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            Abstract
Among the extraordinary adaptations driven by sperm competition is the cooperative behaviour of spermatozoa1. By forming cooperative groups, sperm can increase their swimming velocity and thereby gain an advantage in intermale sperm competition1,2. Accordingly, selection should favour cooperation of the most closely related sperm to maximize fitness3. Here we show that sperm of deer mice (genus Peromyscus) form motile aggregations, then we use this system to test predictions of sperm cooperation. We find that sperm aggregate more often with conspecific than heterospecific sperm, suggesting that individual sperm can discriminate on the basis of genetic relatedness. Next, we provide evidence that the cooperative behaviour of closely related sperm is driven by sperm competition. In a monogamous species lacking sperm competition, Peromyscus polionotus, sperm indiscriminately group with unrelated conspecific sperm. In contrast, in the highly promiscuous deer mouse, Peromyscus maniculatus, sperm are significantly more likely to aggregate with those obtained from the same male than with sperm from an unrelated conspecific donor. Even when we test sperm from sibling males, we continue to see preferential aggregations of related sperm in P. maniculatus. These results suggest that sperm from promiscuous deer mice discriminate among relatives and thereby cooperate with the most closely related sperm, an adaptation likely to have been driven by sperm competition.
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                        Images of 
                        Peromyscus
                         sperm in BWW medium.
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Figure 2: 
                        Preferential sperm aggregations.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Sperm quality and quantity evolve through different selective processes in the Phasianidae
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 December 2019
                                    

                                

                                Wen Bo Liao, Mao Jun Zhong & Stefan LÃ¼pold

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Males optimally balance selfish and kin-selected strategies of sexual competition in the guppy
                                        
                                    

                                    
                                        Article
                                        
                                         16 March 2020
                                    

                                

                                Mitchel J. Daniel & Robert J. Williamson

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Human sperm cooperate to transit highly viscous regions on the competitive pathway to fertilization
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 May 2023
                                    

                                

                                Sa Xiao, Jason Riordon, â€¦ David Sinton

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Moore, H. D. M., Dvorakova, K., Jenkins, N. & Breed, W. G. Exceptional sperm cooperation in the wood mouse. Nature 418, 174â€“177 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Immler, S. Sperm competition and sperm cooperation: the potential role of diploid and haploid expression. Reproduction 135, 275â€“283 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pizzari, T. & Foster, K. R. Sperm sociality: cooperation, altruism, and spite. PLoS Biol. 6, e130 (2008)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Parker, G. A. Sperm competition and its evolutionary consequences in the insects. Biol. Rev. Camb. Phil. Soc. 45, 525â€“567 (1970)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Parker, G. A. in Sperm Competition and Sexual Selection (eds Birkhead, T. R. & Moller, A. P.) 3â€“54 (Academic, 1988)

                    Google ScholarÂ 
                

	Snook, R. R. Sperm in competition: not playing by the numbers. Trends Ecol. Evol. 20, 46â€“53 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Donaghue, A. M. et al. Turkey sperm mobility influences paternity in the context of competitive fertilizations. Biol. Reprod. 61, 422â€“427 (1999)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Malo, A. F. et al. Male fertility in natural populations of red deer is determined by sperm velocity and the proportion of normal spermatozoa. Biol. Reprod. 72, 822â€“829 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Moore, H. D. M. & Akhondi, M. A. Fertilizing capacity of rat spermatozoa is correlated with decline in straightline velocity measured by continuous computer-aided sperm analysis: epididymal rat spermatozoa from the proximal cauda have a greater fertilizing capacity in vitro than those from the distal cauda or vas deferens. J. Androl. 17, 50â€“60 (1996)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Holt, W. V. et al. The value of sperm swimming speed measurements in assessing the fertility of human frozen semen. Hum. Reprod. 4, 292â€“297 (1989)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Burness, G. et al. Sperm swimming speed and energetics vary with sperm competition risk in bluegill (Lepomis macrochirus). Behav. Ecol. Sociobiol. 56, 65â€“70 (2004)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Birkhead, T. R., Martinez, J. G., Burke, T. & Froman, D. P. Sperm mobility determines the outcome of sperm competition in the domestic fowl. Proc. R. Soc. Lond. B 266, 1759â€“1764 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gage, M. J. G. et al. Spermatozoal traits and sperm competition in Atlantic Salmon: relative sperm velocity is the primary determinant of fertilization success. Curr. Biol. 14, 44â€“47 (2004)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gomendio, M. & Roldan, E. R. S. Implications of diversity in sperm size and function for sperm competition and fertility. Int. J. Dev. Biol. 52, 439â€“447 (2008)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Breed, W. G. Evolution of the spermatozoon in muroid rodents. J. Morphol. 265, 271â€“290 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Immler, S., Moore, H. D. M., Breed, W. G. & Birkhead, T. R. By hook or by crook? Morphology, competition and cooperation in rodent sperm. PLoS One 2, e170 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Dewsbury, D. A. Social dominance, copulatory behavior, and differential reproduction in deer mice (Peromyscus maniculatus). J. Comp. Physiol. Psychol. 95, 880â€“895 (1981)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dewsbury, D. A. Interactions between males and their sperm during multi-male copulatory episodes of deer mice (Peromyscus maniculatus). Anim. Behav. 33, 1266â€“1274 (1985)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Birdsall, D. A. & Nash, D. Occurrence of successful multiple insemination of females in natural populations of deer mice (Peromyscus maniculatus). Evolution 27, 106â€“110 (1973)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Linzey, A. V. & Layne, J. N. Comparative morphology of spermatozoa of the rodent genus Peromyscus (Muridae). Am. Mus. Novit. 2531, 1â€“20 (1974)

                    Google ScholarÂ 
                

	Dawson, W. D. Fertility and size inheritance in a Peromyscus species cross. Evolution 19, 44â€“55 (1965)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Howard, D. J. Conspecific sperm and pollen precedence and speciation. Annu. Rev. Ecol. Syst. 30, 109â€“132 (1999)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dewsbury, D. A. An exercise in the prediction of monogamy in the field from laboratory data on 42 species of muroid rodents. Biologist 63, 138â€“162 (1981)

                    Google ScholarÂ 
                

	Foltz, D. W. Genetic evidence for long-term monogamy in a small rodent, Peromyscus polionotus . Am. Nat. 117, 665â€“675 (1981)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ramm, S. A., Parker, G. A. & Stockley, P. Sperm competition and the evolution of male reproductive anatomy in rodents. Proc. R. Soc. Lond. B 272, 949â€“955 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Holt, W. V. Is semen analysis useful to predict the odds that the sperm will meet the egg? Reprod. Domest. Anim. 44, 31â€“38 (2009)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Stickel, L. F. in Biology of Peromyscus (Rodentia) (ed. King, J. A.) 373â€“411 (American Society of Mammalogists, 1968)

                    Google ScholarÂ 
                

	Queller, D. C., Ponte, E., Bozzaro, S. & Strassmann, J. E. Single-gene greenbeard effects in the social amoeba Dictyostelium discoideum . Science 299, 105â€“106 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Smukalla, S. et al. FLO1 is a variable green beard gene that drives biofilm-like cooperation in budding yeast. Cell 135, 726â€“737 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Joseph, S. B. & Kirkpatrick, M. Haploid selection in animals. Trends Ecol. Evol. 19, 592â€“597 (2004)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Biggers, J. D., Whitten, W. K. & Whittingham, D. G. Methods in Mammalian Embryology (Freeman, 1971)

                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank M. Manceau and J. Gros for technical assistance and R. Lewontin for statistical advice. S. Immler, K. Foster and D. Haig provided comments and discussion on the manuscript. H.S.F. is supported by an NIH Ruth Kirschstein National Research Service Award. Research was funded by an Arnold and Mabel Beckman Foundation Young Investigator Award to H.E.H.
Author Contributions H.S.F proposed the idea for the study, collected and analysed the data. H.S.F. and H.E.H designed the study and wrote the paper. H.E.H. acquired funding for the project.


Author information
Authors and Affiliations
	Department of Organismic and Evolutionary Biology, Museum of Comparative Zoology, 
Heidi S. FisherÂ &Â Hopi E. Hoekstra

	Center for Brain Science, Harvard University, Cambridge, Massachusetts 02138, USA , 
Heidi S. FisherÂ &Â Hopi E. Hoekstra


Authors	Heidi S. FisherView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hopi E. HoekstraView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Heidi S. Fisher.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Movie 1 
This movie shows live sperm as both single cells and in multi-cellular aggregations. Sperm were harvested from a Peromyscus maniculatus male, incubated for 10 min in BWW media at 37Â°C, then viewed on a plastic slide with a raised plastic cover to prevent sperm from adhering to the slide surface.  (MOV 35869 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2




Rights and permissions
Reprints and permissions


About this article
Cite this article
Fisher, H., Hoekstra, H. Competition drives cooperation among closely related sperm of deer mice.
                    Nature 463, 801â€“803 (2010). https://doi.org/10.1038/nature08736
Download citation
	Received: 24 September 2009

	Accepted: 07 December 2009

	Published: 20 January 2010

	Issue Date: 11 February 2010

	DOI: https://doi.org/10.1038/nature08736


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
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Human sperm cooperate to transit highly viscous regions on the competitive pathway to fertilization
                                    
                                

                            
                                
                                    	Sa Xiao
	Jason Riordon
	David Sinton


                                
                                Communications Biology (2023)

                            
	
                            
                                
                                    
                                        New insights into sperm rheotaxis, agglutination and bundle formation inÂ SharkasiÂ chickens based on an in vitro study
                                    
                                

                            
                                
                                    	Taymour M. El-Sherry
	Hanan H. Abd-Elhafeez
	M. A. M. Sayed


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        Unique sperm haplotypes are associated with phenotypically different sperm subpopulations in Astyanax fish
                                    
                                

                            
                                
                                    	Richard Borowsky
	Alissa Luk
	Rebecca S. Kim


                                
                                BMC Biology (2018)

                            
	
                            
                                
                                    
                                        Fluid viscoelasticity promotes collective swimming of sperm
                                    
                                

                            
                                
                                    	Chih-kuan Tung
	Chungwei Lin
	Susan S. Suarez


                                
                                Scientific Reports (2017)

                            
	
                            
                                
                                    
                                        The erratic and contingent progression of research on territoriality: a case study
                                    
                                

                            
                                
                                    	Ambika Kamath
	Jonathan Losos


                                
                                Behavioral Ecology and Sociobiology (2017)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Competitive sperm
Both competition and cooperation between sperm have been well documented, but can individual sperm discriminate between kin, with whom they should cooperate, and non-kin, with whom they should not? Heidi Fisher and Hopi Hoekstra show that when the sperm of two deer mice species are mixed, they aggregate preferentially with sperm from their own species. In mixtures between individuals of the same species, sperm from a monogamous species do not discriminate kin from non-kin, whereas sperm from a promiscuous species do.
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