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            Abstract
Plant stress caused by extreme environmental conditions is already a principal reason for yield reduction in crops1. The threat of global environment change makes it increasingly important to generate crop plants that will withstand such conditions. Stress, particularly stress caused by increased sunlight, leads to the production of reactive oxygen species that cause photo-oxidative cell damage2. Carotenoids, which are present in the membranes of all photosynthetic organisms, help protect against such light-dependent oxidative damage3. In plants, the xanthophyll cycle (the reversible interconversion of two carotenoids, violaxanthin and zeaxanthin4) has a key photoprotective role5 and is therefore a promising target for genetic engineering to enhance stress tolerance. Here we show that in Arabidopsis thaliana overexpression of the chyB gene that encodes β-carotene hydroxylase—an enzyme in the zeaxanthin biosynthetic pathway6—causes a specific twofold increase in the size of the xanthophyll cycle pool. The plants are more tolerant to conditions of high light and high temperature, as shown by reduced leaf necrosis, reduced production of the stress indicator anthocyanin and reduced lipid peroxidation. Stress protection is probably due to the function of zeaxanthin in preventing oxidative damage of membranes.
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                    Figure 1: Carotenoid–xanthophyll biosynthetic pathway in plants.[image: ]


Figure 2: Southern and RT–PCR analysis of 5-week-old sense chyB plants grown in low light.[image: ]


Figure 3: Sucrose density gradient (0.15 M to 1.0 M) profile of thylakoid membranes isolated from dark-adapted 5-week-old, low-light grown wild-type and sense chyB plants after solubilization in 1.5% (w/v) dodecyl maltoside.[image: ]


Figure 4: Response of 5-week-old sense chyB plants grown in low light subjected to 2 weeks of high-light and high-temperature stress.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Defects in the cell wall and its deposition caused by loss-of-function of three RLKs alter root hydrotropism in Arabidopsis thaliana
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 March 2024
                                    

                                

                                Jinke Chang, Xiaopeng Li, … Jia Li

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A double-stranded RNA binding protein enhances drought resistance via protein phase separation in rice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 March 2024
                                    

                                

                                Huaijun Wang, Tiantian Ye, … Lizhong Xiong

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mechanisms of calcium homeostasis orchestrate plant growth and immunity
                                        
                                    

                                    
                                        Article
                                        
                                         28 February 2024
                                    

                                

                                Chao Wang, Ren-Jie Tang, … Sheng Luan

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Khush, G. Chair's introduction. Rice Biotechnology: improving yield, stress tolerance and grain quality. Novartis Foundation Symp. 236, 11–12 (2001)

                    Google Scholar 
                

	Niyogi, K. Photoprotection revisited: genetic and molecular approaches. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 333–359 (1999)
Article 
    CAS 
    
                    Google Scholar 
                

	Cogdell, R. J. & Frank, H. A. How carotenoids function in photosynthetic bacteria. Biochim. Biophys. Acta 895, 63–79 (1987)
Article 
    CAS 
    
                    Google Scholar 
                

	Yamamoto, H. Y., Nakayama, T. O. M. & Chichester, C. O. Studies on the light and dark interconversions of leaf xanthophylls. Arch. Biochem. Biophys. 97, 168–173 (1962)
Article 
    CAS 
    
                    Google Scholar 
                

	Demmig-Adams, B. & Adams, W. W. Photoprotection and other responses of plants to high light stress. Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 599–626 (1992)
Article 
    CAS 
    
                    Google Scholar 
                

	Cunningham, F. X. & Gantt, E. Genes and enzymes of carotenoid biosynthesis in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 557–583 (1998)
Article 
    CAS 
    
                    Google Scholar 
                

	Sandmann, G. Genetic manipulation of carotenoid biosynthesis: strategies, problems and achievements. Trends Plant Sci. 6, 14–17 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Römer, S. et al. Elevation of the provitamin A content of transgenic tomato plants. Nature Biotechnol. 18, 666–669 (2000)
Article 
    
                    Google Scholar 
                

	Ye, X. et al. Engineering the provitamin A (β-carotene) biosynthetic pathway into carotenoid-free rice endosperm. Science 287, 303–305 (2000)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Misawa, N. et al. Expression of an Erwinia phytoene desaturase gene not only confers multiple resistance to herbicides interfering with carotenoid biosynthesis but also alters xanthophyll metabolism in transgenic plants. Plant J. 6, 481–489 (1994)
Article 
    CAS 
    
                    Google Scholar 
                

	Rock, C. & Zeevaart, J. The aba mutant of A. thaliana is impaired in epoxycarotenoid biosynthesis. Proc. Natl Acad. Sci. USA 88, 7496–7499 (1991)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Rissler, H. & Pogson, B. Antisense inhibition of the β-carotene hydroxylase enzyme in Arabidopsis and the implications for carotenoid accumulation, photoprotection and antenna assembly. Photosynth. Res. 67, 127–137 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Sun, Z., Gantt, E. & Cunningham, F. X. Cloning and functional analysis of the β-carotene hydroxylase of Arabidopsis thaliana. J. Biol. Chem. 271, 24349–24352 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Ruban, A. V., Lee, P., Wentworth, M., Young, A. J. & Horton, P. Determination of the stoichiometry and strength of binding of xanthophylls in the photosystem II light harvesting complexes. J. Biol. Chem. 274, 10458–10465 (1999)
Article 
    CAS 
    
                    Google Scholar 
                

	Dixon, R. A. & Paiva, N. L. Stress-induced phenylpropanoid metabolism. Plant Cell 7, 1085–1097 (1995)
Article 
    CAS 
    
                    Google Scholar 
                

	Xiang, C., Werner, B., Christensen, E. & Oliver, D. The biological functions of glutathione revisited in Arabidopsis transgenic plants with altered glutathione levels. Plant Physiol. 126, 564–574 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Winkel-Shirley, B. Flavonoid biosynthesis. A colorful model for genetics, biochemistry, cell biology and biotechnology. Plant Physiol. 126, 485–493 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Horton, P., Ruban, A. V. & Walters, R. G. Regulation of light harvesting in green plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 655–684 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Li, X.-P. et al. A pigment-binding protein essential for regulation of photosynthetic light harvesting. Nature 403, 391–395 (2000)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Pogson, B., Niyogi, K., Björkman, O. & DellaPenna, D. Altered xanthophyll compositions adversely affect chlorophyll accumulation and nonphotochemical quenching in Arabidopsis mutants. Proc. Natl Acad. Sci. USA 95, 13324–13329 (1998)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hurry, V., Anderson, J., Chow, W. & Osmond, B. Accumulation of zeaxanthin in abscisic acid-deficient mutants of Arabidopsis does not affect chlorophyll fluorescence quenching or sensitivity to photoinhibition in vivo. Plant Physiol. 113, 639–648 (1997)
Article 
    CAS 
    
                    Google Scholar 
                

	Havaux, M. & Niyogi, K. The violaxanthin cycle protects plants from photooxidative damage by more than one mechanism. Proc. Natl Acad. Sci. USA 96, 8762–8767 (1999)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Young, A. J. & Lowe, G. M. Antioxidant and prooxidant properties of carotenoids. Arch. Biochem. Biophys. 385, 20–27 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Verhoeven, A. S., Bugos, R. C. & Yamamoto, H. Y. Transgenic tobacco with suppressed zeaxanthin formation is susceptible to stress-induced photoinhibition. Photosynthesis Res. 67, 27–39 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Havaux, M., Tardy, F., Ravenel, J., Chanu, D. & Parot, P. Thylakoid membrane stability to heat stress studied by flash spectroscopic measurements of the electrochromic shift in intact potato leaves: influence of the xanthophyll content. Plant Cell Environ. 19, 1359–1368 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Valvekens, D., Van Montagu, M. & Van Lijsebettens, M. Agrobacterium tumefaciens-mediated transformation of Arabidopsis thaliana root explants by using kanamycin selection. Proc. Natl Acad. Sci. USA 85, 5536–5540 (1988)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Noctor, G., Rees, D., Young, A. & Horton, P. The relationship between zeaxanthin, energy-dependent quenching of chlorophyll fluorescence and trans-thylakoid pH gradient in isolated chloroplasts. Biochem. Biophys. Acta 1057, 320–330 (1991)
CAS 
    
                    Google Scholar 
                

	Porra, R. J., Thompson, W. A. & Kriedemann, P. E. Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophyll a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochem. Biophys. Acta 975, 384–394 (1989)
CAS 
    
                    Google Scholar 
                

	Laby, R. J., Kincaid, M. S., Kim, D. G. & Gibson, S. I. The Arabidopsis sugar-insensitive mutants sis4 and sis5 are defective in abscisic acid synthesis and response. Plant J. 23, 587–596 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Hodges, D. M., DeLong, J. M., Forney, C. F. & Prange, R. K. Improving the thiobarbituric acid-reactive substance assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 207, 604–611 (1999)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank A. J. Young, E. H. Murchie, A. V. Ruban and M. Wentworth for discussions; P. Scholes for technical assistance; A. Moir for DNA sequencing and oligonucleotide synthesis; and P. Mueller-Moule and D. M. Hodges for advice on assay of lipid peroxidation. This work was supported by a grant from the UK Biotechnology and Biological Science Research Council.


Author information
Authors and Affiliations
	Robert Hill Institute, Department of Molecular Biology and Biotechnology, University of Sheffield, S10 2TN, Sheffield, UK
P. A. Davison, C. N. Hunter & P. Horton


Authors	P. A. DavisonView author publications
You can also search for this author in
                        PubMed Google Scholar



	C. N. HunterView author publications
You can also search for this author in
                        PubMed Google Scholar



	P. HortonView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                P. Horton.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Rights and permissions
Reprints and permissions


About this article
Cite this article
Davison, P., Hunter, C. & Horton, P. Overexpression of β-carotene hydroxylase enhances stress tolerance in Arabidopsis.
                    Nature 418, 203–206 (2002). https://doi.org/10.1038/nature00861
Download citation
	Received: 07 January 2002

	Accepted: 02 May 2002

	Issue Date: 11 July 2002

	DOI: https://doi.org/10.1038/nature00861


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
                        








            


            

            
                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 — 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: ]
