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            Abstract
Carbon dioxide is produced by many organic processes and is a convenient volatile cue for insects1 that are searching for blood hosts2, flowers3, communal nests4, fruit5 and wildfires6. Although Drosophila melanogaster feed on yeast that produce CO2 and ethanol during fermentation, laboratory experiments7,8,9,10,11,12 suggest that walking flies avoid CO2. Here we resolve this paradox by showing that both flying and walking Drosophila find CO2 attractive, but only when they are in an active state associated with foraging. Their aversion to CO2 at low-activity levels may be an adaptation to avoid parasites that seek CO2, or to avoid succumbing to respiratory acidosis in the presence of high concentrations of CO2 that exist in nature13,14. In contrast to CO2, flies are attracted to ethanol in all behavioural states, and invest twice the time searching near ethanol compared to CO2. These behavioural differences reflect the fact that ethanol is a unique signature of yeast fermentation, whereas CO2 is generated by many natural processes. Using genetic tools, we determined that the evolutionarily conserved ionotropic co-receptor IR25a is required for CO2 attraction, and that the receptors necessary for CO2 avoidance are not involved in this attraction. Our study lays the foundation for future research to determine the neural circuits that underlie both state- and odorant-dependent decision-making in Drosophila.
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                    Fig. 1: Drosophila are attracted to ethanol and CO2 in flight.[image: ]


Fig. 2: Walking Drosophila are attracted to CO2.[image: ]


Fig. 3: Attraction to CO2, but not ethanol, depends on activity.[image: ]


Fig. 4: Attraction and aversion to CO2 are mediated by separate chemosensory pathways.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Drosophila prefer early fermentations, at peak CO2 production.
a, Alcohol by volume for apple juice and sugar fermented with champagne yeast over the course of two weeks, measured with a hydrometer. CO2 production was calculated from the stoichiometry of fermentation (1 sugar molecule yields 2 ethanol and 2 CO2 molecules), corresponding to the derivative of alcohol by volume. nâ€‰=â€‰4 independent ferments; the results were very consistent. b, Trap assay. c, Preference index exhibited by flies in three two-choice assays, using traps shown in b. Flies were presented with two traps: one was a completed 14-day-old ferment that had been stored in the refrigerator, the second was a fresh ferment aged 2, 7 or 12 days old. The positive preference index indicates a preference for the fresh ferment. The red line shows the linear regression (Pâ€‰<â€‰0.001, r2â€‰=â€‰0.28). nâ€‰=â€‰12 trials per condition. The mean and standard deviation of the total captured flies for each trial was 105Â Â±Â 59. d, CO2 concentration in 500-ml fly-rearing bottles under common laboratory conditions. nâ€‰=â€‰6 trials per condition. e, Measurement setup for the data shown in d. f, Time course of CO2 concentration measurement for three bottles filled with different concentrations of CO2. nâ€‰=â€‰3 per calibration gas. g, Peak measured CO2 concentration versus actual CO2 concentration for the calibration gases (black). Coloured lines show the measured peak concentrations for the actual fly-food bottles, and the resulting CO2 concentrations shown in d. In all panels, shading indicates the bootstrapped 95% confidence intervals around the mean.


Extended Data Fig. 2 Responses of flies to odours at different concentrations.
a, CO2 concentration on the landing platform (green), and at two distances downwind from the downwind edge of the platform (red and purple). Measurements (shown with points) were made for low flow rates (shown in the inset), and values at larger flowrates were extrapolated based on a linear model for measurements made at the 2-cm distance. This was necessary because the CO2 sensor could not accurately report concentrations higher than 0.5% CO2. b, Diagram that illustrates the theoretical boundary layer used to confirm our measurements (seeÂ Methods). c, The responses of flies to odours is consistent across a wide range of concentrations. Data plotted as in Fig.Â 2e, for additional flow rates. Points indicate individual data points (each trajectory contributes a single point). For each odour, we recorded the following nâ€‰=â€‰number of trajectories for each of the concentrations (listed left to right). H2O, 128, 183 and 79; CO2, 195, 106, 125 and 48; ethanol, 173, 171 and 47; and vinegar, 219, 193 and 248. In all panels, shading indicates the bootstrapped 95% confidence intervals around the median.Â dâ€“g, Comparison of the results from experiments with the landing platform from c and the constrained walking arena used in Fig. 3. Scattergram is repeated from c, 60 ml minâˆ’1 CO2. To compare the data from the wind tunnel experiment to the walking arena from Fig. 3, we calculated a bootstrapped time trace.The time trace is the bootstrapped mean and 95% confidence intervals for the normalized number of flies that would have been on the platform, had all the flies landed simultaneously. The green shading is only provided for reference; the odour was never turned off in these wind tunnel experiments. e, Time trace from d overlaid on the normalized number of non-starved flies near the 5% CO2 source during the dusk time period in the walking arena, copied from Fig.Â 3d. f, Same as d, but for ethanol, 60 ml minâˆ’1. g, Time trace from f overlaid on the normalized number of non-starved flies near the 5% ethanol source during the dusk time period in the walking arena. Data are not shown, but are very similar to Fig.Â 3d ethanol case with starved flies. We chose non-starved flies for the comparisons because wind tunnel experiments were done with non-starved flies. We chose the 60Â ml minâˆ’1 case because the CO2 concentration in the wind tunnel matches the 5% CO2 stimulus in the walking experiments.


Extended Data Fig. 3 Walking arena geometry and odour stimulus.
a, Photograph of walking arena, with the lid removed. b, Annotated photograph of the walking arena as seen from above, taken with the machine vision camera that is used for tracking. c, Odour control for the three delivery architectures, with odour off. d, Odour control for the three delivery architectures, with odour on. In our experiments, the port through which odour is delivered was alternated.


Extended Data Fig. 4 Responses to CO2 are strongest at 5% concentration and are unaffected by social dynamics.
a, Control and 5% CO2 responses for individual flies. For these experiments, we starved a single two-day old wild-type (HCS) female fly for either 24Â h or 3Â h before starting the experiment. In every other way, the data are plotted as in Fig.Â 4. The data shown were collected from nâ€‰=â€‰29 individual flies, in which each fly was subject to a 20-h long experiment with n=Â 14 5% CO2 stimuli and nâ€‰=â€‰10 control stimuli. b, CO2 responses exhibited by flies to three concentrations of CO2. For these experiments, we starved groups of 10 flies for 24Â h before starting the experiment. Flies were presented with 0%, 1.7% or 5% CO2 in one set of experiments, and 0% or 15% in another set. Data are plotted as in Fig.Â 4. nâ€‰=â€‰20â€“170 trials per condition. To explain the complex dynamics of the approach behaviour under the different CO2 concentrations, we made a very simple agent-based model with the pseudocode shown in c; seeÂ Supplementary Information for additional discussion. d, Dynamics of the CO2 attraction of flies can be explained by the simple agent-based model described in c. Preference indices are shown for the results of nâ€‰=â€‰100 iterations of the model, under three different CO2 concentrations. The data are plotted in the same manner as b. The key insight offered by this model is that although our agents were programmed to exhibit the same behaviour towards 1.7% and 5% CO2, the decreased likelihood of them detecting the lower concentration CO2 in conjunction with the long-term aversion results in an apparent indifference towards low concentrations of CO2. e, To show that flies are indeed attracted to the low (1.7%) concentration of CO2, we used a different analysis that calculated the number of times that flies approached the CO2 source during the course of each 10-min stimulus. Pairwise statistics were determined with the two-sample Kolmogorovâ€“Smirnov test (test statistics were 0.57, 0.83 and 0.41 for comparisons between 0% and 1.7%, 5%, and 15%). f, Time course of the number of times that flies approach the CO2 source, in 5-min intervals. In each panel, the shading shows the bootstrapped 95% confidence intervals around the mean.


Extended Data Fig. 5 Temperature measurements in the walking arena show no correlation with CO2 or clean air stimuli.
a, Temperature over the course of 16Â h (seeÂ Methods). As in our experiments, every 40Â min a 10-min CO2 stimulus identical to that used in Fig.Â 4 was applied either to the side of the arena with the temperature probe (green shading) or to the opposite side of the arena (blue shading). b, c, Data from a time-aligned and baseline-subtracted for CO2 and control trials, respectively.


Extended Data Fig. 6 Flies do not respond to a stimulus of clean air (without CO2).
Data plotted as in Fig.Â 4, but for a 0% CO2 stimulus. nâ€‰=â€‰17â€“81 trials per condition. Shading indicates the bootstrapped 95% confidence intervals around the mean.


Extended Data Fig. 7 IR25a is required for CO2 attraction and IR40a is not.
As in Fig.Â 4, the data from each experimental group are sorted according to the mean speed during the reference period of 5Â min before the odour stimulus. In addition, for each mutant we show two sets of panels corresponding to: (1) flies that were starved for 24Â h or 3Â h before experiments conducted at 23â€‰Â°C, and (2) flies that were starved for 3Â h before experiments done at 32â€‰Â°C. This arrangement is in contrast to Fig.Â 4, in which data from the two temperature groups are combined. a, b, Responses of two IR25a mutants and a bacterial artificial chromosome rescue to a 5% CO2 stimulus (a) and a 0% CO2 stimulus (b). c, d, Responses of an IR40a mutant to a 5% CO2 stimulus (c) and a 0% CO2 stimulus (d). nâ€‰=â€‰4â€“78 trials per condition. Shading indicates the bootstrapped 95% confidence intervals around the mean.


Extended Data Fig. 8 IR25a is required for ethanol attraction but not vinegar attraction.
Data plotted as in Fig.Â 4. Experiments were done with 24-h-starved flies only. a, b, Responses to 3Â ml minâˆ’1 air passed through a bottle of pure ethanol added to 20Â ml minâˆ’1 clean air. c, Control responses with 3Â ml minâˆ’1 of clean air added to 20Â ml minâˆ’1 of clean air. d, e, Responses to 3Â ml minâˆ’1 air passed through a bottle of pure vinegar added to 20Â ml minâˆ’1 clean air. f, Control responses with 3Â ml minâˆ’1 of clean air added to 20Â ml minâˆ’1 of clean air. nâ€‰=â€‰14âˆ’70 trials per condition. Shading indicates the bootstrapped 95% confidence intervals around the mean.


Extended Data Fig. 9 Drosophila are attracted to fatal levels of CO2.
Top, Photograph of two flies that were fatally attracted to a 200Â ml minâˆ’1 CO2 stimulus. Bottom, trajectories for these two flies before they became anaesthetized and died. Colour encodes time, starting at purple and ending at green or yellow.


Extended Data Fig. 10 Flies and mosquitoes both increase CO2 production when shaken.
Red shading indicates the time during which the vial was shaken. We tested four groups of 10â€“20 animals for flies (black) and mosquitoes (blue). CO2 was measured with a LiCorr-6262. SeeÂ Methods for details.





Supplementary information
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Reporting Summary

Video 1
Drosophila find CO2 aversive during periods of low activity. Fliesâ€™ responses to the onset of CO2 (red) during an afternoon trial in our walking arena, corresponding to data shown in Fig. 3d (5% CO2, 24 hrs starved). Playback is approximately 10x real time. This video is a representative example of the 42 trials.


Video 2
Drosophila find CO2 attractive during periods of high activity. Fliesâ€™ responses to the onset of CO2 (red) during a dusk trial in our walking arena, corresponding to data shown in Fig. 3d (5% CO2, 24 hrs starved). Same group of flies as video 1. Playback is approximately 10x real time. This video is a representative example of the 30 trials.


Video 3
Drosophilaâ€™s response to CO2 during high activity is qualitatively similar to their response towards ethanol. Fliesâ€™ responses to the onset of ethanol (red) during a dusk trial in our walking arena, corresponding to data shown in Fig. 3d (5% Ethanol, 24 hrs starved). Playback is approximately 10x real time. This video is a representative example of the 30 trials.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
van Breugel, F., Huda, A. & Dickinson, M.H. Distinct activity-gated pathways mediate attraction and aversion to CO2 in Drosophila.
                    Nature 564, 420â€“424 (2018). https://doi.org/10.1038/s41586-018-0732-8
Download citation
	Received: 22 December 2017

	Accepted: 11 October 2018

	Published: 21 November 2018

	Issue Date: 20 December 2018

	DOI: https://doi.org/10.1038/s41586-018-0732-8


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Walking Assay
	Odor Presentation
	Total Volume Flow Rate
	Apple Cider Vinegar
	Aristae







            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Female Aedes aegypti mosquitoes use communal cues to manage population density at breeding sites
                                    
                                

                            
                                
                                    	Andre Luis Costa-da-Silva
	Silvia Cabal
	Matthew DeGennaro


                                
                                Communications Biology (2024)

                            
	
                            
                                
                                    
                                        Heterogeneous receptor expression underlies non-uniform peptidergic modulation of olfaction in Drosophila
                                    
                                

                            
                                
                                    	Tyler R. Sizemore
	Julius Jonaitis
	Andrew M. Dacks


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Drosophila melanogaster Stress Odorant (dSO) Displays the Characteristics of an Interspecific Alarm Cue
                                    
                                

                            
                                
                                    	Ryley T. Yost
	Emerald Liang
	Anne F. Simon


                                
                                Journal of Chemical Ecology (2021)

                            
	
                            
                                
                                    
                                        Single cell transcriptomes reveal expression patterns of chemoreceptor genes in olfactory sensory neurons of the Caribbean spiny lobster, Panulirus argus
                                    
                                

                            
                                
                                    	Mihika T. Kozma
	Hanh Ngo-Vu
	Charles D. Derby


                                
                                BMC Genomics (2020)

                            
	
                            
                                
                                    
                                        Neuromodulation of insect motion vision
                                    
                                

                            
                                
                                    	Karen Y. Cheng
	Mark A. Frye


                                
                                Journal of Comparative Physiology A (2020)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
