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            Abstract
Legumes, unlike other plants, have the ability to establish symbiosis with nitrogen-fixing rhizobia. It has been theorized that a unique property of legume root cortical cells enabled the initial establishment of rhizobial symbiosis1,2,3. Here we show that a SHORTROOT–SCARECROW (SHR–SCR) stem cell program in cortical cells of the legume Medicago truncatula specifies their distinct fate. Regulatory elements drive the cortical expression of SCR, and stele-expressed SHR protein accumulates in cortical cells of M. truncatula but not Arabidopsis thaliana. The cortical SHR–SCR network is conserved across legume species, responds to rhizobial signals, and initiates legume-specific cortical cell division for de novo nodule organogenesis and accommodation of rhizobia. Ectopic activation of SHR and SCR in legumes is sufficient to induce root cortical cell division. Our work suggests that acquisition of the cortical SHR–SCR module enabled cell division coupled to rhizobial infection in legumes. We propose that this event was central to the evolution of rhizobial endosymbiosis.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Two regulatory elements in the MtSCR promoter govern its expression in legume cortical cells and are required for nodule symbiosis.[image: ]


Fig. 2: MtSHR1/2 are present in cortical cells and required for nodule symbiosis.[image: ]


Fig. 3: MtSHR1/2 and MtSCR are required in cortical cells for nodule organogenesis and for normal developmental responses to cytokinins.[image: ]


Fig. 4: Rhizobia symbiosis signal activates MtSHR–MtSCR program and overexpression of MtSHR1 ubiquitously in M. truncatula hairy roots induces cortical cell division that resembles nodules.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Representative images of GUS staining of transformed hairy root tips in M. truncatula.
The Medicago orthologues of pivotal genes required for plant development in other species were identified by protein similarity (double-direction BLAST). The promoter length of these genes is indicated. Roots were stained in GUS staining solution about 60 min. These experiments were repeated two times with similar results. Scale bars, 100 μm. Details of these genes are in Supplementary Table 2.


Extended Data Fig. 2 Two regulatory elements in the MtSCR promoter govern its cortical cell expression in A. thaliana and cortical expression of SCR in other legumes.
a, AtSCR promoter-specific expression in QC and endodermis of stable transformed A. thaliana. Promoter truncation analysis in stable transformed A. thaliana shows that the AT1-box (−1,604 bp to −1,615 bp) and enhancer (−1,632 bp to −1,638 bp) elements of the MtSCR promoter are essential, and function synergistically to govern MtSCR expression in cortical and epidermal cells in A. thaliana. Cis-elements were predicated by using website PlantPAN 2.0 (http://plantpan2.itps.ncku.edu.tw/). C, cortex; E, endodermis; QC, quiescent centre. b, Sections of GUS-stained hairy roots show MtSCR and AtSCR expression patterns in M. truncatula. Transverse sections were made at about 3–5 mm from the root tip. c, In situ hybridization shows cortical expression of MtSCR in wild-type M. truncatula but not in Mtscr-1. d, Comparative genomics analysis reveals that legume and Parasponia SCR gene promoters harbour closely located (less than 100 bp) enhancer and AT1-box elements, whereas larger distances (170 bp or longer) between AT1-box and enhancer, or the absence of at least one of these elements, were observed in species outside the nitrogen fixation clade. e, In situ hybridization shows cortical cell expression of SCR in G. max, L. japonicus, C. arietinum, P. sativum and L. albus. f, PsSCR promoter (3,257 bp) and LaSCR2 promoter (3,162 bp) expressed in endodermis, QC and cortex of M. truncatula hairy root tips, whereas StSCR promoter (2,660 bp) shows endodermis-specific expression pattern. Note that LaSCR2 promoter (3,162 bp) showed very weak expression in Medicago transgenic hairy root. These experiments were repeated two times with similar results. C, cortex; E, endodermis; QC, quiescent centre. Scale bars, 20 μm (a, c, e, f) and 100 μm (b).


Extended Data Fig. 3 Root development and nodule formation in M. truncatula Mtscr mutants.
a, Schematic representation of MtSCR genomic sequence (top) and identification of Tnt1 insertion mutant of MtSCR (bottom). MtSCR genomic DNA is composed of 2 exons and 1 intron. Tnt1 insertion sites are indicated by arrows. b, Relative MtSCR expression levels in wild-type, Mtscr-1 and Mtscr-2 roots (n = 3). Expression levels were normalized against the reference gene EF-1. Data are mean ± s.d. c, d, Nodule numbers of wild-type, Mtscr-1 and Mtscr-2 roots (c) and representative images of plants and nodules (d) at 7 dpi, 14 dpi, 21 dpi and 28 dpi. e, Density of lateral root numbers (top) and nodules and primordia (bottom) in wild-type, Mtscr-1 and Mtscr-2 roots (n ≥ 20). These experiments were repeated three times with similar results. f, Nodulation phenotype of progeny from Mtscr-1 crossed with Mtscr-2 is comparable with their parents at 14 dpi, indicating that the Mtscr-1 mutation is allelic to the Mtscr-2 mutation (n ≥ 8). b, e, f, Two-sided Student’s t-test (*P < 0.05; **P < 0.01). c, Significance tests for nodule primordia (a/b/c/d) and nodules (a′/b′/c′/d′/e′) were performed. Conditions with different letters were significantly different (ANOVA, Duncan’s multiple range tests; P < 0.05). c, e, f, Boxes show the first quartile, median and third quartile; whiskers indicate minimum and maximum values. Data points are represented by dots. n represents independent biological samples. Scale bars, 1 cm (plants) and 1 mm (root nodules).
Source data


Extended Data Fig. 4 Developmental phenotype in Mtscr, Mtscr-1Mtscl23 and complementation plants.
a, Primary and lateral root radial patterning defects in Mtscr and Mtscr-1Mtscl23 mutants. Note that M. truncatula wild-type roots formed 4–5 layers of cortical cells whereas Mtscr roots formed only 3–4 layers of cortical-like cells. b, All of pMtSCR:MtSCR, pMtSCR∆En∆AT1:MtSCR and pAtSCR:MtSCR could complement Mtscr-1 hairy root radial patterning. c–e, Stable transgenic Mtscr-1 mutant transformed with pAtSCR:MtSCR shows normal shoot gravitropism (c) and root radial patterning (d), but shows a significant reduction in nodule formation at 14 dpi (e) (n ≥ 23). Letters (a/b) indicate significant differences (ANOVA Duncan’s multiple range tests; P < 0.01). e, Boxes show the first quartile, median and third quartile; whiskers indicate minimum and maximum values. f, Relative MtSCR expression levels in empty vector (WT), empty vector (Mtscr-1) and Mtscr-1pAtSCR:MtSCR stable transgenic lines (n = 6). Expression levels were normalized against the reference gene EF-1. Two-sided Student’s t-test (**P < 0.01). Data are mean ± s.d. In a, b, d, transverse sections were made at about 3–5 mm from the root tip. Red represents liginin deposition stained with phloroglucinol. White arrows in Mtscr-1, Mtscr-2, Mtscr-1Mtscl23 and empty vector (Mtscr-1) indicate lignin deposition between adjacent cells. Black arrows indicate endodermal cells, which are thin and long in wild-type or complementary hairy roots while in Mtscr-1, Mtscr-2 and Mtscr-1Mtscl23 mutant they are thick and round. P, pericycle; E, endodermis; m, mutant cell layer. Scale bars, 100 μm. n represents independent biological samples. Data points are represented by dots. These experiments were repeated three times with similar results. Lignin is produced in association with xylem differentiation and is deposited into the secondary cell walls of tracheary elements and fibre cells50.
Source data


Extended Data Fig. 5 SCR expression in cortical cells is required for nodulation symbiosis in M. truncatula, L. japonicus and G. max.
a, Nodulation phenotype at 21 dpi in wild-type (WT) hairy roots transformed with an empty vector (EV), pLjUBQ:MtSCR-SRDX, pMtSCR:MtSCR-SRDX or pMtNRT1.3:MtSCR-SRDX (n ≥ 21). b, Representative images show that hairy roots transformed with MtSCR-SRDX have greatly decreased nodule numbers compared with empty vector. White arrows indicate nodules. c, Hairy root lengths of M. truncatula at 21 dpi transformed with empty vector (EV), pLjUBQ:MtSCR-SRDX, pMtSCR:MtSCR-SRDX, or pMtNRT1.3:MtSCR-SRDX (n ≥ 21). d, Relative expression levels of MtSCR-SRDX in transgenic hairy roots from a. Expression levels were normalized against the reference gene EF-1. Data are mean ± s.d. e, Nodulation phenotype in L. japonicus hairy roots transformed with empty vector or pMtNRT1.3:LjSCR-SRDX at 21 dpi. (n ≥ 12). f, Representative images of empty vector and pMtNRT1.3:LjSCR-SRDX transgenic hairy roots. White arrows indicate nodules. g, Hairy root lengths of L. japonicus at 21 dpi transformed with empty vector and pMtNRT1.3:LjSCR-SRDX (n ≥ 12). h, Relative expression levels of LjSCR-SRDX in transgenic hairy roots from e. Expression levels were normalized against the reference gene LjUb. Data are mean ± s.d. i, Nodulation phenotype in G. max hairy roots transformed with an empty vector or pMtNRT1.3:GmSCR-SRDX at 21 dpi (n ≥ 35). j, Representative images of empty vector and pMtNRT1.3:GmSCR-SRDX transgenic hairy roots. White arrows indicate nodules. k, Hairy root lengths of G. max at 21 dpi transformed with empty vector and pMtNRT1.3:GmSCR-SRDX (n ≥ 35). l, Relative expression levels of GmSCR-SRDX in transgenic hairy roots from i. Expression levels were normalized against the reference gene GmELF1B. Data are mean ± s.d. a, c, Asterisks indicate significant differences from the empty vector control (ANOVA, Dunnett’s multiple tests; **P < 0.01; ns, not significant). e, g, i, k, Asterisks indicate significant differences by two-sided Student’s t-test (*P < 0.05; ns, not significant). a, c, e, g, i, k, Boxes show the first quartile, median and third quartile; whiskers indicate minimum and maximum values. n represents independent biological samples. Data points are represented by dots. These experiments were repeated three times with similar results. Scale bars, 1 mm.
Source data


Extended Data Fig. 6 MtSCL23 and MtSCR function redundantly in nodule organogenesis.
a, Maximum likelihood phylogenetic tree of SCR from A. thaliana; Oryza sativa (Q2RB59, A2ZAX5); Zea mays (NP_001168484); M. truncatula (Medtr7g074650); Selaginella moellendorffii (85562, 84762); Physcomitrella patens (Pp1s882_1V6.1, Pp1s85_139V6.1, Pp1s324_56V6.1) and its homologues from A. thaliana (AtSCL23, AtRGA1, AtSCL3, AtLAS/SCL18) and M. truncatula (Medtr4g076020, Medtr1g069725, Medtr3g065980, Medtr7g027190, Medtr8g442410). Branch support was obtained from 1,000 bootstrap repetitions. Evolutionary analyses were conducted in MEGA751. b, GUS staining of hairy roots transformed with pMtSCL23:EGFP-GUS or pMtSCL2:EGFP-GUS shows both MtSCL23 and MtSCL2 expressed in the cortical cells. Transverse sections were made at about 3–5 mm from the root tip. c, Mutant identification (left) and relative gene expression (right) levels of MtSCL23 (top) and MtSCL2 (bottom). Tnt1 insertion sites and qPCR primers are indicated. d, Nodulation phenotype of wild-type and Mtscl23 roots at 14 days after Sm1021 inoculation (n ≥ 24). e–g, Nodule numbers (e), lateral root numbers (f) and root lengths (g) of wild-type, Mtscr-1, Mtscl2, and Mtscr-1Mtscl2 roots at 14 dpi and 21 dpi (n ≥ 15). h, i, Primary root length (h) and lateral root numbers (i) of wild-type, Mtscr-1, and Mtscr-1Mtscl23 roots at 7 dpi, 14 dpi, 21 dpi and 28 dpi. Mtscr-1Mtscl23 shows short primary root length and similar lateral root numbers compared with Mtscr-1 (n ≥ 19). j, k, The density of lateral roots in Mtscr-1Mtscl23 plants is significantly increased compared with Mtscr-1 (j), whereas nodule density is significantly decreased (k) (n ≥ 19). l, Real-time RT–PCR (qPCR) analysis shows that induction of LBD16, ENOD40, FLOT4 and RIP upon Nod factor treatment for 24 h is fully dependent on MtSCR and MtSCL23. Expression of NIN, ERN1, NSP2 and VAPYRIN still can be induced, but the expression level was much lower than that in wild-type plants. Data are mean ± s.d. Expression levels were normalized against the reference gene EF-1. c–l, Two-sided Student’s t-test (*P < 0.05; **P < 0.01; ns, not significant). d–k, Boxes show the first quartile, median and third quartile; whiskers indicate minimum and maximum values. n represents independent biological samples. Data points are represented by dots. These experiments were repeated three times with similar results. Scale bars, 1 mm (b, root tip) and 50 μm (b, root sections).
Source data


Extended Data Fig. 7 MtSHR1 is expressed in the stele and MtSCR interacts with MtSHR1 and MtSHR2.
a, In situ hybridization shows that MtSHR1 is expressed in the stele. Scale bars, 100 μm. These experiments were repeated two times. b, Interactions between MtSCR and MtSHR1/2 in yeast two-hybrid assay. BD, binding domain; AD, activation domain. SD2, SD medium lacking leucine, tryptophan; SD4, SD medium lacking leucine, tryptophan, histidine and adenine. c, Split luciferase complementation indicates an in vivo interaction between MtSCR and MtSHR1/2 in N. benthamiana leaves. Fluorescence signal intensity is indicated. JW771 and JW772, which were derived from pCAMBIA2300 by insert Pro35S:nLUC or Pro35S:cLUC cassette, respectively, were used34. d, MtSCR co-immunoprecipitates with MtSHR1/2 in N. benthamiana. WB, western blot; IP, immunoprecipitation; CoIP, coimmunoprecipitation. MtSCR–HA and MtSHR1–FLAG or MtSHR2–FLAG were co-expressed in N. benthamiana leaves, respectively. For blot source data, see Supplementary Fig. 1. These experiments were repeated three times with similar results. e, Protein alignments show that two regions of SHR protein sequence show high variation.


Extended Data Fig. 8 M. truncatula MtSHR is required for nodule symbiosis.
a, Schematic representation of MtSHR2 genomic sequence (top) and identification of Tnt1 insertion mutant of MtSHR2 (bottom). b, Relative expression levels of MtSHR1 and MtSHR2 in Mtshr2 mutant (n ≥ 3). qPCR primer is indicated in a. c, Root length of wild-type and Mtshr2 roots at 14dpi (n ≥ 23). d, Numbers of nodules and primordia in wild-type and Mtshr2 roots at 14 dpi. e, Hairy root length of Mtshr2 at 21 dpi transformed with empty vector or MtSHR1 RNAi (n ≥ 16). f, Nodulation phenotype of Mtshr2 transformed with empty vector or MtSHR1 RNAi (n ≥ 16). g, qPCR showing that expression of MtSHR1 but not its homologues was significantly reduced in MtSHR1 RNAi transgenic hairy roots at 21 dpi (n ≥ 5). h, Representative images show that nodule numbers were reduced in MtSHR1-SRDX transgenic hairy roots of Mtshr2 plants. White arrows indicate nodules. i, Hairy root length of Mtshr2 at 21 dpi transformed with empty vector, pLjUBQ:MtSHR1-SRDX, pMtSHR1:MtSHR1-SRDX, or pMtNRT1.3:MtSHR1-SRDX (n ≥ 10). j, Relative expression levels of MtSHR1-SRDX in transgenic hairy roots in i. k, GUS staining shows that MtSHR1–SRDX-2NLS–GUS is specially located in cortical cells in pNRT1.3:MtSHR1-SRDX-2NLS-GUS transgenic hairy roots. l, Nodulation phenotype of Mtshr2 at 21 dpi transformed with empty vector or pMtNRT1.3:MtSHR1-SRDX-2NLS (n ≥ 10). m, Hairy root length of Mtshr2 plants at 21 dpi transformed with empty vector or pMtNRT1.3:MtSHR1-SRDX-2NLS. n, Relative expression levels of MtSHR1-SRDX-2NLS in transgenic hairy roots in m. In b, g, j and n, expression levels were normalized against the reference gene EF-1. Data are mean ± s.d. b–g, i, l, m, Two-sided Student’s t-test (*P < 0.05; **P < 0.01; ns, not significant). c–f, i, l, m, Boxes show first quartile, median and third quartile; whiskers indicate minimum and maximum values. n represents independent biological samples. Data points are represented by dots. These experiments were repeated three times with similar results. Scale bars, 1 mm (h) and 50 μm (k).
Source data


Extended Data Fig. 9 MtSHR1/2 and MtSCR are induced by cytokinins and required for NIN-induced spontaneous nodule formation, and overexpression of SHR promotes cortical cell division.
a, Immunoblotting showing that MtSHR1–GUS (~130 kDa) accumulated in pMtSHR1:MtSHR1-GUS transgenic hairy roots after 6-BA treatment for 4 days (n ≥ 10). For blot source data, see Supplementary Fig. 1. b, 6-BA treatment for 4 days upregulated the expression of MtSCR in root tips. Expression levels were normalized against the reference gene EF-1 (n ≥ 20). c, d, The frequency (c) and numbers (d) of spontaneous nodules induced at 10 weeks by transformation with pLjUBQ:NIN were significantly lower in Mtscr-1 than in wild-type plants (n ≥ 26). e, Section of spontaneous nodules formed in wild-type and Mtscr-1 roots, in the absence of S. meliloti in c. f, In A. thaliana, cortical cell divisions were evident within 24 h after initiating conditional ectopic overexpression (pG1090-XVE:AtSHR stable transformed line) of AtSHR via oestradiol treatment (10 μM). Arrowheads indicate cortical cell divisions. En, endodermis; Co, cortex; Ep, epidermis. These experiments were repeated two times with similar results. g, Relative expression levels of MtSCR and MtSHR1 in stable transformed rice (n = 6). Expression levels were normalized against the reference gene Cyclophilin2. h, Root sections of rice roots transformed with empty vector or overexpression of MtSCR-MtSHR1 lines. These experiments were repeated two times with similar results. i, Cortex-specific overexpression of MtSHR1 driven by the MtNRT1.3 promoter is sufficient to trigger cortical cell division. Transverse sections were made at about 3–5 mm from the root tip. These experiments were repeated three times with similar results. j, Table showing that excessive cortical cell division induced by MtSHR1 overexpression requires MtSCR, but does not require the Nod factor signalling pathway components NFP, NSP1, NSP2 and NIN. d, Boxes show first quartile, median and third quartile; whiskers indicate minimum and maximum values. b, d, g, Two-sided Student’s t-test (**P < 0.01). Data are mean ± s.d. n represents independent biological samples. Data points are represented by dots. Scale bars, 1 mm (c), 20 μm (f), 50 μm (e) and 100 μm (h, i).
Source data


Extended Data Fig. 10 The MtSHR–MtSCR module is required for infection thread formation and can be activated by symbiotic signals.
a, Histochemical analysis of ENOD11:GUS expression of pLjUBQ:MtSHR1-transformed roots. b, A higher frequency of pMtENOD11:GUS staining sites was observed in MtSHR1-overexpressing hairy roots compared with the empty vector control at 7 dpi with Sm1021. c, Average numbers of infection threads (ITs) and infection foci in wild-type, Mtscr-1, and Mtscr-1Mtscl23 roots 7 days after inoculation with LacZ-marked Sm1021 (n ≥ 12). Different letters (a/b) indicate significant differences (ANOVA, Duncan’s multiple range tests; P < 0.05). d, Average numbers of infection threads and infection foci in empty vector and pLjUBQ:MtSHR1-SRDX transformed hairy roots 7 days after inoculation with LacZ-marked Sm1021 (n ≥ 14). ITs includes infection threads that end in epidermis and reach cortex. e, Real-time RT–PCR (qPCR) analysis showing that expression of MtSCR but not MtSHR1/2 is induced in wild-type plants at 7 dpi (n = 5). f, GUS staining of hairy roots shows that pMtSCR:EGFP-GUS and pMtSHR1:MtSHR1-GUS but not pMtSHR1:EGFP-GUS are induced in nodule primordia. These experiments were repeated three times with similar results. g, qPCR showing that genetic impairment of MtSHR1/2 function significantly reduces the expression of MtSCR at 7 dpi (n ≥ 5). h, MtSCR induction in M. truncatula requires the Nod factor signalling pathway components NSP1, NSP2 and NIN (n ≥ 5). i, GUS protein is not modified and accumulated upon Sm1021 inoculation in p35S:GUS transgenic root. Actin is a loading control. These experiments were repeated two times with similar results. For blot source data, see Supplementary Fig. 1. j, Elevated levels of MtSHR1–GUS fusion proteins upon Sm1021 inoculation depend on the Nod factor signalling pathway components NSP1 and NSP2. These experiments were repeated three times with similar results. For blot source data, see Supplementary Fig. 1. k, qPCR shows that overexpression of MtSHR1 triggers upregulation of MtSCR (n = 5). l, ChIP–PCR shows that MtSHR1 associated with the promoter of an MtSCR fragment that does not overlap with the AT1-box (−1,604 bp to −1,615 bp) and enhancer (−1,632 bp to −1,638 bp). GFP–3×FLAG-transformed hairy roots were used as control. p35S:MtSHR1-3×FLAG or p35S:GFP-3×FLAG-transformed hairy roots were collected 21 days after Sm1021 inoculation. Fold-enrichment calculations from three replicate qPCR assays. These experiments were repeated in two independent ChIP experiments with similar results. m, n, The induction of LBD16 upon Nod factor treatment for 24 h was abolished in Mtscr-1Mtscl23 (m) and SHR1 dominant-negative transgenic roots (n). o, The induction of MtSCR upon Sm1021 treatment was abolished in lbd16-1 roots. p, MtSHR–MtSCR and LBD16 may regulate each other to form a positive feedback loop to coordinately regulate nodule organogenesis. b, d, e, g, h, k–o, Two-sided Student’s t-test (*P < 0.05; **P < 0.01; ns, not significant). e, g, h, k–o, Expression levels were normalized against the reference gene EF-1. b, Boxes show first quartile, median and third quartile; whiskers indicate minimum and maximum values. n represents independent biological samples. Data are mean ± s.d. Data points are represented by dots. These experiments were repeated three times with similar results. Scale bars, 1 mm (a) and 100 μm (f).
Source data


Extended Data Fig. 11 A proposed model of cortical cell division competence for nodule organogenesis in legumes.
a, The MtSHR–MtSCR network in cortical cells allows them to respond to symbiotic signals and cytokinins. b, Rhizobial signals activate the MtSHR–MtSCR module to promote cortical cell division and nodule organogenesis. c, SHR and SCR are not expressed in root cortical cells of A. thaliana. d, Ectopic expression of SHR–SCR network leads to cortical cell division in A. thaliana. Ep, epidermis; Co, cortex; En, endodermis; Vasc, vascular tissue; Lrc, lateral root cap; Col, columella.
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