








third-instar larvae expressing UAS-GCaMP6 (28) were dissected carefully in
a saline solution to avoid damaging the Bolwig nerve and were pinned to
a polydimethylsiloxane (Sylgard 184; Dow Corning) surface with the PRs
facing a lateral blue LED M455D1 light source (Thorlabs) going through
a bandpass filter (ET445/30x; Chroma) with a light intensity of 3.148 μW/m2.
The saline solution contained 103 mM NaCl, 5 mM KCL, 5 mM Hepes, 5 mM
D-(+)-Trehalose dihydrate (T0167; Sigma), 6 mM sucrose, 26 mM NaHCO3,
1 mM NaH2PO4, 2 mM calcium chloride dihydrate (21097; Sigma), 8 mM
magnesium chloride hexahydrate (M2670; Sigma), and 7 mM l-glutamic acid
monosodium salt hydrate in H2O. Fluorescence time series at each light pulse
then were obtained by averaging across the spatial extent of the neuronal
region displaying calcium activity in frame. Fluorescence changes were cal-
culated relative to baseline fluorescence levels as determined by averaging
1 s just before light presentation at each pulse. Calcium imaging analysis was
performed using custom MATLAB code.

3D reconstructions of BOs were carried out on longGMR > CD8::GFP
second-instar larvae. Spinning-disk confocal images were acquired with
a Nikon LV100 microscope fitted with an Andor Revolution system (including
a Yokogawa CSU22 spinning-disk, an iXon2 EMCCD camera, and a 488-nm
GFP excitation laser) using a Nikon 60× water-immersion objective (NA 1.20).

Spinning-disk confocal images were recorded with Andor iQ software. Max-
imum-intensity x-, y-, and z-projections were constructed using custom soft-
ware in Igor Pro (Wavemetrics).

Immunostaining and 3D reconstructions for neuroanatomical descriptions
were performed as previously described (26, 30). Image sequence stacks were
acquired using a Leica SP5 confocal microscope. 3D reconstruction was done
using the TrackEM2 plugin in FIJI (ImageJ; National Institutes of Health). For
primary antibodies, we used anti-GFP, anti-Pdf, anti-discs large (anti-Dlg), and
anti-NCad, all available at Developmental Studies Hybridoma Bank. Second-
ary antibodies were goat anti-mouse conjugated with Alexa-488, Alexa-555,
or Alexa-647 (Molecular Probes).
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Fig. S1. Checkerboard lightscape irradiance (see Fig.1). (A) Irradiance map of the checkerboard lightscape. The red dashed line shows the region where
behavior was analyzed. (B) Irradiance vs. distance from checker border (in mm). (C) Spectral irradiance vs. wavelength of projector light.
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Fig. S2. Temporal and directional lightscape irradiance (see Figs. 2 and 3) (A–I) Images of lightscapes used for main figures sorted by experiment and ge-
notype. The colored outline denotes the projector used in the experiment: The green outline indicates projector 1; the blue outline indicates projector 2. (J)
Total irradiance at the center of the image for the lightscapes depicted in A–I. (K) Spectral irradiance vs. wavelength for projectors.
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Movie S1. Runs and turns taken from a typical experiment on a checkerboard lightscape (experiments depicted in Fig. 1). The movie shows in succession the
projected checkerboard pattern (tinted cyan), an infrared image of all larvae being observed, and then a magnified view of a single larva. The track shown is
the center-of-mass position of larva over the time period shown. Runs are indicated by orange arrows parallel to the run direction; turns are indicated by green
arrows. The squares are 3 cm on a side. (Scale bar, 5 mm.) At 25 frames/s default playback speed, the movie is 5× real time.

Movie S1

Movie S2. Heading relative to boundary, turn direction, and accepted and rejected head-swings on a checkerboard lightscape (experiments depicted in Fig. 1).
The movie shows in succession the projected checkerboard pattern (tinted cyan), an infrared image of all larvae being observed, and then a magnified view of
a single larva. The track shown is the center-of-mass position of the larva over the time period shown. The border region between two squares is indicated in
white; the corner region is indicated in red. (Fig. 1 D–H shows the analysis of turns on the border but not on the corner.) Each turn on the border is annotated in
sequence with the previous heading relative to the boundary normal (orange θ), whether each head-sweep is accepted or rejected, and the heading change
achieved by the turn (green Δθ). Squares are 3 cm on a side. (Scale bar, 5 mm.) At 15 frames/s default playback speed, the movie is 3× real time. The movie pauses
briefly with each annotation.

Movie S2
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Movie S3. Light-on–induced turns. The left side shows a section of the larval track (white dots) and a movie of the larva. Yellow dots indicate the midline of
the larva, the red arrow is the line from the midpoint to the head, and the blue line runs from the tail to midpoint. The text in upper left corner indicates the
time since the beginning of experiment, light status, current behavioral state (run, turn, head-sweep), and the metrics (run duration and distance, turn angle,
head-sweep acceptance) of the behavioral state. The cyan background indicates light is on. (Scale bar, 1 mm.) The right side shows the metrics of navigation. In
all plots, shading indicates the behavioral state: blue, run; white, turn or pause; red, rejected head-sweep; green, accepted head-sweep. The top plot shows the
center-of-mass speed; red and green lines indicate thresholds for ending and beginning a run, respectively. The middle plot shows the dot product between the
midhead vector and the velocity vector (1 = head is aligned with the direction of motion; −1 = the larva is backing up). The pink line indicates the threshold for
beginning or ending a run. The bottom plot shows the body-bend angle; red and green lines indicate thresholds for ending and beginning a head-sweep,
respectively. At 15 frames/s default playback speed, the movie is 3× real time.

Movie S3

Movie S4. Light-off–induced pauses. The left side shows a section of the larval track (white dots) and a movie of the larva. Yellow dots indicate the midline of
the larva, the red arrow is the line from the midpoint to head, and the blue line runs from the tail to midpoint. The text in the upper left corner indicates the
time since the beginning of the experiment, light status, current behavioral state (run, turn, head-sweep), and metrics (run duration and distance, turn angle,
head-sweep acceptance) of the behavioral state. The cyan background indicates the light is on. (Scale bar, 1 mm.) The right side shows the metrics of navi-
gation. In all plots, shading indicates the behavioral state: blue, run; white, turn or pause; red, rejected head-sweep; green, accepted head-sweep. The top plot
shows the center-of-mass speed; red and green lines indicate thresholds for ending and beginning a run, respectively. The middle plot shows a dot product
between the midhead vector and the velocity vector (1 = head is aligned with direction of motion; −1 = larva is backing up); the pink line indicates the
threshold for beginning or ending a run. The bottom blot shows the body bend angle; red and green lines indicate thresholds for ending and beginning
a head-sweep, respectively. At 15 frames/s default playback speed, the movie is 5× real time.

Movie S4
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Movie S5. The directional lightscape experiment and analysis (experiments depicted in Fig. 3). The movie shows in sequence an animation describing light
orientation, an image of metal posts casting shadows under directional illumination with a directional compass, a video of all larvae being observed, and then
a magnified video of a single larva. The track shown is the center-of-mass position of the larva over the time period shown. Runs are indicated by orange
arrows parallel to the run direction; turns are indicated by green arrows. Turns are annotated in sequence with the previous heading (orange θ; 0° is a turn
directly into the light), whether each head-sweep is accepted or rejected, and the heading change achieved by the turn (green Δθ). (Scale bar, 5 mm.) At 15
frames/s default playback speed, the movie is 5× real time. The movie pauses briefly with each annotation.

Movie S5

Movie S6. 3D reconstruction of Bolwig’s organ. A 3D spinning-disk confocal reconstruction of Bolwig’s organ in a second-instar longGMR > CD8::GFP larva
rotating about the y-axis defined in Fig. 3C.

Movie S6
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Movie S7. Calcium dynamics of the fifth lateral neuron in response to illumination steps. A movie of the presynaptic region of the fifth lateral neuron in a tim-Gal4;
cry-Gal80 third-instar larva expressing UAS-GCaMP6. The movie, taken using a two-photon laser scanning microscope, shows seven 5-s light off/on cycles.

Movie S7
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