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            Abstract
Light discrimination according to colour can confer survival advantages by guiding animals towards food and shelter and away from potentially harmful situations1,2. Such colour-dependent behaviour can be learned or innate. Data on innate colour preference in mammals remain controversial3 and there are limited data for simpler organisms4,5,6,7. Here we show that, when given a choice among blue, green and dim light, fruit flies exhibit an unexpectedly complex pattern of colour preference that changes according to the time of day. Flies show a strong preference for green in the early morning and late afternoon, a reduced green preference at midday and a robust avoidance of blue throughout the day. Genetic manipulations reveal that the peaks in green preference require rhodopsin-based visual photoreceptors and are controlled by the circadian clock. The midday reduction in green preference in favour of dim light depends on the transient receptor potential (TRP) channels dTRPA1 and Pyrexia, and is also timed by the clock. By contrast, avoidance of blue light is primarily mediated by multidendritic neurons, requires rhodopsin 7 and the TRP channel Painless, and is independent of the clock. Our findings show that several TRP channels are involved in colour-driven behaviour in Drosophila, and reveal distinct pathways of innate colour preference that coordinate the behavioural dynamics of flies in ambient light.
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                    Fig. 1: Flies exhibit a systematic change in colour preference during day.


Fig. 2: Contributions of visual photoreceptors, rhodopsins, ppk-expressing neurons, TRP channels and antennae to colour preference.


Fig. 3: Rh7 expression in multidendritic neurons.


Fig. 4: The circadian clock regulates temporal changes in green and dim light preference.
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Extended data figures and tables

Extended Data Fig. 1 Properties of unfiltered and filtered light, and temperature inside the tubes.
a, Measured values for the broadband â€˜whiteâ€™ LED light of about 8,800Â lx used in the experiments and the corresponding total irradiance of the light before and after passing through the filters. b, Spectral irradiance of the LED light and light transmitted through the green, blue and red filters. Peaks for the filtered light are at 450Â nm (blue), 528Â nm (green), and 620Â nm (red). c, Normalized spectral sensitivity of Drosophila rhodopsins (solid lines) plotted together with transmission data through green and blue filters from b (dashed lines). Rhodopsin sensitivity data were adapted from previous work13,49. dâ€“f, Internal tube temperature in the green (d), blue (e) and red (f) zones during one day. Temperature was recorded every 10Â s and averaged from 2 consecutive days. Deviation between the 2 days was smaller than 0.1â€‰Â°C (shaded bands). Temperature was constant (with fluctuations of less than approximately Â±0.05â€‰Â°C) during the day and night with average values of about 25.5â€‰Â°C and about 25.3â€‰Â°C, respectively. Transitions between lights on and lights off caused a brief temperature change of approximately Â±0.5â€‰Â°C; the temperature stabilized in <30Â min, before any change in colour preference started. g, Average daily preference between red zones (fraction of flies shown in red) and dark zones (black) for wild-type flies. The dark zone was obtained by overlaying three colour filters (Rosco no. 27, no. 382Â and no. 389). Shaded bands show s.d. between four consecutive days. Twenty flies were used. h, Distribution of flies across colour zones in 12Â h:12Â h lightâ€“dark conditions, followed by constant darkness (nÂ =Â 24 flies). Green, blue and red lines show the fractions of flies in green, blue and red zones, respectively. g, h, Black and white horizontal bars indicate dark and light conditions, respectively.


Extended Data Fig. 2 Experimental setup with tubes in filters.
a,Â Typical spatial arrangement of tubes (each approximately 6-cm long and 5-mm wide) in an experiment with three colour filters (green, blueÂ and red) and two colour filters (greenÂ and red). nÂ =Â 132 flies. b,Â Example frames of automatic tracking of flies in tubes with filters (right) and without filters (left). c, Background subtraction was applied after stabilizing video. d, Flies (green objects) were detected following digital filtering and noise elimination. e, Example of 12 randomly picked single fly trajectories, moving between green (G), blue (B) and red (R) zones over 24Â h. Fly positions were determined every minute but data shown are 5Â min apart for clarity. f, Population-averaged colour preference of the 12 flies shown in e. As with the individual data, the time interval here is 5Â min. g, Same colour preference data as in f averaged over 1-h intervals. h, Sketch of a typical order of filters around tubes, with a total of six possible combinations. i, j, An example of the randomized order of filters (i) and the resulting colour preference data (j). Patterns in colour preference with randomized filter order were identical (within error bars) to that for a typical arrangement of filters. This indicates that the positions of colour filters on neighbouring tubes did not affect fly behaviour. j,Â Green, blue and red lines show fractions of flies in the corresponding coloured zones; shaded areas show s.d. between five consecutive days (nÂ =Â 18 flies). Black and white horizontal bars indicate dark and light parts of lightâ€“dark cycle.


Extended Data Fig. 3 Colour preference in additional wild-type genotypes.
a, Typical fly locations during green peaks and midday change in green/red (dim) preference. The coloured rectangles of corresponding filters overlay the video frames. The single-day colour preference is the average of a six-day experiment with s.d. between days shown in bands (nÂ =Â 24 flies). iâ€“iii show single greyscale frames with indicated colour filters during the first green preference peak, the midday green/red switch and the second green peak. b, Preference among three zones for each genotype during one day. Solid lines green, blue and red lines show average fractions of flies in corresponding coloured zones; shaded areas show s.d. a, b, Black and white bars indicate dark and light parts of lightâ€“dark cycle. c, Comparison of blue avoidance between different genotypes. The avoidance index was calculated (Methods) for each hour from ZT2 to ZT10, then averaged. d, Preference between green and dim light near the time of the first green peak (ZT2) and midday (ZT6). Preference for green is shown as positive and preference for dim light as negative. c, d, Data are meansÂ Â±Â s.d. between independent experiments; n is number of independent experiments (n in d is the same as in c). *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001; two-sided Fisherâ€™s exact test. ForÂ the number of flies and statistical details, seeÂ Supplementary Tables 1, 2.


Extended Data Fig. 4 Colour preference behaviour is driven by colour and not light intensity.
a, Colour preference with different blue light intensities. Top, average daily preference between green, red (dim) and blue light with 100%, 50%, 25% or 10% of maximum (572Â Î¼WÂ cmâˆ’2) intensity through a blue filter. Bottom, average blue avoidance at different intensities of blue light. b, Colour preference with reduced intensity of white light. Top, average daily preference between green, red (dim) and blue light with different intensities of white light incident on the filters. Incident intensities are indicated above each plot. Bottom, average blue avoidance with different intensities of white light. The average intensity of green, red and blue light transmitted through the filters is shown on the top x-axis. a, b, Coloured lines show the average fraction of flies in corresponding coloured zones; s.d. between five consecutive days shown as shading (top) and error bars (bottom; nÂ =Â 24 flies for each experiment). Black and white bars indicate dark and light parts of lightâ€“dark cycle. The avoidance index was calculated (Methods) for each hour from ZT2 to ZT10, then averaged. câ€“f, Preference in a two-choice assay with green or white light of different intensities. c, Average daily preference between 2 intensities of green light with the second option being 1, 0.5, 0.25, 0.1 or 0.04 of the intensity of the first. For comparison, the last column shows typical response in a similar assay, but with green and dim lights as the two choices. d, Average daily preference between bright (about 662Â Î¼WÂ cmâˆ’2) and dim (about 138Â Î¼WÂ cmâˆ’2) white light. The intensity of the bright option is similar to that of light transmitted through the green filter in the colour choice assays. e, Average preference for green light of the higher intensity in the first and last 3Â h of the day. Red line with shaded zone shows preference and s.d. for green in green/red assay. The abscissa shows the ratio of the two intensities in logarithmic scale. f, Change in preference for green of higher intensity during first and last 3 h of the day (M and E) and at ZT6 (midday). câ€“f, Data are meansÂ Â±Â s.d. between three consecutive days (nÂ =Â 18 flies for each experiment). All experiments were repeated twice with similar results.


Extended Data Fig. 5 Flies tend to stay near food in the middle of the day.
aâ€“f, Examples of fly positions during ZT3.5 to ZT8.5, with food at the bottom of each tube. Flies tend to stay near food when a green or red filter is nearest to the food (a, c, e, f). When a blue filter is nearest to the food (b, d), flies enter the blue zone only briefly to eat. Ordinates represent the coordinates along the tube length. Horizontal orange lines represent the edges of the colour zones.


Extended Data Fig. 6 Locomotor activity of wild-type flies and flies with various genetic defects.
a, Average activity of flies in tubes with colour filters (black line) and without filters (orange line) under 12Â h:12Â h light-dark. Light source was set at 2,000Â lx for tubes without filters. This was comparable to the irradiance of light transmitted through the filters in the colour preference experiments (Methods). The morning (M) and evening (E) bursts of activity are similar in the two experiments. However, the level of activity during the middle of the day is substantially lower in tubes with filters (nÂ =Â 18 flies for each experiment). bâ€“i, Average activities of tested genotypes with abnormal colour preference (n shows number of flies). All flies except gl60j (c) and circadian-clock mutants (d) show well-defined morning and evening bursts. The activity peaks seen in per0 and tim0 data (d) are not anticipatory morning and evening peaks, but instead are startle responses to lights turning on or off. Average activity was calculated as the distance moved by individual flies between consecutive video frames (captured at 1 frame per s) and binned over 3-min intervals. Black and white bars indicate dark and light portions of lightâ€“dark cycle.


Extended Data Fig. 7 Colour preference in additional genotypes.
aâ€“o, Preference of each genotype for three colours during one day. Average fraction of flies (solid lines) with associated s.d. (shaded bands) in green, blue and red zones shown in the corresponding colour, calculated from n independent experiments. Twelve, 18 or 24 flies were used for each experiment. Black and white bars indicate dark and light parts of lightâ€“dark cycle. A white-eyed strain (w1118) showed a modified green preference pattern (h). Flies with eliminated gustatory receptor 28b (gr28b, i) or TRPL channel (trplMB10553, j) are on this white-eyed background and showed colour preference patterns closely resembling that of their control (h). ForÂ the number of flies and statistical details, seeÂ Supplementary Table 2.


Extended Data Fig. 8 Colour preference in additional genotypes and two-choice assays.
a, b, Preference of each genotype for three colours during one day. Average fraction of flies (solid lines) with associated s.d. (shaded bands) in green, blue and red zones shown in the corresponding colour. Black and white bars indicate the dark and light parts of the lightâ€“dark cycle. c, Silencing of small ventral lateral neurons (s-LNvs) leads to loss of switch in green/dim preference. Comparison of colour preference of flies with silenced large ventral lateral neurons (l-LNvs) (C929-Gal4), both large and small ventral lateral neurons (pdf-Gal4), andÂ posterior dorsal neurons 1 (DN1ps) (Clk4.1-Gal4) (right) and corresponding control flies (left). Targeted neurons are pictured on the right. Each experiment was repeated twice with similar results. d, Average daily preference between green and dim lights for each genotype. Average fraction of flies (solid lines) with associated s.d. (shaded bands) in green, blue and red zones shown in the corresponding colours (number of experiments as in f). e,Â Average daily preference between blue and dim light for each genotype (number of experiments as in g). Apart from the difference in colour choices, all experimental details are the same as in d. f, Preference between green and dim light at around ZT2 and ZT6 (midday). Preference for green shown as positive and preference for dim light as negative. g, Comparison of blue avoidance between different genotypes. The avoidance index was calculated (Methods) for each hour from ZT2 to ZT10, then averaged. a, b, e, g, Data are meansÂ Â±Â s.d. between independent experiments; n number of independent experiments. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001; two-sided Fisherâ€™s exact test. ForÂ the number of flies and statistical details, seeÂ Supplementary Tables 1â€“3.


Extended Data Fig. 9 Rh7 expression in adult multidendritic neurons.
aâ€“d, Hemisegment of an adult abdomen with multidendritic neurons labelled with ppkâ€“Gal4;UAS-CD4::GFP (a) and stained with an antibody against Elav (c). b, Merge of a and c. White arrows show multidendritic neurons (dendritic arborization D neuron (ddaD) and ddaC) and dorsal bipolar dendrite (dbd) neuron. Orange arrow shows a dorsal bipolar dendrite neuron dendrite. eâ€“h, Rh7 expression in multidendritic neurons labelled with ppkâ€“Gal4;UAS-CD4::GFP (e) and stained with an antibody against Rh7 (g). f, Merge of e and g. Scale bars, 10Â Âµm. Each experiment was repeated three times independently with similar results.


Extended Data Fig. 10 Correlation between colour preference and activity for wild-type and per mutants.
a, b, Colour preferences and activities of CantonS, perS, perL and per0 flies under 9.5Â h:9.5Â h (19Â h), 12Â h:12Â h (24Â h) and 14.75Â h:14.75Â h (29.5Â h) lightâ€“dark cycles. The fraction of flies in the green, blue and red zones is shown in the corresponding colour. Two independent experiments were carried out with similar results, each with 18 or 24 flies of each genotype. Average activity of flies is shown with a black line (b). Activity was calculated from video recordings as the distance moved by a fly between two consecutive frames, binned over 3-min intervals, then normalized. M and E, morning and evening bursts in locomotor activity. c, Timing of the morning (squares) and evening (circles) activity bursts in relation to peaks in green colour preference (green diamonds), under three separate lightâ€“dark cycles. The green peaks always appear near the end of the morning activity and the start of the evening activity when the morning and evening bursts occur during the lights-on portion of the cycle. aâ€“c, Grey shaded regions represent lights-off portions of lightâ€“dark cycles.
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Supplementary Information
The Supplementary Information file contains additional discussion regarding data in the manuscript. It also contains three tables (Supplementary Tables 1-3) and description of three videos (Supplementary Video ZT4-12, Supplementary Video ZT12-20, Supplementary Video ZT20-4).


Reporting Summary

Video 1: ZT4-12 An 8 hour recording of flies in the experiment, starting 4 hours after light turns on.

Video 2: ZT12-20 An 8 hour recording of flies in the experiment, starting when light turns off.

Video 3: ZT20-4 An 8 hour recording of flies in the experiment, starting 8 hours after light turns off.
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