







    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

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                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: 24 July 2017



                    GLUTAMATE RECEPTOR-LIKE channels are essential for chemotaxis and reproduction in mosses

                    	Carlos Ortiz-Ramírez1 nAff3, 
	Erwan Michard1,2, 
	Alexander A. Simon2, 
	Daniel S. C. Damineli2, 
	Marcela Hernández-Coronado1 nAff3, 
	Jörg D. Becker1 & 
	…
	José A. Feijó1,2 

Show authors

                    

                    
                        
    Nature

                        volume 549, pages 91–95 (2017)Cite this article
                    

                    
        
            	
                        19k Accesses

                    
	
                        90 Citations

                    
	
                            50 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Evolutionary developmental biology
	Fertilization


    


                
    
    

    
    

                
            


        
            Abstract
Glutamate receptors are well characterized channels that mediate cell-to-cell communication during neurotransmission in animals, but their functional role in organisms without a nervous system remains unclear. In plants, genes of the GLUTAMATE RECEPTOR-LIKE (GLR) family have been implicated in defence against pathogens, reproduction, control of stomata aperture and light signal transduction1,2,3,4,5. However, the large number of GLR genes present in angiosperm genomes (20 to 70)6 has prevented the observation of strong phenotypes in loss-of-function mutants. Here we show that in the basal land plant Physcomitrella patens, mutation of the GLR genes GLR1 and GLR2 causes failure of sperm cells to target the female reproductive organs. In addition, we show that GLR genes encode non-selective Ca2+-permeable channels that can regulate cytoplasmic Ca2+ and are needed to induce the expression of a BELL1-like transcription factor essential for zygote development. Our work reveals functions for GLR channels in sperm chemotaxis and transcriptional regulation. Sperm chemotaxis is essential for fertilization in both animals and early land plants such as bryophytes and pteridophytes. Therefore, our results suggest that ionotropic glutamate receptors may have been conserved throughout plant evolution to mediate cell-to-cell communication during sexual reproduction.
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                    Figure 1: GLR mutants have male reproductive phenotypes.[image: ]


Figure 2: Sperm cells from glr1/2 fail to reach the archegonia entrance.[image: ]


Figure 3: BELL1 influence sporophyte spore production and size.[image: ]


Figure 4: GLRs are Ca2+-permeable channels in the plasma membrane.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Measurement of caulonema filaments and cross-fertilization.
a, Growth of protonema colonies under different Ca2+ concentrations. The initial colony diameter was subtracted from the diameter at day 5. Data are from 3 biological replicates and several independent colony measurements. n = 59 (WT), n = 58 (glr1), n = 58 (glr2) n = 55 (glr1/2). Error bars denote s.d. There was a statistically significant difference between Ca2+ treatments (P < 0.001, F156.3, two-way ANOVA) but not between genotypes (P = 0.952, two-way ANOVA). Colony diameter in samples treated with 100 and 1,000 μM Ca2+ was significantly different from untreated samples. *P = 0.01, **P < 0.001, Holm–Sidak multiple comparison test. b, Caulonema cells (white arrows) from wild-type lines and the glr1/2 mutant have similar morphologies. Scale bars, 500 μM. Images are representative of 13 images. c, Caulonema length from filaments induced in darkness. There was no significant difference between the wild type (n = 148) and glr1/2 mutant (n = 180). Error bars represent s.d. Results were obtained from 3 biological replicates. d, Self-fertilization events (top) and outcrossing events (bottom) were identified in cross-fertilization experiments between Vsx RFP (paternal line) and glr1/2 (maternal line). Scale bars, 200 μm. Images are representative of 4 images. e, Sporophyte production rates in cross-fertilization experiments using different genotypes are shown. Sporophyte production in glr1/2 was as high as in the wild type (outcrossing rates), suggesting full phenotypic complementation when Vsx sperm cells are provided. 50 gametophores per replicate were analysed. Data are mean ± s.d. from 4 biological replicates.

                          Source data
                        


Extended Data Figure 2 Display of an isolated reproductive unit, and quantification of cytosolic calcium and sporophyte production.
a, An intact open archegonium, several antheridia, and a sperm cell cluster are shown (arrows). In most samples, only one antheridium was ready to release the sperm cells at the time of the experiment. The antheridium from which the sperm cell cluster was released is indicated by an asterisk. After 1 min, the released sperm cells became fully motile and individual cells began to separate from the protein matrix (arrowheads). Scale bar, 30 μm. Image is representative of 6 images. b, Basal cytosolic calcium in control cells (transfected with pCI and pEF1-YC3.6) and cells co-expressing GLR1 and YC3.6 exposed to medium with no calcium. n = 29 (control), n = 15 (GLR1); biological replicates. There was a statistically significant difference between the two samples. *P = 3 × 10−8, Welch’s t-test for unequal variances. Violin plots show curves of density estimates, boxplots and white points with lines are mean and s.e.m. c, The GLR2::BELL1 complementation line shows a similar sporophyte production rate to the glr1/2 mutant line. The percentage of gametophores with sporophytes from the total number of gametophores is shown. Data are mean ± s.d. from several independent biological replicates. n = 12 (WT), n = 7 (glr1/2), n = 4 (GLR2::BELL1). 100 gametophores were counted per sample. Box plot lines show outliers.


Extended Data Figure 3 Gene network analysis for GLR1 and GLR2.
a, GLR2 co-expression gene network showing genes one and two steps away from the query gene. Gene Ontology (GO) analysis of the 151 genes that integrate the network shows only two enriched categories: transcriptional regulation and protein kinase activity (modified Fisher exact P value). The gene families represented in the two clusters are shown in italics. Highlighted nodes represent transcription factors genes interacting with GLR2 in the network. b, GLR1 co-expression gene network showing genes two steps away from the query gene. No enriched Gene Ontology categories were found. GLR1 is highlighted at the centre of the network. Shapes represent label co-occurrences used to group genes according to Pfam domains and PLAZA families. See Supplementary Table 3 for the complete gene lists and annotations.


Extended Data Figure 4 Effect of Gd3+ and AP5 on 35S::PpGLR1 protoplasts currents.
a, Typical currents recorded in protoplasts from 35S::PpGLR1 protonema under the whole-cell configuration before and after the application of 0.5 and 1 mM Gd3+. b, Standardized current–voltage curves of stationary currents recorded in experiments as shown in a. n = 3 for all conditions. c, Effect of AP5 (200 μM) on typical currents recorded in protoplasts from 35S::PpGLR1 (n = 5). d, Standardized currents corresponding to c, recorded before (black circles) and after (red circles) the addition of 200 μM AP5 (n = 4). In all cases n represents biological replicates. Error bars denote s.e.m.

                          Source data
                        


Extended Data Figure 5 Effect of Gd3+, CNQX and AP5 on COS-7 cells expressing GLR1.
a, Typical currents recorded in COS-7 cells transfected with pCI-PpGLR1 before and after the addition of 1 mM Gd3+. b, Standardized current–voltage curves of experiments in a. Currents were recorded in control conditions before Gd3+ application (black circles), and after the addition of 1 mM Gd3+ (red circles) (n = 3 for control and treatment). c, Typical currents recorded in transfected COS-7 cells expressing GLR1 in control solution (left) and after the addition of 50 μM CNQX (right). d, Standardized current–voltage curves of experiments in c. Currents were recorded in control conditions (black circles), and after the addition of 50 μM CNQX (red circles) (n = 3). e, Typical currents recorded in COS-7 cells transfected with pCI-PpGLR1 before and after the addition of AP5 (200 μM). f, Standardized current–voltage curves of experiments presented in e. Currents were recorded in control conditions (black circles) and after the addition of 200 μM AP5 (red circles) (n = 4). Standard solutions are identical to Fig. 4e, f. Pipette contained 146 mM Cl− and 140 mM Na+, bath solution contained 150 mM Cl−, 5 mM Ca2+ and 10 mM Na+ as charge carriers. Error bars denote s.e.m. In all cases n represents biological replicates.

                          Source data
                        


Extended Data Figure 6 GLR1 is a non-selective channel.
a, Typical currents recorded in wild-type protoplasts from protonema with 10 or 110 mM Na+. b, Standardized current–voltage curves of experiments in a. 10 mM Na+ (black circles), 110 mM Na+ (red circles) (n = 4). c, Typical currents recorded in COS-7 cells transfected with pCI-PpGLR1 with external solutions containing: (i) 10 mM Na+, 5 mM Ca2+, 150 mM Cl−; (ii) 140 mM Na+, 5 mM Ca2+, 150 mM Cl−; or (iii) 10 mM Na+, 70 mM Ca2+, 150 mM Cl−. d, Standardized current–voltage curves of experiments presented in c (n = 3). e, Representative current traces from COS-7 cells transfected with pCI-PpGLR1 in an external solution containing 10 mM Ca2+ and 10 mM Cl− without Na+ (left) and with 130 mM Na-gluconate (right) applied by perfusion. Pipette solutions were as in Fig. 4g, h. f, Standardized current–voltage curves of experiments shown in e. Na+-free solutions (red circles), 130 mM Na+ (black circles) (n = 3). When the external Na+ concentration increased from 10 to 140 mM, a current increase was observed, demonstrating the permeability of GLR1 for Na+ shown in c and d. Furthermore, Na+ permeability was confirmed as the current intensity increased and the reversal potential also significantly shifted to the right when adding Na+ to the external solution, as shown in e and f. g, Representative current traces from control cells (left) and COS-7 cells transfected with pCI-PpGLR1 (right) in 70 mM Ca2+ bathing solution (experimental conditions as in Fig. 4g, h). h, Current–voltage curve depicting average stationary current intensity as shown in g. Control (red circles) and pCI-PpGLR1(black circles) (n = 3). The increase in current by external Ca2+ demonstrates a permeability of GLR1 to Ca2+. Together with data presented in c and d, these results suggest a complex effect of external Ca2+. Indeed, while g and h demonstrate a Ca2+ permeation in conditions in which no Na+ and low (6 mM) Cl− are present, c and d show a decrease of ionic currents by high extracellular Ca2+ when the bath contains 10 mM Na+ and 150 mM Cl−. Panels e–h also suggest that Cl− may pass through the channel accounting for the portion of outward current. Error bars denote s.e.m. In all cases n represents biological replicates.

                          Source data
                        


Extended Data Figure 7 Schematic representation of the constructs used for the generation of glr1 and glr1/2 mutants by homologous recombination.
a, GLR1 endogenous genomic locus (top) and pBNRF plasmid used for transformation (lines) are shown. The boxes and lines between the boxes represent exons and introns, respectively. Grey boxes represent untranslated regions (UTRs) of the gene, and small arrows indicate the approximate position where primers bind to the DNA sequence. Broken lines denote the flanking genomic regions of the genes used for homologous recombination. b, The endogenous genomic locus of GLR2 (top) and the pBHrev construct used for transformation (bottom). c, PCR showing deletion of the GLR1 gene from glr1 knockout mutants and the correct insertion of the construct used for transformation. d, Same as c but for the glr1/2 double-knockout mutants. See Supplementary Information for uncropped gel images.


Extended Data Figure 8 Independent mutant lines have similar phenotypes.
a, All glr1 mutant lines show a significant difference in sporophyte production when compared to wild-type lines. P ≤ 0.012, two-tailed t-test. 100 gametophores were counted per sample (biological replicates); n = 12 (WT), n = 8 (glr1-19), n = 4 (glr1-8), n = 3 (glr1-14). b, Similarly, all glr2 mutant lines produced very few sporophytes compared to wild-type lines. P ≤ 0.004, Mann–Whitney U-test. Data from several biological replicates; n = 12 (WT), n = 9 (glr1/2-63), n = 7 (glr1/2-11), n = 4 (glr1/2-16). 100 gametophores were counted per sample. c, All complementation lines had significantly bigger spores than spores of glr1/2 double-knockout lines. P ≤ 0.001, Mann–Whitney U-test. Spores from 3 biological replicates were pooled and measured. Data points represent individually measured spores. n = 82 (WT), n = 174 (glr1/2) n = 117 (GLR2::BELL1-57), n = 284 (GLR2::BELL1-18), n = 202 (GLR2::BELL1-10). d, Similarly, GLR2::BELL1 sporophytes clearly produced more spores than glr1/2 mutants (P ≤ 0.022, two-tailed t-test). Data from several biological replicates. n = 9 (WT), n = 6 (GLR2::BELL1-18, GLR2::BELL1-10, glr1/2), n = 3 (GLR2::BELL1-57). Box plots show 25th and 75th percentiles, and lines indicate outliers.


Extended Data Figure 9 Schematic representation of the constructs used for the generation of glr2 and GLR2::BELL1 mutants by homologous recombination.
a, GLR2 endogenous genomic locus (top) and pTN83 plasmid used for transformation (bottom). The boxes and lines between the boxes represent exons and introns, respectively. Small arrows indicate the approximate position where primers bind to the DNA sequence. Broken lines denote the genomic regions used for homologous recombination. b, The endogenous genomic locus in the glr1/2 mutant (top), and pZB1 construct used for transformation (bottom). c, PCR showing the deletion of the GLR2 gene from glr2 single-knockout mutants and the correct insertion of the construct used for transformation. d, Hygromycin could not be detected in GLR2::BELL1 complementation mutants and PCR analyses show correct insertion of the construct. e, RT–PCR experiments show that GLR1 transcripts are more abundant in 35S::PpGLR1 lines. 25 cycles of PCR amplification using cDNA obtained from protonema were used to amplify GLR1 in wild-type and overexpression lines. α-tubulin (TUB) was used as a control. See Supplementary Information for uncropped gel images.


Extended Data Table 1 Differentially expressed genes in glr1/2Full size table
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Sex talk in moss
Ionotropic glutamate receptors act as cationic channels to mediate neurotransmission in animals. José Feijó and co-workers now describe a role for GLUTAMATE RECEPTOR-LIKE (GLR) channels in an organism lacking a nervous system—a moss. Like animals, this basal land plant has motile sperm that targets the female reproductive organs for fertilization through chemotaxis. The authors find that this process does not occur in the absence of the GLR channels, which seem to be required for the regulation of calcium-mediated signalling and for the expression of a transcription factor that is essential for zygote development. An intriguing question is whether glutamate receptors also function in animal fertilization.
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