







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 14 December 2016



                    Chemical intervention in plant sugar signalling increases yield and resilience

                    	Cara A. Griffiths1Â na1, 
	Ram Sagar2Â na1Â nAff5, 
	Yiqun Geng2Â na1, 
	Lucia F. Primavesi1, 
	Mitul K. Patel2, 
	Melissa K. Passarelli3, 
	Ian S. Gilmore3, 
	Rory T. Steven3, 
	Josephine Bunch3,4, 
	Matthew J. Paul1 & 
	â€¦
	Benjamin G. Davis2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 540,Â pages 574â€“578 (2016)Cite this article
                    

                    
        
            	
                        24k Accesses

                    
	
                        142 Citations

                    
	
                            163 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Drought
	Molecular engineering in plants
	Plant signalling
	Sugar phosphates


    


                
    
    

    
    

                
            


        
            Abstract
The pressing global issue of food insecurity due to population growth, diminishing land and variable climate can only be addressed in agriculture by improving both maximum crop yield potential and resilience1,2. Genetic modification is one potential solution, but has yet to achieve worldwide acceptance, particularly for crops such as wheat3. Trehalose-6-phosphate (T6P), a central sugar signal in plants, regulates sucrose use and allocation, underpinning crop growth and development4,5. Here we show that application of a chemical intervention strategy directly modulates T6P levels in planta. Plant-permeable analogues of T6P were designed and constructed based on a â€˜signalling-precursorâ€™ concept for permeability, ready uptake and sunlight-triggered release of T6P in planta. We show that chemical intervention in a potent sugar signal increases grain yield, whereas application to vegetative tissue improves recovery and resurrection from drought. This technology offers a means to combine increases in yield with crop stress resilience. Given the generality of the T6P pathway in plants and other small-molecule signals in biology, these studies suggest that suitable synthetic exogenous small-molecule signal precursors can be used to directly enhance plant performance and perhaps other organism function.
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                    Figure 1: Design and synthesis of signalling precursors of T6P.


Figure 2: In planta uptake of signalling precursors and T6P release.


Figure 3: Mass spectometry imaging of treated leaves.


Figure 4: In planta T6P release and sugar metabolism over time.


Figure 5: Increased crop yield.


Figure 6: Increased crop resilience.
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Extended data figures and tables

Extended Data Figure 1 The central role of T6P in plants and design of a chemical strategy for the control of T6P production.
a, Photosynthesis generates sucrose, which is translocated to growing regions of the plant. Inside the cell, a pool of core metabolites are substrates for biosynthetic processes that determine growth and productivity. T6P is synthesized from UDPG and G6P by trehalose 6-phosphate synthase (TPS) and therefore reflects the abundance of sucrose. It is broken down by trehalose phosphate phosphatase (TPP). Increasing T6P stimulates starch synthesis and inhibits SnRK1, a protein kinase central to energy conservation and survival during energy deprivation. Inhibition of SnRK1 by T6P thus diverts carbon skeleton consumption into biosynthetic processes. b, The trehalose biosynthetic pathway. c, T6P is plant-impermeable. Plant-permeable variants allowed subsequent photo-activated release. d, Generalized mechanism of light-activated release of precursors. e, Release of T6P by light irradiation from signalling precursors 1â€“4 in vitro. 31P nuclear magnetic resonance spectroscopy at different time points of light irradiation confirming the activation of signalling precursors (1â€“4) and release of T6P. Time points for compound 1: 0, 30, 60, 150 and 360â€‰min; for compound 2: 0, 60, 120, 300, 420 and 600â€‰min; for compound 3: 0, 15, 30, 45 and 60â€‰min; and for compound 4: 0, 60, 120, 240, 360 and 420â€‰min. f, g, 1H (f) and 31P (g) nuclear magnetic resonance spectra, after complete photolysis of the signalling precursor confirming the release of T6P.


Extended Data Figure 2 Inhibition of SnRK1.
Signalling precursors (1â€“4), T6P released from 1â€“4 (r1, r2, r3, r4) and T6P standard (T6P) were tested for inhibition of SnRK1 activity. T6P (0.26â€‰mM) inhibits SnRK1 activity to approximately 36% of the original activity. Signalling-precursor compounds show no such inhibition, whereas UV-released compounds show the same inhibition as free T6P. SnRK1 activity was determined by the level of incorporation of phosphate into a peptide substrate (minâˆ’1 mgâˆ’1 protein). (Data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3). The activities of assays treated with precursors or released T6P were not significantly different from their controls (Pâ€‰<â€‰0.001, LSD) using one-way ANOVA of data transformed with a natural log scale.


Extended Data Figure 3 In planta uptake analysis of signalling precursors 1â€“4.
a, Schematic of protocol used for uptake analysis. b, Calibration curves for oNB-T6P (1), DMNB-T6P (2), oNPE-T6P (3) and mono-DMNB-T6P (4), respectively. Data are shown as meanâ€‰Â±â€‰s.e.m.; (nâ€‰=â€‰2). c, HPLC (left) and mass spectrometry (right) data, [Mâ€‰+â€‰Na]+ or [Mâ€‰âˆ’â€‰H]âˆ’, of pure signalling precursors 1â€“4. d, HPLC (left) and mass spectometry (right) data, [Mâ€‰+â€‰Na]+ or [Mâ€‰âˆ’â€‰H]âˆ’, of plant samples after treatment with signalling precursors 1â€“4. In 3, the partially uncaged molecule also accumulated and was detected (coloured light blue).


Extended Data Figure 4 Extraction and quantification of T6P.
a, Schematic of the protocol used for preparation of samples for T6P quantification. LLE, liquid/liquid extraction; SPE, solid phase extraction; AECâ€“MS, anion exchange chromatographyâ€“mass spectrometry. b, Liquid chromatograms of T6P, S6P and 2DG6P separation (top) using conditions optimized in Supplementary Table 8 (entry 7) and the representative LCâ€“MS chromatograms of extraction samples treated with signalling precursors (middle) and water control (bottom). c, d, Liquid chromatograms of different concentrations of T6P (500, 250, 100, 50, 25, 10 or 5â€‰Î¼M) using a constant concentration (100â€‰Î¼M) of 2DG6P as an internal standard. e, Resulting calibration curves of the T6P peak area and T6P/2DG6P ratio against T6P concentrations (inâ€‰Î¼M) in water as well as in the plant matrix. fâ€“h, LCâ€“MS/MS analysis of T6P and S6P from samples of plant treated with compound 2. f, Fragmentation patterns of T6P (top) and S6P (bottom) by quadrupole time-of-fight tandem mass spectrometry (QToFâ€“MS/MS) in negative ion mode. g, Fragmentation patterns of T6P (top) and S6P (middle) by triple quadrupole tandem mass spectrometry (QqQâ€“MS/MS) in negative ion mode and the T6P fragment ions tracking in the plant matrix (bottom). h, HPLC chromatograms of T6P/S6P by selected ion recording (SIR) of the intact molecular ion (m/z 421.0) and multiple reaction monitoring (MRM) of the fragment ions give the same retention time for each compound. i, The LCâ€“MS quantification method through SIR and LCâ€“MS/MS quantification method through MRM of the T6P level in the DMNB-T6P 2-treated plant sample. From bottom to top: integration of the T6P trace (2,661) using SIR of m/z 421.0, integration of the T6P trace (2,550) using MRM of m/z 78.6, 96.3, 138.7, 241.0 and 421.0, integration for each fragment ion m/z 78.6 (801), m/z 96.3 (868), m/z 138.7 (76), m/z 241.0 (404) and m/z 421.0 (392).


Extended Data Figure 5 Analysis of A. thaliana plantlets following treatment.
aâ€“c, Phenotype analysis. a, Fresh weight of plantlets versus concentration of signalling precursors of T6P (1â€“4) and G6P precursors (14â€“17) in medium after three days (72 h) of uptake. Data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3. Each T6P precursor is shown (top) together with its G6P analogue (bottom). Visual appearance of a typical plantlet was analysed for a given concentration of precursors at the point of harvest. b, Phenotype of plants at the end of light treatments. Plants were allowed to take up compounds for 72â€‰h and were then treated the next day with light treatments. Light treatments: GL, growth light irradiance 250â€‰Î¼mol mâˆ’2 sâˆ’1. UV 8 W and UV 100 W were growth light irradiance supplemented with UV light (365â€‰nm). Daylight, part sun/part cloud; irradiance between 250â€‰Î¼mol mâˆ’2 sâˆ’1 under cloud and 1,440â€‰Î¼mol mâˆ’2 sâˆ’1 under full sun. Compounds were fed to the plants to a final concentration of 1â€‰mM. Phenotype of plants fed with compound 3 at a reduced final concentration of 0.1â€‰mM are shown in the right-hand panel. Scale, diameter of the plastic tube mouthâ€‰=â€‰10â€‰mm. c, Typical A. thaliana phenotypes in the starch experiment. Plants were treated with a final medium concentration of 0.1â€‰mM compound or water for 72â€‰h and then exposed to 8-h, 8 W UV treatment. The plants were allowed to recover for another 24â€‰h and were harvested at the end of the day and the starch content was measured. No significant phenotypic differences were observed between treatments. Water (left), 0.1â€‰mM oNPE-T6P (compound 3) (middle), oNPE-G6P(1-OMe) (compound 16) (right). Scale, tube diameterâ€‰=â€‰10 mm. dâ€“g, Biosynthetic effects of increasing T6P in planta. d, Starch level at the end of the day in UV-treated (8 W, 23â€‰Î¼mol mâˆ’2 sâˆ’1, 8â€‰h) plants fed with compound 3â€‰+â€‰UV is significantly higher than plants treated with waterâ€‰+â€‰UV (nâ€‰=â€‰9, data are shown as meanâ€‰Â±â€‰s.e.m.). Samples for starch were taken 1 day after UV treatment. e, ADP-glucose pyrophosphorylase (AGPase) activity is increased in UVâ€‰+â€‰compound 3 plants compared to compound 3 only, UV only, water only, UVâ€‰+â€‰water-treated plants and plants treated with compound 16 (nâ€‰=â€‰3, data are shown as meanâ€‰Â±â€‰s.e.m.). f, Starch synthesis rate in UV-treated (20â€‰Î¼mol mâˆ’2 sâˆ’1, 8â€‰h) plants treated with compound 3 (data are shown as meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰3). g, Starch level at the beginning (data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3) and at the end (data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰4) of the day in UV (20â€‰Î¼mol mâˆ’2 sâˆ’1, 8â€‰h)â€‰+â€‰water-treated (solid circles) and UVâ€‰+â€‰compound 3-treated (empty circles) plants. A. thaliana used in eâ€“g were grown at a light regime of 12â€‰h dayâ€“12â€‰h night, at 250â€‰Î¼mol mâˆ’2 sâˆ’1, and 23â€‰Â°C day/18â€‰Â°C night temperatures, treated with compounds 18 d after sowing, and exposed to UV light 72â€‰h after addition of the compound. Asterisks in dâ€“f denote significance according to ANOVA (Pâ€‰=â€‰0.002). Asterisk in g denotes significance by one-way ANOVA (LSD 5%â€‰=â€‰11.19).


Extended Data Figure 6 Quantification of in planta metabolites.
a, LCâ€“MS chromatograms of trehalose, sucrose, glucose and fructose separation using a HILIC column, for details see Supplementary Information. b, Liquid chromatograms and peak areas of different concentrations of trehalose (100, 50, 25, 10 or 5â€‰Î¼M) and glucose (500, 250, 100, 50, 25, 10 or 5â€‰Î¼M). c, Calibration curves of the trehalose peak area against the concentrations (inâ€‰Î¼M) and glucose peak area against the concentrations (inâ€‰Î¼M). d, e, Same as Fig. 4, 7-day-old A. thaliana seedlings grown in liquid culture were treated with 1â€‰mM of compounds 3 or 2, control seedlings were treated with water. Seedlings were left under growth lights to allow for uptake of the signalling precursors for 24â€‰h, before exposure to 23â€‰Î¼mol mâˆ’2 sâˆ’1 UV for 2â€‰h. Measurements were taken 1 day after uptake (pre-UV), 30, 60 and 120â€‰min after initiation of UV treatment, and 1 and 2 d after initiation of UV treatment. See Fig. 4 for T6P content, trehalose content, sucrose content, glucose content; here fructose content (d)and Fresh weight biomass (e) are shown. *Pâ€‰<â€‰0.05); **Pâ€‰<â€‰0.01 (Studentâ€™s t-test). Data are shown as meanâ€‰Â±â€‰s.e.m. (nâ€‰=â€‰3).


Extended Data Figure 7 Dynamics of 13C-T6P, 13C-trehalose, 13C-glucose and T6P in A. Thaliana treated with 13C-labelled precursor 2*.
1â€‰mM of DMNB-13C-T6P (2*) was added to the growth medium of 7-day-old A. thaliana seedlings. The plants were left under growth light to allow uptake for 24â€‰h and the uncaging was performed under 23â€‰Î¼mol mâˆ’2 sâˆ’1 UV for 2â€‰h. Samples were harvested for analysis at different time points: pre-UV, 30, 60 and 120â€‰min (after onset of UV irradiation) and 1 and 2 days after UV irradiation. a, Synthesis of universally 13C-labelled 2* in essentially the same manner as for 2. b, Amount of 13C-T6P released over time in planta. c, Amount of 13C-trehalose accumulated. d, Amount of 13C-glucose accumulated. e, Amount of endogenous T6P. f, Overview of 13C tracking of T6P and metabolites. Data are shown as meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3; *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01 (Studentâ€™s t-test).


Extended Data Figure 8 Synthesis, in vitro SnRK1 inhibition studies and in planta uptake analysis of G6P(1-OMe) precursors 14â€“17.
a, Design and synthesis of oNB-G6P(1-OMe) (14), DMNB-G6P(1-OMe) (15), oNPE-G6P(1-OMe) (16) and mono-DMNB-G6P(1-OMe) (17). b, Lack of inhibition of SnRK1 by G6P(1-OMe) analogues. Data are shown as meanâ€‰Â±â€‰s.e.m., (nâ€‰=â€‰3). c, HPLC and mass spectometry data, [Mâ€‰+â€‰Na]+ or [Mâ€‰âˆ’â€‰H]âˆ’, of pure G6P(1-Ome) precursors 14â€“17. For HPLC conditions see the Supplementary Information section 1. d, HPLC and mass spectometry data, [Mâ€‰+â€‰Na]+ or [Mâ€‰âˆ’â€‰H]âˆ’, of uptaken G6P(1-Ome) precursors14â€“17 in planta. e, Calibration curves for compounds 15, 16 and 17, respectively (nâ€‰=â€‰2 in all cases).


Extended Data Figure 9 Transcript abundance of genes involved in starch synthesis and SnRK1 marker genes in response to caged T6P precursor application of 7-day-old A. thaliana seedlings in liquid culture.
Seedlings were treated with a final concentration of 1â€‰mM of compounds 2 or 3, uptake was allowed for 1 d under the growth lights, before treatment with 23â€‰Î¼mol mâˆ’2 sâˆ’1 UV light for 2â€‰h to facilitate uncaging. a, b, Transcript fold change after 60â€‰min of UV treatment (a) and 1 d after UV treatment (b) of SnRK1 marker genes. Marker genes normally downregulated by SnRK1: TPS5, UDPGDH (At3g29360) and bZIP11, and marker genes normally upregulated by SnRK1: TPS8, Î’GAL and ASN1. c, Transcript fold change of starch synthesis genes after 60â€‰min of UV treatment. Genes involved in starch synthesis: APL3, SS3, BE1 and GBSS1. d, Transcript fold change after 60â€‰min of UV treatment for starch degradation genes. Genes involved in starch degradation: BAM1, BAM3, BAM4 and GWD3. Changes in transcripts for enzymes of degradation were more equivocal with GWD3 increasing and BAM genes showing small changes or decreasing (BAM3). All data were normalized to a ubiquitin control. Data are shown as meanâ€‰Â±â€‰s.e.m. of three independent samples.


Extended Data Figure 10 Additional effects in wheat.
a, Chlorophyll content of leaves after anthesis of ear treatments. b, Chlorophyll content of leaves after anthesis of whole-plant treatments. câ€“e, T6P release and metabolism in wheat. Developing wheat grain were treated with T6P, or compounds 2 or 3 (all 1â€‰mM) 5 or 10 days after anthesis (DPA) and harvested 1 day later. c, Amount of T6P in wheat grains (nâ€‰=â€‰3; data are shown as meanâ€‰Â±â€‰s.e.m.). d, Trehalose (nâ€‰=â€‰3; data are shown as meanâ€‰Â±â€‰s.e.m.). e, Sucrose (nâ€‰=â€‰3; data are shown as meanâ€‰Â±â€‰s.e.m.). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01 (Studentâ€™s t-test). f, Dose response grain yield per plant to T6P precursors (0.1, 1 or 10â€‰mM oNPE-T6P (3) or DMNB-T6P (2) and water, T6P and trehalose controls) sprayed to ears (5â€‰ml) or to the whole plant (50â€‰ml) at 5, 10, 15 and 20 days after anthesis. g, Grain yield per ear in response to a single time point spray (5â€‰ml to the ear at 10 days after anthesis). *Pâ€‰<â€‰0.05 (f, g) compared to water control (Studentâ€™s t-test). Data are shown as meanâ€‰Â±â€‰s.e.m. (nâ€‰=â€‰6).
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