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            Abstract
Locust plagues threaten agricultural and environmental safety throughout the world1,2. Aggregation pheromones have a crucial role in the transition of locusts from a solitary form to the devastating gregarious form and the formation of large-scale swarms3,4. However, none of the candidate compounds reported5,6,7 meet all the criteria for a locust aggregation pheromone. Here, using behavioural assays, electrophysiological recording, olfactory receptor characterization and field experiments, we demonstrate that 4-vinylanisole (4VA) (also known as 4-methoxystyrene) is an aggregation pheromone of the migratory locust (Locusta migratoria). Both gregarious and solitary locusts are strongly attracted to 4VA, regardless of age and sex. Although it is emitted specifically by gregarious locusts, 4VA production can be triggered by aggregation of four to five solitary locusts. It elicits responses specifically from basiconic sensilla on locust antennae. We also identified OR35 as a specific olfactory receptor of 4VA. Knockout of OR35 using CRISPRâ€“Cas9 markedly reduced the electrophysiological responses of the antennae and impaired 4VA behavioural attractiveness. Finally, field trapping experiments verified the attractiveness of 4VA to experimental and wild populations. These findings identify a locust aggregation pheromone and provide insights for the development of novel control strategies for locusts.
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                    Fig. 1: 4VA exhibits strong attractiveness to the migratory locust.


Fig. 2: Density-dependent 4VA elicits responses specifically from basiconic sensilla.


Fig. 3: OR35 tunes 4VA and mediates the attractiveness to locusts.


Fig. 4: 4VA attracts locusts in natural habitats.



                


                
                    
                
            

            
                Data availability

              
              Sequence data of Or35 that supporting the findings of this study have been deposited in GenBank with the accession code KP843355. All data supporting the findings of this study are available within the Article, the Extended Data and the Supplementary InformationÂ files.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 4VA has strong attractiveness to the migratory locust.
a, The total movement distances of gregarious locusts in PAN, BA, 4VA, DP, PhA, and AS zone, compared with those in control zone. nÂ =Â 30, 28, 34, 33, 32, and 34 locusts, respectively. b, c, The total duration and movement distances of gregarious locusts in GA, PN, VT, Mix 1, and Mix 2 zone, compared with those in control zone. nÂ =Â 30, 39, 32, 35, and 30 locusts, respectively. d, The total movement distances of gregarious locusts at different stadiums in 4VA zone. nÂ =Â 41, 22, 20, and 18 locusts, respectively. e, f, The duration and the total movement distances of gregarious locusts at 8 h, 24 h, 48 h and 72 h after ecdysis in 4VA zone, compared with those in control zone. nÂ =Â 21, 37, 25 and 22 locusts, respectively. g, The total movement distances of gregarious locusts in 4VA zone with different concentrations. nÂ =Â 32, 36, 35, 34, 30, and 36 locusts, respectively. h, The total movement distances of gregarious locusts across different sexes in 4VA zone. nÂ =Â 16, 20, 23, and 20 locusts, respectively. i, The total movement distances of solitary locusts at different stadiums in 4VA zone. nÂ =Â 30, 27, 28, and 44 locusts, respectively. j, k, The duration and the total movement distances of solitary locusts at 8 h, 24 h, 48 h, and 72 h after ecdysis in 4VA zone, compared with those in control zone. nÂ =Â 11, 14, 17, and 15 locusts, respectively. l, The total movement distances of solitary locusts in 4VA zone with different concentrations. nÂ =Â 31, 36, 34, 29, 32, and 35 locusts, respectively. m, The total movement distances of solitary locusts across different sexes in 4VA zone. nÂ =Â 15, 20, 24, and 20 locusts, respectively. Behavioural data are presented as meanÂ Â±Â s.e.m. P values in behavioural assays were determined by Wilcoxon signed rank test.
Source data


Extended Data Fig. 2 The emission traits of 4VA in locusts.
a, The relative amounts of 4VA in the body and fecal volatiles of gregarious locusts, respectively. nÂ =Â 5 biological replicates. b, 4VA emission amount in brain (Br), head integument (HI), tergum (Te), wing (Wi), foreleg and midleg (F&ML), hindleg (HL), abdominal integument (AI), thorax muscle (TM), fat body (FB), gastric caeca (GC) of gregarious locusts. nÂ =Â 7 biological replicates. c, The 4VA fluctuation in gregarious locusts after ecdysis. nÂ =Â 5 biological replicates. d, The emission amounts of 4VA in the solitary locusts after crowding for different durations. nÂ =Â 5 biological replicates. Data are presented as meanÂ Â±Â s.e.m. Different letters indicate statistically significant differences between groups using one-way ANOVA (Tukeyâ€™s multiple comparisons test, PÂ <Â 0.05) (bâ€“d).
Source data


Extended Data Fig. 3 OR35 located in most basiconic sensilla.
a, Confocal microscopy images of OR35 location in locust antennae. â€˜Brightâ€™ indicated bright-field microscopy image. NC, negative control. b, In total 53 basiconic sensilla, 50 sensilla showed signals (Red arrow), and only 3 sensilla did not show signals (white arrow). These experiments in were performed three times. Scale bar, 20 Î¼m.


Extended Data Fig. 4 Homozygous generation of OR35 mutant line.
a, Five types of mutation of Or35 was detected at the DNA level. b, A 2 bp-deletion of Or35 was detected at the mRNA level. c, The establishment of OR35 mutant locusts through CRISPRâ€“Cas9. d, Schematic of screening strategies to obtain 2 bp-deleted homozygous. Or352/âˆ’, one DNA strands with 2 bp-deletion; Or35âˆ’/âˆ’, two DNA strands with 2 bp-deletion. e, The protein level of OR35 in mutant line significantly decreased compared with wild types. Data are presented as meanÂ Â±Â s.e.m. nÂ =Â 6 biological replicates. P values in behavioural assays were determined by two-tailed unpaired t-test. For gel source data, see Extended Data Fig. 6. GAPDH were run on the same gel as loading controls. f, The EAG responses to 4VA at different concentrations (0.05 to 5,000Â ngÂ Î¼lâˆ’1) significantly decreased in OR35 mutant line. Data are presented as meanÂ Â±Â s.e.m. nÂ =Â 13 (wild-type) and 14 (Or35âˆ’/âˆ’) antennae. P values were determined by two-tailed unpaired t-test. g, The total movement distances of OR35 mutant locusts in 4VA and control zone. Behavioural data are presented as meanÂ Â±Â s.e.m. nÂ =Â 24 (wild-type) and 27 (Or35âˆ’/âˆ’) locusts. P values in behavioural assays were determined by Wilcoxon signed rank test. WT, wild type.
Source data


Extended Data Fig. 5 4VA attracts locusts in artificial turf.
a, Schematic of the dual-choice bioassay in artificial turf. b, Locusts were present at higher frequencies in the 4VA zone than in the control zone. Data are presented as meanÂ Â±Â s.e.m. nÂ =Â 8 biological replicates. P values were determined by G-test for goodness of fit. c, Schematic of trapping experiments in artificial turf. d, Locusts were captured in higher numbers in the 4VA traps than in the control traps. Data are presented as meanÂ Â±Â s.e.m. nÂ =Â 8 biological replicates. P values were determined by two-tailed unpaired t-test.
Source data


Extended Data Fig. 6 The full-size western blot scans of OR35 and GAPDH.
a, The full-size western blot scans of OR35 in the antennae of wild type and OR35 mutant line. nÂ =Â 6 biological replicates. b, The full-size western blot scans of GAPDH in the antennae of wild type and OR35 mutant line. nÂ =Â 6 biological replicates. The bands in the blue frames are cropped and presented in Extended Data Fig. 4e. Protein marker (Thermo Fisher, 26619). WT, wild type.


Extended Data Fig. 7 Plot of residuals for the linear model.
\({\rm{Count}}\propto {\rm{Treatment}}+{\rm{Block}}\).
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