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            Abstract
The generation of acoustic communication signals is widespread across the animal kingdom1,2, and males of many species, including Drosophilidae, produce patterned courtship songs to increase their chance of success with a female. For some animals, song structure can vary considerably from one rendition to the next3; neural noise within pattern generating circuits is widely assumed to be the primary source of such variability, and statistical models that incorporate neural noise are successful at reproducing the full variation present in natural songs4. In direct contrast, here we demonstrate that much of the pattern variability in Drosophila courtship song can be explained by taking into account the dynamic sensory experience of the male. In particular, using a quantitative behavioural assay combined with computational modelling, we find that males use fast modulations in visual and self-motion signals to pattern their songs, a relationship that we show is evolutionarily conserved. Using neural circuit manipulations, we also identify the pathways involved in song patterning choices and show that females are sensitive to song features. Our data not only demonstrate that Drosophila song production is not a fixed action pattern5,6, but establish Drosophila as a valuable new model for studies of rapid decision-making under both social and naturalistic conditions.
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                    Figure 1: A novel assay to study Drosophila song behaviour.[image: ]


Figure 2: Song bout patterning is predictable and based on few features.[image: ]


Figure 3: Neural pathways that modulate song patterning.[image: ]


Figure 4: Song patterning decisions and female responses.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Courtship behaviour with PIBL females.
a, Recently, genes involved in photoreceptor development have been implicated in JO neuron function35, so we confirmed that the GMR-hid mutation (which induces photoreceptor apoptosis) did not affect JO neuron development. Here we show a single z plane image of the antenna of a wild-type (left) or PIBL (right) female fly, labelled with anti-elav (blue) to mark the nuclei of JO neurons. b, Time to copulation (black) and fraction of copulating pairs (red) are similar for all 8 wild-type strains. n = 34â€“48 males for each strain. c, The percentage of time males spent singing for all 8 wild-type strains. n = 34â€“48 males for each strain. d, As in b, but for arista cut, pheromone-insensitive, blind and PIBL males compared with wild-type strains of matched genetic background (WT2 for pheromone-insensitive, blind, and PIBL and WT1 for arista cut). *Pâ€‰<â€‰0.05, n = 11â€“48 males for each genotype. e, As in c, but for arista-cut, pheromone-insensitive, blind, and PIBL males compared with wild-type strains of matched genetic background. *Pâ€‰<â€‰0.01, n = 11â€“48 males for each genotype. bâ€“e, Individual points, mean and s.d. are given for each strain/genotype.


Extended Data Figure 2 Song bout statistics for wild-type strains courting PIBL females.
For all panels, data come from the 116 males singing more than 100 song bouts. a, Relative frequency of the pulse/sine ratio for mixed bouts (song bouts containing both sine and pulse elements). n = 15,489 bouts. b, The empirical joint probability density function (PDF) of pulse/sine ratios for consecutive pairs of mixed bouts (see Methods). n = 10,805 bouts. c, As in b, but the independent, rather than empirical, joint PDF. The independent joint PDF is given by multiplying the individual 1D distributions of current and previous bouts for each bin within the 2D space. The distributions in b and c are not significantly different (P = 0.99, two-sample Kolmogorovâ€“Smirnov test). d, Relative frequency of bout durations for mixed bouts. n = 15,489 bouts. e, The empirical joint PDF of bout durations for consecutive pairs of mixed bouts lasting less than 2â€‰s. n = 3,535 bouts. f, As in e, but the independent, rather than empirical, joint PDF. The distributions in e and f are not significantly different (P = 0.19, two-sample Kolmogorovâ€“Smirnov test). g, The fraction of mixed bouts starting and ending in pulse mode. n = 15,489 bouts. h, The empirical joint PDF of the ending and starting modes for consecutive pairs of mixed bouts. n = 10,805 bouts. i, As in h, but the independent, rather than empirical, joint PDF. The distributions in h and i are not significantly different (P = 0.99, two-sample Kolmogorovâ€“Smirnov test). j, Relative frequency of the number of mode (sine or pulse) transitions within mixed bouts. n = 15,489 bouts. k, Relative frequency of the durations of each song mode (sine or pulse) within mixed bouts. n = 76,979 song modes. l, Relative frequency of durations of non-mixed song bouts, comprising a single song mode. n = 8,624 or n = 772 for pulse only or sine only, respectively.


Extended Data Figure 3 Bout triggered averages (BTAs) for all nine movement parameters for song starts.
BTAs are formed similar to spike-triggered averages (STAs) for neural data. Movement parameters for each of the 8 wild-type strains were aligned to the start of song (n = 2,427â€“7,586 bouts from 34â€“48 males). All males were paired with PIBL females. Female and male parameters are coloured magenta and grey, respectively. For each trial, movement parameters were mean-subtracted before averaging (see Methods).


Extended Data Figure 4 Model selection criteria examples and comparison of model performance statistics.
a, Top, first, we train nine separate GLMs, each based on a single feature, followed by cross-validation on two-thirds of the data, with 1,000 repetitions. The single feature which gives the greatest reduction in deviance is chosenâ€”here male forward velocity for the detection of song bouts that start in pulse mode. Bottom, a second feature is included in the model if the additional reduction in deviance improves the model by a minimum of 10%â€”here male lateral speed. b, Top, as in a but for song bouts that start in sine mode. Dis is selected as the most predictive feature. Bottom, as in a, but no second feature results in a significant model improvement, so only the one feature model is used. c, Receiver operating characteristic curves for GLM models designed to identify pulse (red) and sine (blue) song starts. Integrating the area under the curve (AUC) shows that both models perform significantly better than chance, for which AUC would be 0.5. AUC = 0.72 (for the pulse starts model) and 0.62 (for the sine starts model). d, Comparison between the PCor and AUC values for every model presented in this study, showing a high correlation between the two measures: r2 = 0.98. For every model tested, the PCor value is a more conservative measure of performance. Error bars indicate 95% confidence intervals, although some are too small to visualize (aâ€“c).


Extended Data Figure 5 Female forward velocity changes predict male forward velocity changes in wild-type and pheromone-insensitive males, but not blind or PIBL males.
a, Relative deviance reduction for GLMs, one for each movement feature, to predict male forward velocity at time points during song. Female forward velocity is the optimal predictor. Error bars indicate 95% confidence intervals, although some are too small to visualize. b, The female forward velocity linear filter is most predictive of male forward velocity values at a lag of âˆ¼60â€‰ms. c, GLM performance for predicting male forward velocity based only on female forward velocity (n = 58,1814 test events from 315 pairs, r2 = 0.39). Values of male forward velocity and female forward velocity were normalized such that Î¼ = 0 and s.d. = 1 (see Methods). A total of 1% of the data (randomly selected) is plotted here for illustrative purposes. d, As an estimate of the time males spent following females, we measured the maximum cross-covariance (normalized by the auto-covariance) between male and female forward velocities, n = 11â€“48 males for each strain. Perfect following behaviour, over the entire trial, would produce a value of 1. We tested all following delays between 0 and 300â€‰ms. BL and PIBL, but not PI, males show significantly reduced following compared with all other WT strains, *Pâ€‰<â€‰0.05. Individual points, mean, and s.d. are given for each strain/genotype. e, The two blind male genotypes (blind and PIBL, red) sing a higher percentage of pulse song at all male speeds (binned to nearest mmâ€‰sâˆ’1) compared with wild-type males or males with other sensory manipulations (WT1, WT2, pheromone-insensitive, and arista-cut, black). In all cases, females were PIBL. Speeds >â€‰15â€‰mmâ€‰sâˆ’1 were excluded owing to insufficient data. For each point, n = 1,208â€“15,736 samples.


Extended Data Figure 6 Relationships between maleâ€“female distance, male velocity and song bout starts.
a, A two-dimensional normalized kernel density estimate of the male centre relative to the female centre (0,0) at the time of song bout initiation using combined data from all wild-type males. Males are positioned further from the female when they start a song bout in pulse mode (top, n = 27,820 bouts from 315 males) versus sine mode (bottom, n = 5,749 bouts from 315 males). b, Linear filters for male forward velocity and Dis, the most predictive features for the song start mode classification GLM (predicting sine song starts (SS) versus pulse song starts (PS)). c, GLM performance for classifying song start mode with male forward velocity and Dis filters (PCor = 0.73, n = 3,904 test events from 315 males). Error bars indicate 95% confidence intervals. d, Relative frequency distribution of Dis for periods 150â€‰ms before the start of song bouts (solid) and during song (dashed), nâ€‰â‰¥â€‰20,1414 time points from 315 males. The variance in Dis is larger, by 229%, for time points before song. e, As in d, but for male forward velocity. The variance increase in male forward velocity for time points before song is 58%, much smaller than the increase observed with Dis.


Extended Data Figure 7 Failed copulations do not result from differences in song patterning decisions.
a, Time to copulation (black) and fraction of copulating pairs (red) for sex-peptide-injected (SP) or control-peptide-injected (In-C) females paired with WT1 males (n = 28 or 30 males). Individual data points, mean and s.d. are given for In-C females (no SP females copulated). b, Male forward velocity (solid) and Dis (dashed) linear filters for song start classification (predicting songs that start in pulse mode versus sine mode). The GLM is based on data from wild-type flies that copulated (top, black) or did not copulate (bottom, green). c, GLM performance for classifying song starts with male forward velocity and Dis filters for wild type flies that copulated (black, PCor = 0.72, n = 2,490 test events from 278 males) or did not copulate (green, PCor = 0.71, n = 1,458 test events from 37 males). d, GLM performance for classifying current song mode (based on mean male forward velocity and male lateral speed) for wild-type flies that copulated (black, PCor = 0.78, n = 36,094 test events from 278 males) or did not copulate (green, PCor = 0.81, n = 17,666 test events from 37 males). Error bars indicate 95% confidence intervals, although some are too small to visualize (c, d).


Extended Data Figure 8 Male velocity consistently predicts the current mode of song.
a, Male-centric features used to examine model performance. Dis and Ang2 are the same as described in Fig. 1a. Siz represents a projection of the femaleâ€™s body axis onto a plane perpendicular to a line joining the two fly centres (that is, the absolute value of the sine of the angle between female body axis and Dis). Thus, when Siz = 0 or 1, the female occupies a minimal or maximal region of the maleâ€™s visual space respectively. dDis, dAng2 and dSiz represent the rate of change of Dis, Ang2 and Siz. b, Comparison of models to classify current song mode based on only male forward velocity and male lateral speed versus all 6 male-centric features combined (*Pâ€‰<â€‰0.001). Models were tested using the same data set (n = 55,464 test events from 315 males). c, Deviance reduction statistics for models predicting song bouts starting in sine mode, using only male-centric features as inputs. Dis remains the most important feature (compare with Fig. 2). d, The distribution of Dis during song for wild-type males (n = 338,238 time points from 315 males). e, Left, the distribution of Dis during song for blind males (n = 10,802 time points from 33 males) is broader than for wild type. However, model performance (right) for GLMs using male forward velocity and male lateral speed to classify current song mode remains high for song samples produced at <â€‰5â€‰mm (black, n = 2,074 test events) or >â€‰5â€‰mm (green, n = 650 test events) from 33 males. f, As in d, but for Ang2 rather than Dis. g, As in e, but for Ang2 rather than Dis and splitting the data for Ang2â€‰<â€‰60Â° (black, n = 2,258 test events) or >â€‰60Â° (green, n = 534 test events). Error bars indicate 95% confidence intervals, although some are too small to visualize (b, c, e, g).


Extended Data Figure 9 Models to predict current song mode during times when the female is stationary.
a, GLM performance for classifying current song mode (based on mean male forward velocity and male lateral speed) for wild-type flies. The data set was divided into samples for which the female was effectively stationary during the song sample (black, PCor = 0.85, n = 9,454 test events from 315 males), and those where she was moving (magenta, PCor = 0.76, n = 46,204 test events from 315 males). Model performance remains high even without any motion cues from the female. b, As in a, but the data set is divided according to a shifted estimate of female speed, 240â€‰ms before the song sample. This matches the most predictive region of the female BTA (Extended Data Fig. 3). Model performance remains high whether the female is stationary (black, PCor = 0.77, n = 3,110 test events from 315 males) or moving (magenta, PCor = 0.75, n = 44,314 test events from 315 males) 240â€‰ms before the song sample. c, As in a, but using data from pheromone-insensitive males. Male velocity remains a successful predictor even when males cannot detect pheromones and when the female is stationary (black, PCor = 0.89, n = 1,788 test events from 25 males) or moving (magenta, PCor = 0.78, n = 9,018 test events from 25 males) during the song sample. Error bars in all plots indicate 95% confidence intervals, although some are too small to visualize.


Extended Data Table 1 Descriptions and acronyms for all fly strains/genotypesFull size table





Related audio
Mala Murphy on how male fruitflies use courtship songs to woo females.




Supplementary information
Tracking of flies in the behavioural chamber
The video shows two flies (WT1 male (grey) and PIBL female (magenta)) interacting in the behavioural chamber, and tracked with our software. Male and female centres are indicated by the larger circles. Dots mark 3 positions along the body axis, with head direction indicated by the larger circles. Lines indicate 3 seconds of tracking history for each fly. (MP4 3223 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4
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        Editorial Summary
Fruitflies change their tune
Males in many animal species produce patterned courtship songs to increase reproductive success with females, so variations in song structure have been seen as detrimental 'noise'. Drosophila melanogaster males use courtship song, generated by wing vibrations, and Mala Murthy and colleagues have studied the patterning of these signals. They find that males adjust the pattern of their songs, constructed of two alternating song modes, according to visual and self-motion sensory inputs. Females are sensitive to these efforts, and change their walking speed according their behavioural state and the song's features. The results contradict a widespread assumption that courtship songs follow a fixed pattern, and establish Drosophila as a promising experimental model to study rapid decision-making in a complex social environment.
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