein FITC conjugated Donkey anti-rabbit
(diluted 1:500; Jackson ImmunoResearch). After incubation, the tissue was rinsed for
several hours in PBS-TX, and dehydrated through a graded ethanol series, cleared in xylene
and mounted in DPX (Sigma). Images were obtained with 40x oil immersion objective (NA
1.3) on a Zeiss 510 Confocal microscope. Images of each nervous system were assembled
from a 2x array of tiled stacks, with each stack scanned as an 8-bit image with a resolution
of 512x512 and a Z-step of 2 um. Images were processed using Fiji (http://fiji.sc/) and
ImageJ (https://imagej.nih.gov/ij/).

Behavioral apparatus—The apparatus was described previously [31, 32]. Briefly, the
apparatus comprises a video camera (DALSA Falcon 4M30 camera) for monitoring larvae, a
ring light illuminator (Cree C503B-RCS-CW0Z0AAL at 624 nm in the red), a computer (see
[31] for details; available upon request are the bill of materials, schematic diagrams and PCB
CAM files for the assembly of the apparatus) and a hardware modules for controlling air-
puff, controlled through multi worm tracker (MWT) software (http://sourceforge.net/
projects/mwt) [67], as described in [31]. Air-puff is delivered as described previously [31].
Briefly it is applied to a 25625 cm2 arena at a pressure of 1.1 MPa through a 3D-printed
flare nozzle placed above the arena (with a 16 cm 6 0.17 cm opening) connected through a
tubing system to plant supplied compressed air (0.5 MPa converted to a maximum of 1.4
MPa using a Maxpro Technologies DLA 5-1 air amplifier, standard quality for medical air
with dew point of 210°C at 90 psig; relative humidity at 25°C and 32°C, ca. 1.2% and 0.9%,
respectively). The strength of the airflow is controlled through a regulator downstream from
the air amplifier and turned on and off with a solenoid valve (Parker Skinner
71215SN2GNO00). The gradient is achieved by adjusting the inclination of the nozzle
delivering the air-current to the arena. The gradient of air-flow speeds is parallel to the
direction of air-flow and decreases with the distance from the nozzle (source of wind). The
nozzle is fixed with a system of screws to prevent any movement during and in between
experiments. Air-flow rates were measured before each round of experiments at 9 different
equidistant positions in the arena with a hot-wire anemometer to ensure that the speed was 5
m/s at one end and on the opposite end 2 m/s for the 5-2 m/s gradient and 3 m/s and 1 m/s
respectively, for the 3—-1 m/s gradient (Extech Model 407119A and Accusense model
UAS1000 by DegreeC). The air-current relay is triggered through TTL pulses delivered by a
Measurement Computing PCI-CTRO05 5-channel, counter/timer board at the direction of the
MWT. The onset and durations of the stimulus is also controlled through the MWT.

Behavioral Experiments—Embryos were collected for 8-16 hours at 25°C with 65%
humidity. Larvae were raised at 25°C with normal cornmeal food. Foraging third instar
larvae were used (larvae reared 72—84 hours or for 3 days at 25°C).
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Before experiments, larvae were separated from food using 10% sucrose, scooped with a
paint brush into a sieve and washed with water (as described previously). This is because
sucrose is denser than water, and larvae quickly float up in sucrose making scooping them
out from food a lot faster and easier. This method is especially useful for experiments with
large number of animals. We have controlled for the effect and have seen no difference in the
behavior between larvae scooped with sucrose and larvae scooped directly from the food
plate with a pair of forceps.

The larvae were dried and spread on the agar in a line in the center of the arena along the y-
axis perpendicular to the gradient of air speeds. The substrate for behavioral experiments
was a 3% Bacto agar gel in a 25625 cm2 square plastic dishes. Larvae were washed with
water at room temperature, the dishes were kept at room temperature and the temperature on
the rig inside the enclosure was set to 25°C.

The humidity in the room is monitored and held at 58%, with humidifiers (Humidifirst Mist
Pac-5 Ultrasonic Humidifier).

We tested approximately 20-30 larvae at once in the behavioral assays. For each genotype,
we did at least 3 repetitions (see Table S2 for N of animals and experiments for each
genotype). The temperature of the entire rig was kept at 25 °C. In the assay, the larvae were
put in the center of the plate in a line perpendicular to the gradient axis immediately prior
the stimulus delivery. The air-puff was delivered continuously from the beginning of the
experiment (time 2s after start of recording) and then for 10 minutes. We have used 3 m/s -1
m/s and 5 m/s to 2 m/s wind-speed gradients. The 3 m/s to 5 m/s wind speeds corresponds to
what is on wind scale is referred to as a strong breeze. At this wind speed the small branches
on trees start to be moved by the wind. We have found that between 3 m/s - 8 m/s larvae
respond strongly, but the response starts saturating around 6 m/s. The navigational
performance was better in the higher gradient (5 m/s-2 m/s compared to the 3 m/s-1m/s
gradient) as shown in Figure 1D. That was the reason we chose this gradient for further
studies. All the data from Figure 2 and on are obtained in a higher 5 m/s-2 m/s gradient.

Electron Microscopy Reconstruction and Wiring Diagrams—EM reconstruction
was performed using a complete CNS serial section transmission EM volume from a 6-hour
old Canton S G1x w18 [5905] larva, with a resolution of 3.8nm x 3.8nm x 50nm [38].
Reconstruction and synapse annotation followed previous protocols [44, 48] using the web-
based annotation software, CATMAID [68]. To identify neurons of interest covered by our
split-GALA4 lines, we performed exploratory tracing downstream of mechanosensory
chordotonals in segment Al. Gross morphologies, including axon bouton, dendrite, and cell
body positions, were compared to light microscopy images to positively identify neurons in
EM. Identified neurons were then fully reconstructed, including all synapses and fine
dendritic processes. If hemilateral pairs of neurons received at least 3 synapses from a
particular mechanosensory chordotonal type on both sides, we considered them strong
downstream chordotonal partners.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis—Larvae were tracked in real-time using the MWT software [67].
We rejected objects that were tracked for less than 5 seconds or moved less than one body
length of the larva. For each larva MWT returns a contour, spine and center of mass as a
function of time. From the MWT tracking data we computed the key parameters of larval
motion, using the MAGAT analyzer software package (https://github.com/samuellab/
MAGATAnNalyzer) that we adapted to the MWT format [13]. Further analysis was carried
out using custom MATLAB scripts described previously [13] software to identify behaviors,
especially runs, turns, and head sweeps.

To calculate statistics involving center-of-mass movement along larval trajectories (for
example, distributions of instantaneous heading and speed in Figures 2 and Figure S1 and
navigational indices in Figures 1, 3 and 4) we needed to estimate the number of independent
observations of quantities of center-of-mass movement along each larval trajectory. To do
this, we calculated the autocorrelation function of the direction of motion,

C(®) = (PO -V +1),

and extracted the time constant, 7; of its component of exponential decay,

Cr) = e—'r/T

This correlation time constant was typically ~20 s. To calculate the s.e.m. of center-of-mass
motion statistics, we estimated the number of independent observations as the total
observation time for each measurement divided by twice the correlation time constant. For
more details see [13].

Screen design—We screened a total of 205 Drosophila lines: 37 GAL4 lines from the
Rubin GALA4 collection [65, 69] and 168 Split-GAL4 lines made based on the GAL4 lines in
the Rubin collection. We silenced small subsets of neurons and individual neurons in these
lines using tetanus toxin. We selected these lines from the entire collection for sparse
expression in the brain and ventral nerve cord of the larval CNS as well as expression in the
sensory neurons The intersectional Split-GAL4 lines were designed based on the
overlapping expression patterns of GAL4 driver lines. In addition for sparseness, some lines
were chosen to be screened based on results from a previous air-puff inactivation screen
(without gradient) [33] (images of the larval CNS are available at http://www.janelia.org/
gal4d-genl).

The N of detected navigational events (N of runs, reorientations) is given in Table S2.

Hit detection and statistical analysis—The hits were determined based on the overall
navigational performance of each GAL4 and Split-GAL4 lines. Hits were considered the
lines that were significantly different compared to their respective controls: w;;attP2 for
GALA4 lines and w;attP2;attP40 for Split-GAL4 lines. We focused the study on eight of the
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strongest hits (some lines were excluded of the study as they had showed stochastic neuronal
expression patterns).

Error bars and p-values were generated using a bootstrapping procedure.—A
set of experiments consisted of repeated presentations of the same stimulus to different
groups of animals of the same genotype. For each set of experiments, we reported the mean
measurement (e.g. of navigational index) across all the animals in all experiments. We
sought to determine how much we might expect that mean measurement to vary if we
repeated the entire set of experiments over and over again.

The standard way to estimate the variation of the mean is to calculate the standard error of
the mean, dividing the standard deviation of all measurements by the square root of the
number of measurements. This method is appropriate if all animals and events are assumed
to be drawn from the same random distribution. However, if there are correlated sources of
noise, e.g. under-expression of genes in a subset of the larvae tested, this method can
underreport the expected variance in the mean.

We therefore adopted a bootstrapping approach that preserved potentially correlated sources
of noise, and we calculated p-values without assuming Gaussian statistics off the data set. To
generate a single bootstrap for a set of experiments, we

1. Selected an experiment, £;at random from the set of AV experiments.

2. Selected a random subset, with replacement, of 7;tracks from that experiment,
where 7;is the total number of tracks in the selected experiment.

3. Repeated 1-2 until we had sampled 7, Of tracks, where T;,z/is the total
number of tracks in the original data set.

4, We then analyzed the set of tracks as though it were a new experiment and found
the mean navigational index, probability of turning away from the wind, etc.

We repeated the bootstrapping procedure (steps 1-4) 3000 times and then analyzed the
bootstrap results as follows:

The standard error of the mean (error bars in figures) was calculated as the standard
deviation of the set of bootstrapped means.

The p-value of a comparison is the fraction of the 9,000,000 (3,000 x 3,000) bootstrap pairs
in which the opposite effect was observed. For instance, if the navigational index of an
inactivated line was lower than the control navigational index, the p-value is the probability
a navigational index randomly chosen from the bootstrapped inactivated set would be higher
than a navigational index randomly chosen from the bootstrapped control set. This non-
parametric method does not require assumptions about the normality of the data [70].

For the controls in Figure 1 and 2 with large sample sizes (N of experiments > 50) the
comparisons between no wind gradient and wind gradient conditions and 3 m/s to 1 m/s and
5 m/s and 2 m/s gradient (Figure 1) and probabilities of turning and headsweep decisions
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towards and away the direction of the wind (upwind and downwind) (Figure 2F-H, Figure
SF-H) were done using an unpaired t-test.

For no stimulus conditions, we calculated, with 95% confidence, a confidence range for the
ratio of mean speeds in inactivation experiments to the control experiments.

DATA AND SOFTWARE AVAILABILITY

All data are included in Tables S1-S2 and Data S1-S5 or are available from the authors
upon request

The Multi Worm tracker software is available at: https://sourceforge.net/projects/mwt/

The MAGAT software package is available at: https://github.com/samuellab/
MAGATAnalyzer

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Drosophila larvae perform negative anemotaxis

To anemotax, larvae modulate the turn rate, size and direction as in other
taxes

Chordotonal and multidendritic class Il sensory neurons together mediate
anemotaxis

The anemotactic circuitry involves both the nerve cord and the brain
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Figure 1. Drosophila Larvae perform negative anemotaxis.
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A. In air-speed gradients, the larvae navigate down the gradient. The colors of the tracks
represent the time from the beginning of the experiment (blue) to the end (orange).
Snapshots of the initial positions of larvae in the center of the agar plate are shown B.
Navigational index in 3-1 m/s and 5-2 m/s gradient compared to no-gradient conditions. In
the box plot the median is indicated by the red horizontal line. Box boundaries represent first
and third quartiles, whiskers extend to the most extreme data points not considered outliers.
The outliers are indicated by red + C. Larvae alternate periods of runs and turns D. An
example of a reorientation event where a larva perpendicular to the direction of the gradient
accepts a head sweep and extends a run in a favorable direction is shown. P-values and N of
animals are shown in Data S1 and Table S2, respectively).
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Figure 2. Behavioral strategies of Drosophila larvae during anemotaxis.
Behavioral strategies in anemotaxis in control aftPZ> TN'T (the same is shown for aftP2-

attP40> TNT in Figure S1). A compass in which 0° indicates the direction down the gradient
(downwind) and 180° up the gradient (upwind) was used to keep track of larval direction
during runs and turns as a function of the wind-speed spatial gradient.

A. Relative probability of headings during runs. B. Speed versus heading during runs C.
Mean heading change in runs D. Turn rate versus heading E. Turn size versus heading F.
Distribution of turns from perpendicular direction G. Distribution of head sweeps from
perpendicular direction H. Probability of starting a run during a head sweep A-E Values are
mean and s.e.m. F-H. In the box plot the median is indicated by the horizontal line. Box
boundaries represent first and third quartiles, whiskers extend to the most extreme data
points not considered outliers. The outliers are indicated by red +. *: p<0.05, **: p<0.01,
***:<p<0.001 (p-values can be found in Data S1 and the N of animals in Table S2). See also
Figure S1 and Data S3.
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Figure 3. Somatosensory neurons implicated in anemotaxis.
A. Comparison of the navigation index in chordotonal>TNT (cho> TN'T), multidendritic

class HI>TNT (mad /1> TNT), chordotonal-multidendritic class HHI>TNT (cho-md 111> TN'T)
and control larvae. Silencing of cho and md 111 neurons simultaneously impairs anemotaxis.
B. Probability of turns from perpendicular direction away from the wind (downwind) (0°) in
cho>TNT, md Ill>TNTand cho-md /1> TNT. Larvae with silenced cho and md Il neurons
together have a lower probability of turning away from the wind than the control and md
/1> TNT larvae C. Differences in probabilities of starting a run during a head sweep from
perpendicular direction away and towards the wind. Larvae with silenced cho and md 111
neurons together have a lower difference in acceptance of head sweep away from and
towards the wind compared to larvae with silenced md I11 and cho individually as well as
control attPZ> TNT larvae. Bootstrapped values are shown. In the box plot the median is
indicated by the horizontal line. Box boundaries represent first and third quartiles, whiskers
extend to the most extreme data points not considered outliers. The outliers are indicated by
red +. *: p<0.05, **: p<0.01, ***:<p<0.001 (p-values can be found in Data S1 and S4, the N
of animals in Table S2). See also Figure S2 and Data S2
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Figure 4. Identifying central neurons whose silencing leads to reduced performance in
anemotaxis.

A. Navigational indices of eight lines with less efficient anemotaxis compared to respective
GALA4 controls and attP2-attP40> TN'T control. Bootstrapped values are shown. *: p<0.05,
**: p<0.01, ***:<p<0.001 (p-values can be found in Data S1). B. Probability of turns from
perpendicular direction away from the wind (downwind) (0°) in SS01632> TN'T compared to
the controls attP2-attP40>TNT and $501632>CS C. Probability of first head sweep from
perpendicular direction away from the wind (downwind) (0°) in $501401> TN'T and
S5501948> TN'T compared to the control attP2-attP40> TN'T Bootstrapped values are shown.
In the box plot the median is indicated by the red horizontal line. Box boundaries represent
first and third quartiles, whiskers extend to the most extreme data points not considered
outliers. The outliers are indicated by red +. *: p<0.05, **: p<0.01, ***: <p<0.001 (p-values
can be found in Data S1 and S4, the N of animals in Table S2). See also Figures S3, S4,
Table S1 and Data S2
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Figure 5. Electron microscopy correlates and connectivity of first-order anemotaxis neurons.
(A-F) Light microscopy z-projections of Split-GAL4s driving GFP expression in L3 (/eft

panels) and the corresponding neuron reconstructed in a sSTEM L1 volume (right panels).
A-C depict previously reconstructed neurons that have now been matched with Split-GAL4
lines. D-F depict neurons identified in EM and reconstructed for this study. Solid arrowheads
indicate the ends of dendritic branches for comparison between light and EM images.
Double arrowheads indicate contaminant neurons. (G) Expression pattern of S501948
driving GFP expression in L3 (/eft panel). This line expresses in the pPAM cluster of four
dopaminergic neurons that tile the mushroom body medial lobe (right panel). Note that four
cell bodies are present, but only three DANSs are presented in EM (DAN-h1 is not present in
the sSTEM L1 volume and thus cannot be directly compared). (H) Expression pattern of
S$500854 driving GFP expression in L3, depicting multiple neurons (/eft panel). MCFO
revealed two SEZ neurons (middle panels) and an A8 VNC neuron (right panel). Scale bars
are 50 um unless indicated as 10 um. See also Figure S5 and Data S5.
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Figure 6. Anemotaxis circuit.

Recliner
(SS00721)

.
.

Chair-1 and A09e receive strong inputs from md Il neurons, while Thoracic Ladder-1,
Drunken-4, and Jupiter receive inputs from cho neurons. A second-order mechanosensory
neuron, Recliner, was also identified downstream of Jupiter. Note that although no direct
convergence between md I11 and cho neurons is reported here, two first-order neurons
project to the SEZ (A09e and Jupiter) and the second-order Recliner projects to the brain at
potential convergence sites (see dashed black arrows). No EM correlate has yet been found
for SS500854. Width of black arrows indicates synaptic strength. All neurons reported here

are involved in anemotaxis. See also Data S5
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