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Abstract  
Small animals use sensory information to navigate their environment in order to reach more favorable 
conditions. in gradients of light, temperature, odors and CO2, Drosophila larvae alternate periods of runs and 
turns, regulating the frequency size and direction of turns, to move in a favorable direction. Whether larvae use 
the same strategies when navigating in response to somatosensory input is unknown. Further, while many of 
the sensory neurons that mediate navigation behaviors have been described, where and how these navigational 
strategies are implemented in the central nervous system and controlled by neuronal circuit elements is not 
well known. Here we characterize for the first time the navigational strategies of Drosophila larvae in gradients 
of air-current speeds using high-throughput behavioral assays and quantitative behavioral analysis. We find 
that larvae extend runs towards favorable directions and shorten runs in unfavorable directions, and that larvae 
regulate both the direction and amplitudes of turns. These results suggest similar central decision-making 
mechanisms underlie navigation behaviors in somatosensory and other sensory modalities. By silencing the 
activity of individual neurons and very sparse expression patterns (2 or 3 neuron types), we further identify the 
sensory neurons and circuit elements in the ventral nerve cord and brain of the larva required for navigational 
decisions during anemotaxis. The phenotypes of these central neurons are consistent with a mechanism where 
the increase of the turning rate in unfavorable conditions and decrease in turning rate in favorable conditions 
are independently controlled. In addition, we find phenotypes that suggest that the decisions of whether and 
which way to turn are controlled independently. Our study reveals that different neuronal modules in the nerve 
cord and brain mediate different aspects of navigational decision making. The neurons identified in our screen 
provide a basis for future detailed mechanistic understanding of the circuit principles of navigational decision-
making. 
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Introduction  
 
Orientation behavior allows animals to move in the environment as a 
function of sensory information to find more favorable conditions. This 
behavior is essential for survival and is shared across the animal 
kingdom. Many small organisms navigate their environments and move 
towards more favorable conditions by biasing  their motor decisions as 
a function of the changes in the sensory information [1-11]. 
 Organisms like C. elegans and larval Drosophila were shown to 
alternates periods of forward movements with reorientation events 
during which they make directional changes (decisions). Typically, in 
Drosophila larvae, navigation involves 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 [3-6,9]. It is thought that larvae integrate 
sensory information during a run and decide to   turn when the sensory 
environment become unfavorable, while integration of sensory 
information during a head sweep determines the direction of the turn [4-
6, 9]  
 
Larvae use these same strategies when navigating gradients of odors 
(chemotaxis), CO2, light (phototaxis) and temperature (thermotaxis).  
 
The sensory neurons and receptors that mediate navigation in some 
types of sensory modalities (odor, temperature, light, C02) in Drosophila 
larvae have been extensively investigated [1,5,7-9,12,13,14] and the 
computations and the behavioral dynamics of taxis behaviors in some 
sensory gradients were described in recent years using quantitative 
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analysis methods [4-6,8,13-15]. However, the central components of the 
neural circuits underlying navigational decisions (when to turn, how 
much to turn and which way to turn) with the exception of recent 
studies that  discovered types of neurons in the brain and the SEZ 
(suboesophagial zone) required for taxis behaviors [4,16,17], remain 
largely unknown.  Also, whether these circuit elements are common to 
navigational decision-making in different sensory modalities is still a 
mystery. 
 
Adult flies orient in response to currents of air during flight and in the 
context of response to odor plumes [18-20].  Orientation in response to 
a current of air is called anemotaxis (from the greek anemo-άνεμο for 
wind and taxis -  τάάξις for arrangement, order). It is unknown whether 
Drosophila larvae can perform anemotaxis, and if so, if they do so via 
the strategies used by the chemosensory, thermosensory and 
photosensory circuits.  
 
Here we investigate whether Drosophila larvae anemotax and show that 
larvae move away from high wind speeds. We characterize for the first 
time the navigational strategies of Drosophila larvae in a gradient of 
air-current speeds. We used a high-throughput behavioral assay 
combined with quantitative behavioral analysis to uncover the strategies 
the larva uses to navigate towards weaker wind speed areas. We show 
that the larva uses similar strategies to the ones it uses to navigate 
environments with varying concentrations of odors, gradients of C02, 
light intensities and temperatures: they crawl forward in straight runs 
that are interrupted with reorientation turns. In the face of unfavorable 
changes in sensory input they increase their turn rate and the magnitude 
of those turns in order to more favorable conditions. 
 
We then combined the high-throughput quantitative behavioral analysis 
methods with manipulation of neuronal activity (silencing using 
Tetanus toxin) and determined a sensory neuron type that mediates 
anemotaxis. In a targeted behavioral inactivation screen, we further 
identified 9 central neuron lines with very sparse expression patterns (1-
3 neuron types) that drive in neurons involved in navigational decision-
making during anemotaxis. We find that these neurons are located in the 
somatosensory circuitry (in the ventral nerve cord -VNC) and the brain 
and some of them implement specifically only certain types of 
navigations decisions, findings consistent with a modular organization 
of navigation-decision-making. These neurons represent the starting 
points for determining the circuit mechanisms underlying navigational 
decision-making. 

Results  
 
Anemotaxis –navigation in a gradient of air-current speeds 
 
To determine how Drosophila larvae navigate in response to air 
currents, 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 speed and the other low. One gradient was between 3 m/s 
and 1 m/s and a second between 5 m/s and 2 m/s. We put larvae in the 
center of the arena and monitored their behavior for 10 minutes. We 
found that at the end of the experiment the majority of the larvae were 
located at or near the lower speed end, meaning that they go down the 
gradient of air-speed and away from stronger winds in an air-current 
speed gradient (Figure 1 A).  

 
During the assay, the larvae are put in the center of each agar plate in a 
single line along the y axis, perpendicular to the direction of the 
gradient of speed along the x axis. To quantify the overall navigational 
performance of Drosophila larvae in an air-speed gradient we computed 
the navigational index as a measure of the navigational response to the 
sensory gradient. The navigational index is computed by dividing the 
mean velocity of all larvae in the x direction, 〈vx〉, by the mean crawling 
speed, 〈s〉  
 

𝑁𝑖𝑛𝑑% = 	   ⟨𝑣%〉/〈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 0 to larvae 
moving without bias towards 0 or 180 (down or up the gradient). 
 
The navigational index was 0.17 in a 3 to 1 m/s gradient and 0.37 in a 5 
to 2 m/s gradient. In a control experiment with no air-current at all, the 
navigation index was close to 0 as expected (Figure 1 D, Supplementary 
table 1). Larvae navigate away from the air-current and towards lower 
speeds in both the 3 to 1 m/s and 5 to 2 m/s 
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Figure 1. In air-speed gradient, 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 Larvae alternate periods of runs and 
turns during which they sweep their heads and sample the sensory 
environment. C. 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 D. Navigational index in 3-1 
m/s and 5-2 m/s gradient. E. Run length in different quadrants (0, 90, 180, 
270). The quadrtants are shown in the compass above the plot 
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Figure 2. Navigational strategies in anemotaxis in control attP2>TNT (the same is shown for attP2-attP40>TNT in 
Supplementary figure 1) 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. Mean heading change during 
reorientation G. Distribution of turns from perpendicular direction H. Distribution of head sweeps from perpendicular 
direction I. Probability of starting a run during a headsweep J. Heading changes during turns sorted by initial heading. 
Values are mean and s.e.m  
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Navigational strategies in anemotaxis 
 
In order to uncover the behavioral strategies that the larvae use to 
navigate in gradients of air-speeds, we monitored 783 intact attP2>TNT 
larvae’s movements in the arena with a previously described 
quantitative behavioral analysis method [4,5,8]. This method quantifies 
the navigational performances of individual Drosophila larvae.  
 
Navigational statistics across populations of larvae were further 
gathered to determine the behavioral strategies that the larvae use 
during taxis to bias their trajectories towards the areas of the arena with  
favorable conditions (in the case of anemotaxis, lower speeds of air-
currents) 
 
As for other types of taxis behaviors [3-6,8,9], during navigation larvae 
alternate periods of runs, which consists of forward crawling in 
approximately straight trajectories with periods of turns which allow 
them to change the direction of heading (Figure 1 A-C). We therefore, 
examined what biases in the runs interspersed with turns allowed the 
larvae to navigate the gradient towards the weaker wind speed areas of 
the arena (Figure 2, Supplementary figure 1).  
 
A compass in which 0 indicates the direction down the gradient and 180 
up the gradient was used to keep track of larval direction during runs 
and turns as a function of the wind speed spatial gradient. 
 
It has been previously shown for other types of taxis, that larvae extend 
runs in favorable directions. We therefore measured how the length of 
runs depended on their directions, using 4 quadrants as shown in Figure 
1C. We find that the run length is significantly longer in the 0 quadrant 
compared to the other three quadrant in the arena (Figure 1 E) 
 
The crawling of larvae during runs is described by the magnitude (run 
speed) and direction (run heading) of the velocity vector. We calculated 
the fraction of time that larvae spent crawling in different directions and 
found that larvae spent the most time moving down air-speed gradients.  
(Figure 2 A). Larvae crawled slightly slower when heading up air-speed 
gradients than down (Figure 2 B).  
 
We examined the rate at which larvae turned as a function of heading 
on a linear spatial gradient and found that the turn rate was highest 
when the larvae were heading towards high air-current speeds (180) and 
lowest when heading in the direction of the low speed end (Figure 2 D). 
As described for other types of taxis, larvae decrease their turn rate 
when they are headed in a favorable direction and increase their turn 
rate when headed in an unfavorable direction. 
 
To examine whether larvae modulate the amplitude of turns to increase 
the probability of runs in a favorable direction, we examined the 
heading change effected by each turn, as a function of heading prior to 
the turn (Figure 2E). We found that larvae tend to make larger turns 
(average 93degree change in direction) when previously headed towards 
the wind source and smaller turns (average 65 degrees) when headed 
downwind. We next considered the average change in direction effected 
by each turn, as a function of prior heading (Figure 2F). We found that 
larvae biased the direction of their turns to move towards the downwind 
direction. In contrast, we found no bias in heading changes during runs 
(Figure 2C). We next examined the distribution of turn angles (Figure 
2J). When larvae turned after a run up or down air-speed gradients the 
heading change distributions were bimodal and roughly symmetric for 
both direction, but they were narrower when larvae were initially 
headed in the favorable direction, consistent with smaller heading 

changes from the favorable direction (Figure 2J). When larvae turned 
after a run oriented perpendicular to the gradient, they did so with the 
same distribution of angular sizes to the left or right, but made more 
turns toward the favorable direction. This is consistent with a high 
probability of turning towards favorable directions. Indeed, when we 
quantified the probability of turns towards lowers speed end (0) versus 
high speed ends (180) of all the larvae after orthogonal to air-speed 
gradients, we found that nearly 68% of turns are towards the lower 
speed end (Figure 2 G). 
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Figure 3. A. Comparison of the navigation index in chordotonal>TNT 
(R61D08>TNT) and attP2>TNT control larvae versus heading direction B. 
Comparison of turn rates in R61D08>TNT (chordotonal silenced) and 
attP2>TNT (control) larvae (left). Turn rate is higher in larvae with 
silenced chordotonal neurons when heading towards favorable directions 
(heading directions: -30, 0, 30) (right) C. Comparison of turn amplitudes in 
R61D08>TNT (chordotonal silenced) and attP2>TNT (control) larvae as a 
function of heading showed no significant difference D. Comparison of 
probability of orientation during runs in control attP2>TNT and 
R61D08>TNT larvae as a function of heading (left) and for heading 
towards 0 (right). E. Probability of turning towards 0 from perpendicular 
direction F. Probability of first headsweep towards 0 from perpendicular 
direction is not affected in larvae with silenced chordotonal sensory 
neurons G. Larvae with silenced chordotonal sensory neurons show a 
higher probability of accepting a headsweep towards 0 from perpendicular 
direction. mean and s.e.m, *: p<0.05, **p<0.01,**: p<0.001, p-values can 
be found in Supplementary tables 1-6. 
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During a turn, a larva sweeps its head to one side, after which it either 
starts a new run or initiates a new head sweep. To uncover bias in these 
head sweeping movements, we analyzed the statistics of all head 
sweeps initiated by larvae after runs pointed orthogonal to air-speed 
gradients. We found that the direction of the initial head sweep in each 
turn was biased towards the lower air-speed end (Figure 2H).  In 
gradients of odors or CO2 larvae don’t show a significant bias of the 
first head sweep [5]. 
 
 In those studies, second instar larvae were used, while here we use 
third instar Drosophila larvae. In a study that used third instar larvae in 
a chemotaxis assay, a bias of the first head sweep towards higher odor 
concentration was observed [6]. 
 
We next examined the biases in accepting a head sweep depending on 
its direction (whether the head sweep is towards the low speed end (0) 
or the high-speed end (180) and found that there is a significantly higher 
probability of accepting a head sweep when facing the lower speed end 
from the perpendicular direction (p<0.0001) (Figure 2 I) 
 
In summary, during anemotaxis larvae use similar strategies as those  
previously described for other types of sensory gradient navigation: 
they modulate their turn rate, amplitude and direction so that they 
extend runs more when facing the favorable direction [4-6,14] 
 
Chordotonal sensory neurons mediate anemotaxis 
 
We have previously identified the chordotonal sensory neurons on the 
body wall of the larvae as key sensory neurons for sensing air-current 
[21,22] [23] in a behavioral assay with uniform speeds in the arena. 
Here, we asked whether these sensory neurons also mediate anemotaxis 
of Drosophila larvae. We found that when silencing the chordotonal 
sensory neurons (air-current sensing neurons) the larvae perform taxis 
less efficiently as they navigational index was significantly reduced 
compared to attP2>TNT larvae (Figure 3 A). 
 
Larvae with silenced chordotonal sensory neurons are defective in some 
of the strategies described above. They don’t decrease their turn rate 
when facing the lower speed end (heading towards direction from -30 to 
30) as much as the control (Figure 3 B). Also, the turn amplitude as a 
function of heading is not significantly different compared to the control 
(Supplementary table 4, Figure 3 D). However, these larvae have lower 
probability of orientation towards the favorable direction compared to 
the control (heading towards -30 0 30) (Figure 3 C).  The ability of 
larvae to bias the direction of their first headsweep, as well as the 
direction of the turn overall, is also not affected by silencing the 
chordotonal neurons (Figure 3 E-F, Supplementary table 3).  However, 
the larvae with silenced chordotonal neurons have a higher probability 
of accepting a headsweep away from unfavorable direction (Figure 3 G) 
compared to the control. Overall, when chordotonal sensory neurons are 
silenced, anemotaxis is not completely impaired. We therefore tested 
another type of sensory neurons that was shown to mediate light touch 
and that we found in a previous study was involved in sensing air-
current  the multidendritic class III neurons [23], to see whether these 
neurons also are required for anemotaxis. However, silencing of 
multidendritic classs III neurons resulted in normal navigational 
performance (Supplementary figure 2 A).   
 
 
 
 
 

Identifying the neural substrates of anemotaxis 
 
In order to identify key neurons in the central nervous system involved 
in anemotaxis, we further performed a targeted screen of 205 sparse 
GAL4 and intersectional Split GAL4 lines. These 205 lines were 
selected in an anatomical prescreen for lines that labeled brain neurons 
or candidate neurons in the somatosensory circuitry. These were 
identified in a previous study for mapping neurons underlying 
sensorimotor responses to air-puff (of uniform air-speeds) [23] and by 
matching light microscopy and EM reconstruction images [22,24]. We 
generated the intersectional lines based on this prescreen in order to 
obtain even sparser neuronal expression patterns, with lines labeling 
single neuron types in many of the lines. 
 
Because generally larvae are more efficient in navigation in stronger 
air-speed gradients (Figure 1 D, Supplementary table 1), we chose the 5 
to 2 m/s gradient to perform the screen.  
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The high-throughput assay allowed us to accumulate enough larval 
trajectories (runs and turns) to discriminate the effects of small 
differences in larval navigational strategies upon neuronal manipulation. 
 
We identified 8 neuronal lines in which the silencing of neurons 
resulted in less efficient taxis (their navigational index in the x axis was 
lower than the control) and 1 line in which the silencing of neurons 
resulted in more efficient taxis (R45D11) (the navigational index in x 
axis is higher than the control) (Figure 4 A and 7 A). For these lines, the 
navigational index in y axis was not significantly different from the 
control (except for SS00886) (Figure 4 B and 7 B). The number of 

animals tested and experiments performed is shown in Supplementary 
table 7. 
 
We next examined what type of navigational strategy was affected in 
these lines that caused the poor or excellent navigational performances 
of these larvae: whether to turn, how much to turn or which way to turn.  
Amongst the 8 lines with less efficient taxis there were different groups 
of hits depending on what types of strategy was affected.  
 
We first examined whether the 8 lines with poor navigational 
performance modulate the turn rate as a function of the sensory gradient 
less than the control. To test whether larvae with poor navigational 
performances decrease their turn rate less when heading in the favorable  
direction and increase their turn rate less when facing unfavorable 
directions, we compared the turning rates in the lines with lower 
navigational indices to the control when there were heading towards 
favorable direction (headings from -30 to 30, at -30, 0 and 30) and when 
they were heading towards unfavorable conditions (headings -150, 180, 
150) (Figure 5 A-B). 
 
In four (SS00721, SS00886, SS00878, SS01401) out of the eight lines 
the turn rate was increased in all the 3 favorable heading directions (-30, 
0, 30), while the turn rate when facing unfavorable direction (180) was 
comparable to the control (Figure 5 C, Supplementary table 5). The 
lines SS001948 and SS01632 show significantly increased turn rate 
only when heading towards the -30 direction (Figure 5 C, 
Supplementary table 5).  
 
The higher probability of turns when facing favorable directions would 
result in less runs towards favorable directions compared to the control. 
We measured this by computing the fraction of time that larvae spend 
crawling in different directions and found that the lines SS00886, 
SS00878, SS00911, SS001632 and SS01948 spent significantly less 
times heading towards lower wind speed end and showed a significantly 
lower probability of crawling orientation in at least one of the -30, 0, or 
30 direction headings (Figure 5 D, Supplementary table 6). The lines 
SS00721 and SS01401 spent slightly, although not significantly, less 
time crawling in favorable directions (Supplementary table 6). 
 
In one line, SS00854, we observed a decreased turn rate compared to 
the control when the larvae are facing unfavorable direction (Figure 5 
C, right), which suggests that these larvae reorient less when facing 
unfavorable conditions and thus navigate less efficiently towards lower 
speed ends of the arena. 
 
In addition to modulating the turn rate during navigation, larvae also 
modulate the amplitude of their turns so that they do smaller turns when 
heading towards favorable conditions and larger turns heading towards 
unfavorable conditions. We tested whether silencing in any of the 8 
neuronal lines created a defect in this bias. We found that 
SS00721>TNT larvae modulate the turn amplitude less compared to the 
control (Figure 5 E, Supplementary table 4). When facing the 
unfavorable direction, the control larvae turn on average by 96 degrees, 
while SS00721>TNT larvae turn on average by 64 degrees (Figure 5 E).  
 
We next examined how the directional decisions were affected in these 
lines with poor navigational performances. Seven out of the 8 lines have 
lower probabilities of turning towards the lower speed end from the 
orthogonal direction compared to the control (Figure 6 A, 
Supplementary table 3).  
 

Figure 5. A. Compass indicating heading directions B. Turn rate 
versus heading for the attP2-attP40>TNT larvae. Schematics of larva 
head direction are shown on the plot  C. Turn rates for larvae (lines as 
indicated) heading towards -30, 0 and 30 direction are shown on the 
left. Turn rate for 180 headings for SS00854>TNT larvae and the 
control on the right. D. Relative probability of headings during 
runs for attP2-attP40>TNT and five Split-GAL4 as indicated (left) and 
relative probability of headings during runs for directions heading 
towards -30, 0 and 30 (right) E. Turn size versus heading for the 
attp2-attP40>TNT and SS00721>TNT larvae (left). Comparison of the 
turn size when heading towards 180 in attP2-attP40>TNT and 
SS00721>TNT larvae (tight). values are means and s.e.m. *: 
p<0.05,**: p<0.01,***:<p<0.001 p-values can be found in 
Supplementary tables 5, 6 an 4 for D, E and F, respectively 
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As mentioned earlier third instar larvae show a bias of doing the first 
head-sweep towards the lower speed end during anemotaxis. The 
SS01948 line in which we silenced a pair of brain neurons, biases the 
probability of first head sweep toward the high-speed end instead 
(Figure 6 B, Supplementary table 3). In addition, these larvae show a 
lower probability of accepting head sweep towards 0 (favorable 
direction). None of the other 7 lines had a similar phenotype. Rather, 
the lines SS00878, SS00886, SS00911, SS01401 and SS01632 had the 
probability of accepting the head sweep and initiating a run in the 180 
direction (unfavorable direction) significantly increased compared to 
the control (Figure 6 C, Supplementary table 3), suggesting the neurons 
in these lines normally suppress the initiation of runs from head sweeps 
in the unfavorable directions.  
 
Out of 8 central nervous system (CNS) neuronal lines required for 
normal anemotaxis, 5 drive in single neuron types. The SS00721 labels 
3 cells types stochastically: two pairs of thoracic neuron and a pair of 

abdominal neurons. One type of thoracic neuron was present in a 
majority of imaged larvae and is therefore very likely responsible for 
the phenotype observed. However, we cannot exclude that 2 other 
neuron type contribute to the observed phenotype.  
 
Out of the single neuronal lines, we were able to identify the neurons of 
three by comparing light microscopy images to the EM reconstruction 
images (from previous studies, [22,24]. Two neuronal lines drive in 
neurons downstream of nociceptive neurons, one ascending neuron 
A09o (SS00878) and one local abdominal neuron A10a (SS00911) that 
also receives input from basin-2 and basin-4 neurons [24]. The basin-2 
and Basin-4 neurons where previously shown to be involved in 
avoidance response to mechanosensory and nociceptive responses 
[22,24] and required for bending (head-cast or head sweep) in response 
to air-puff [22]. One  line drive in neurons downstream of the 
chordotonal sensory neurons, SS01401, a local abdominal interneuron, 
drunken-1 [22]. Additional neuron types are also very likely 
downstream of somatosensory neurons: a thoracic descending neurons 
(SS001632), a thoracic descending neuron from the SS00721 line and 
an ascending neuron with a cell body in the abdominal a2 segments 
(SS00886), as their dendritic projections overlap with the axonal 
projections in the somatosensory domain (Supplementary figure 2 B-E) 
[25-27]. Two of the hit lines drive in two distinct brain neuron types: 
SS01948 and SS00854. In addition to the brain neurons, the SS00854 
line also labels an ascending neuron with the cell body in the terminal 
abdominal segment (Figure 4 C-J). The SS01948 line drives gene 
expression in a cluster of dopaminergic neurons (DAN)  that synapse 
onto the medial lobe of the mushroom body: DAN-i1, -j1, -k1 and –l1 
[28]. These neurons were shown to mediate appetitive learning [29].  
 
Neurons that inhibit anemotaxis 
 
We identified one line (R45D11) that exhibits more efficient taxis when 
driving tetanus-toxin (Figure 7 A). 
 
R45D11 is a sparse line that drives in a single pair of thoracic neurons 
and has sparse neuronal expression in the brain (Figure 7 C). Here we 
describe the observed phenotype. Overall the R45D11 larvae spend 
more time in runs towards the lower speed end and they are better in 
several navigational strategies compared to the control (Figure 7, 
Supplementary figure 3). For example, they increase the amplitude of 
turns significantly more when facing unfavorable conditions than the 
control, 138 compared to 93.5 degrees (Figure 7 F, Supplementary table 
4), and they decrease their turn rate significantly more when facing 
favorable condition (Figure 7 E, Supplementary table 5), 1.6 compared 
to 2.6 turns per minute. They extend their runs significantly more when 
heading towards favorable conditions (Figure 7 D).  
 
The directional decisions were less affected upon silencing 
(Supplementary figure 3 A-C). Only the probabilities of turning towards 
the favorable direction and accepting head sweep and initiating runs 
when facing favorable conditions is slightly higher (but not 
significantly) in R45D11 compared to the control, while the probability 
of accepting a head sweep towards or away from favorable conditions is  
unaffected (Supplementary figure 3).  
 
Overall the R45D11>TNT larvae modulate their turns (turn rate and 
turn amplitude) and runs as a function of the air-current speeds more 
efficiently than the control. The directional decisions are unaffected by 
silencing and remain comparable to the control, which suggests that the 
navigational strategies involving decisions when and how much to turn 
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are independently controlled from directional decisions (which way to 
turn).  
 

 

Discussion  

 
We characterize for the first time the behavioral dynamics and the 
neural substrates underlying anemotaxis in Drosophila larvae 
navigating gradients of wind speed. We first determined that larvae 
move down the gradient, away from strong air-currents (winds). Using 
quantitative behavioral analysis, we then identified the behavioral 

strategies that larvae use to achieve this behavior and find that larvae 
use similar strategies previously described for larval navigation in other 
types of sensory gradients: periods of forwards crawls and turns that 
they modulate as a function of the sensory environment. We showed 
that chordotonal sensory neurons, previously known to mediate on-off 
responses to air current, also mediate anemotaxis.  
 
By combining the analysis with manipulation of neuronal activity using 
tetanus-toxin (silencing) of very sparse neuronal population and single 
cell types in a targeted behavioral screen of 205 lines, we uncovered 8 
neuronal lines driving expression in central neurons in the VNC and 
brain that are required for navigational decisions during anemotaxis. We 
described the phenotypes that result from silencing of these neurons 
using specific GAL4 drivers and Split GAL4 lines during anemotaxis 
and found that some strategies were affected in several hit lines and as a 
result of the manipulation of the activity of different neuron types 
(Supplementary table 8).  
 
During navigation larvae increase their turning rate when facing 
unfavorable conditions and extend runs when facing favorable 
conditions. 
 
Interestingly we find that some lines with lower navigational indices do 
not show a decrease in turning rate in unfavorable conditions but rather 
an increase of turning rate when heading towards favorable conditions 
compared to the control. This suggests that the increase of turning rate 
in unfavorable conditions and decrease in turning rate in favorable 
conditions are independently controlled. And this further suggests that 
larvae not only increase turn rate in response to unfavorable air current 
conditions, but also actively decrease turn rate in response to favorable 
air current conditions.    
 
During reorientation events (turns) larvae do one or more head sweeps 
during which they perform temporal comparison of sensory information 
based on which they select a direction for the next run. 
 
When examining the probability of accepting a head sweep when facing 
towards or away the favorable direction, we find that in lines that 
showed a phenotype in this strategy, generally the probability of 
accepting the head sweep and extending a run when facing the 
favorable direction (weak wind) were not lower in the lines we 
investigated (except in one line), but the probability of accepting a head 
sweep when facing the unfavorable direction (strong wind) was 
increased in 6 out of 8 lines, suggesting that these larvae, are, at least in 
part, less efficient in anemotaxis because they  reject less head sweeps 
that don’t improve their condition. This could be due either to defects in 
sensory processing (of air-current speeds/intensity) or the inability to 
make appropriate directional decisions. Again, this points to 
independent control of acceptance of improving conditions and 
rejection of deteriorating conditions.  
 
Larval somatosensory neurons cover larval body wall from head to tail 
[30,31]. This is different from most other sensory neurons that mediate 
taxis behavior in other sensory gradients which are primarily located in 
the head [1,4,5,9,13,14]. This might cause some difference in how 
comparisons are performed during head sweeps. Overall, we found that 
larvae use similar strategies during anemotaxis as they use during 
navigation in other types of sensory gradients. Previous studies showed 
that the first head sweep was unbiased in some other types of 
navigation, i.e in ethyl-acetate and C02 gradients [5]. We find that in 
anemotaxis 59 % head sweep in attP2-attp40 control larvae and 56% of 
in attP2 control larvae are towards the favorable direction, when they 
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Figure 7. A. Navigational index for R45D11>TNT larvae with more 
efficient taxis in X axis compared to the control: attP2>TNT B. 
Navigational index for R45D11>TNT larvae with more efficient taxis 
in Y axis compared to the control: attP2>TNT C. Neuronal expression 
pattern for the R45D11 line D. Turn rate versus heading in all heading 
directions in R45D11>TNT and attP2>TNT larvae (top). Comparison 
of turn rates in the 0 heading direction in R45D11>TNT larvae and 
attP2>TNT (bottom) E. Relative probability of headings during runs in 
all direction (top) in attP2>TNT and R45D11>TNT larvae. 
Comparison of relative probability of headings during runs in 
R45D11>TNT larvae and attP2>TNT larvae in the 0 direction 
(bottom) F. Turn size versus heading in R45D11>TNT and 
attP2>TNT larvae (top) Comparison of turn size in the 0 heading 
direction in R45D11>TNT larvae and attP2>TNT (bottom) mean and 
s.e.m, p<0.05,**p<0.01,**: p<0.001, p-values can be found in 
Supplementary tables 2, 4-6 
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are positioned perpendicularly to the gradient. This suggest that during 
anemotaxis larvae could be making spatial comparisons as a result of 
greater distance between sensory neurons along the body wall on the 
left and right side compared to the sensory neurons in the head. 
However, we cannot exclude that this difference is due to the difference 
stage of larvae used in previous studies (second instar) and current 
study (third instar). Furthermore, silencing of one type of 
somatosensory neurons, the chordotonal neurons, does not affect the 
probability of a favorable first head sweep. 
 
In general, silencing chordotonals did not abolish anemotaxis 
completely and only affected the behavioral strategies moderately, 
which suggests that other types of somatosensory neurons also mediate 
anemotaxis. Since multidendritic class III don’t seem to be required for 
anemotaxis, the candidate sensory neuron types on the body wall are the 
external sensory neurons which by their morphology are well poised to 
mediate air-current related behaviors [30,31]. 
 
We also identified neurons whose silencing resulted in unique 
phenotypes.  
 
One line showed a decrease in turn rate when heading towards the high 
wind speed direction (SS00854) that was sufficient to result in lower 
navigational performance. 
 
A strategy that larvae use during navigation in sensory gradients is to 
modulate the turn amplitude as a function of the gradient: they make 
smaller turns when facing the favorable direction and larger turns when 
facing unfavorable directions. Silencing of the neurons in the SS00721 
neuronal lines affected not only the turn rate, but also the turn 
amplitude. These larvae perform turns of lower amplitudes when they 
have been heading towards stronger winds compared to the control, 
which would contribute to their poor navigational performance, as their 
reorientation away from strong winds will be less efficient. 
 
That are two main categories of navigational decisions, those that 
pertain to the modulations of turns and runs and those that pertain to the 
choice of reorientation direction. We found one neuron type A10a 
(SS00911 line) the silencing of which didn’t affect the turn rate and turn 
amplitude, but the bias in the direction of turns in these larvae was 
significantly different from the control, which suggests that the two 
different types of decisions: when to turn and which way to turn, are 
independently controlled. 
 
We also identified one neuronal line (R45D11) in which silencing of 
neuronal activity resulted in more efficient taxis. This is mainly 
achieved through a lower turning rate when heading towards lower 
speed direction and increased amplitude of turns when facing higher 
speed direction which results in more time spent crawling forward 
towards favorable conditions and more efficient reorientations 
respectively. Interestingly silencing these neurons had no effect on 
decisions affecting turn direction, further supporting the idea that these 
two types of strategies could be controlled separately. An increase in 
taxis efficiency upon silencing suggest that the neurons labeled by 
R45D11 might modulate the activities of neurons that normally promote 
navigational decisions. This might be useful in order to attend to other 
environmental conditions, like for example during foraging for food that 
is sensed through the presence of appetitive odors 
 
Overall our findings support a model of navigation decision-making 
where different types of navigational decisions are controlled 

independently and are implemented by different modules in the nervous 
system. 
 
In natural environments, taxis is rarely performed in the presence of 
stimuli from a single modality but rather sensory information from 
multiple modalities are combined and often larvae need to navigate in 
conflicting sensory gradients. In a previous study [8] we proposed that 
sensory information from multiple modalities are combined early in the 
navigational circuitry before the actual decision (to turn) point.  In such 
an organization of the navigational circuitry the circuits that underlie 
navigational decisions (when to turn which way to turn and how much 
to turn) are likely to be shared between the navigational circuitries 
underlying different type of taxes. The idea of an overlapping circuitry 
of the different taxis behavior (navigations in different types of sensory 
gradients) is further supported by the findings that all the different taxis 
described so far (including anemotaxis described in the present study) 
use similar strategies to navigate towards more favorable environments. 
In line with this hypothesis is the recent finding that a group of neurons 
in the SEZ (subesophaegial zone)  modulates the probability of 
transitioning between elementary behavior routines (runs and turns) 
based on information from multiple sensory modalities [16]. Identifying 
candidate elements of the navigational circuitry in higher order centers, 
i.e the brain (for example the SS00854 brain neurons and the mushroom 
body DAN neurons that we show here are involved in anemotaxis) that 
mediate navigational decisions in a gradient of air-speeds can therefore 
help elucidate the circuit mechanisms underlying not only anemotaxis, 
but navigational decision-making of Drosophila larvae in sensory 
gradients in general. For example, our findings suggest that the reward 
mediating dopaminergic neurons DAN-i1, -j1, -k1 and –l1 are 
implicated in navigational decision-making. These neurons synapse 
onto the medial lobe of the mushroom body, an integrative structure of 
the insect brain and are therefore very likely to be involved in decision-
making in other modalities, not only during anemotaxis. In the adult 
Drosophila, DAN neurons show context and state movement related 
responses [32], while midbrain  dopaminergic neurons in vertebrates 
were shown to be involved in movement initiation [33]. Thus, these 
dopaminergic neurons could be modulating the activity of higher-order 
centers in the mushroom body depending on the multisensory context or 
animal’s behavioral states [34] and thus could contribute to the 
sensorimotor decision-making (to turn or not to turn and which way to 
turn) during navigation in different modalities 
 
Studying the neural basis of navigation in a genetically modifiable 
Drosophila larva has many advantages as neuronal activity can be 
manipulated, the connections between neurons determined by EM 
reconstruction [22,24,28,35-40] and patterns of neuronal activity 
correlated with behaviors. The identified sparse and single neuron type 
lines in this study are excellent starting point for further studying the 
circuit mechanism underlying navigational decision-making by 
combining quantitative behavioral analysis with optogenetics and the 
monitoring of neuronal activity in a behaving animal [41].  
 
 
Methods  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 GAL4 line in behavioral experiments and generate 
intersectional lines (Split lines). In addition we used the insertion site 
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stocks, w;attP2 and  w;attP2;attP40 [42,43], 19-12-GAL4 , [44]. We 
used the progeny larvae from the insertion site stocks, w;;attp2, and 
w;attP2;attP40 crossed to the appropriate effector (UAS-TNT-e (II)) for 
characterizing the w;; attP2 and w;attP2;attP40 were selected because 
they have the same genetic background as the GAL4 and SplitGAL4 
tested in the screen. We used the following effector stocks: UAS-TNT-e 
[45] and pJFRC12-10XUAS-IVSmyr::GFP (Bloomington stock 
number: 32197).  
 
Larva dissection and immunocytochemistry  
 
To analyze the expression pattern of the GAL4 and SplitGAl4 lines, we 
crossed the lines to pJFRC12-10XUAS-IVSmyr::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 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 IgG Alexa Fluor 568 
Donkey (diluted 1:500; Invitrogen), Alexa Fluor 647 Donkey anti-rat 
IgG (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 PBSTX, 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 
2xarray of tiled stacks, with each stack scanned as an 8 bit image with a 
resolution of 512x512 and a Z-step of 2 µm. Images were processed 
using Fiji (http://fiji.sc/) and ImageJ (https://imagej.nih.gov/ij/). 
 
Behavioral apparatus  
 
The apparatus was described previously [21,22]. Briefly, the apparatus 
comprises a video camera (DALSA Falcon 4M30 camera) for 
monitoring larvae, a ring light illuminator (Cree C503B-RCS-
CW0Z0AA1 at 624 nm in the red), a computer (see [21]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) [46], as 
described in [21]. Air-puff is delivered as described previously [21]. 
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 dewpoint of 210uC at 90 psig; relative humidity at 
25uC and 32uC, 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 
71215SN2GN00). 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-CTR05 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 3rd 
instar larvae were used (larvae reared 72-84 hours or for 3 days at 
25°C).  
 
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 starting from the center of 
the arena. 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 Supplementary 
table 7 for N of animals and experiments) with at least 30 larvae total 
analyzed.  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. 
 
The N of animals and experiments is given in Supplementary table 7. 
 
BEHAVIORAL ANALYSIS 
 
Larva tracking 
 
Larvae were tracked in real-time using the MWT software [46]. 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/MAGATAnalyzer) that we adapted to the 
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MWT format [47]. Further analysis was carried out using custom 
MATLAB scripts described previously [47] 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 Supplementary Figure 1 and navigational indices 
in Figures 1, 3 and 6 and Supplementary figure 1) 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 t = ⟨𝑣 𝑡 ×𝑣(𝑡 + t)〉3 
 
and extracted the time constant, T, of its component of exponential 
decay,  
 

𝐶 t = 𝑒5t/6 
 
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 [47].  
 
 
Screen design  
 
We screened a total of 205 Drosophila lines: 37 GAL4 lines from the 
Rubin GAL4 collection ([42,48] and 168 Split GAL4lines 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 (images of the larval CNS are available at 
http://www.janelia.org/gal4-gen1). The intersectional Split 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) [23]. 
 
The N of detected navigationals events (N or runs, reorientations) is 
given in Supplementary table 7. 
 
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 GAL4 lines and w;attP2;attP40 for Split GAL4 lines. We 
used the normal distribution (Z) test to test the hypothesis that the 
navigational indices are the same at (rejection at p < 0.05 (without 
multiple comparisons). 
 
We then analyzed the navigational strategies and compared the 
silencing experiments (for the 9 hit lines) with control experiments. We 
used the normal distribution (Z) test to test the hypothesis that 
modulation of turn rate and sizes is higher or equal unfavorable 
conditions and lower or equal in favorable conditions in lines with 
poorer navigational performances (based on the navigational index) and 
is lower or equal in unfavorable conditions and higher or equal in 

favorable conditions for the R45D11 line with more efficient 
navigation. Rejection is at p < 0.05.  
We used the normal distribution (Z) test the hypothesis that the 
probabilities of turning towards 0, of accepting a head sweep towards 0 
and towards 180 and of the first head sweep towards 0 are the same as 
the control (rejection at p < 0.05). 
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Supplementary Figure and table captions 
 
Supplementary Figure 1. –related to Figure 2. Navigational strategies in anemotaxis in control attP2-attP40>TNT 
A. Relative probability of headings during runs. Speed versus heading during runs B. Mean heading change in runs 
C. Turn rate versus heading D. Turn size versus heading E. Mean heading change during reorientation F. Distribution 
of turns from perpendicular direction G. Distribution of head sweeps from perpendicular direction H. Probability of 
starting a run during a headsweep I. Heading changes during runs sorted by initial heading J. Heading changes during 
runs sorted by initial heading. Values are mean and s.e.m 
 
Supplementary Figure 2.-related to Figures 3. and 4. A. Navigational index for Md III>TNT larvae compared to 
control attP2>TNT larvae mean and s.e.m B. Schematics of projections in the VNC neuropil of mechanosensory and 
multidendritic sensory neurons A. SS00721>GFP, transverse projection of the thoracic region B. SS00886>GFP 
transverse projection in the abdominal region C. transversal section in the thoracic region SS01632>GFP. The 
dendrites of the neurons in A-C project to the somatosensory region of the Drosophila larva VNC neuropil that is rich 
in axonal projections from somatosensory neurons (projections for chordotonals sensory neurons-orange, 
multidendritic sensory neurons- pink) (1-3) 
 
Supplementary Figure 3. –related to Figure 7. A. Probability of turns from perpendicular direction towards lower 
speed end (0) in R45D11>TNT compared to the control attP2>TNT B. Probability of first head sweeps from 
perpendicular direction towards lower speed end (0) in R45D11>TNT compared to the control attP2>TNT C. 
Probability of starting a run during a headsweep from perpendicular direction in R45D11>TNT compared to the 
control attP2>TNT. Mean and s.e.m are shown, p<0.05,**p<0.01,**: p<0.001, p-values can be found in 
Supplementary tables 3 
 
 
Supplementary table 1. Navigational indices for sensory lines and control 
 
Supplementary table 2. Navigational indices for central neuronal lines 
 
Supplementary table 3. Directional decisions 
 
Supplementary table 4. Turn size 
 
Supplementary table 5. Turn rate 
 
Supplementary table 6.  Probability of orientation during runs 
 
Supplementary table 7. Summary table for all experiments 
 
Supplementary table 8 Summary of phenotypes for hit GAL4 and Split-GAL4 lines. Low (wind speeds) represents 
any of the -30, 0, 30 direction, and high (wind speed) represents the 180 heading direction. < decreased, > increased, 
ns-non significant compared to the control. 
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