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            Abstract
Shoot growth depends on meristems, pools of stem cells that are maintained by a negative feedback loop between the CLAVATA pathway and the WUSCHEL homeobox gene1. CLAVATA signalling involves a secreted peptide, CLAVATA3 (CLV3)2, and its perception by cell surface leucine-rich repeat (LRR) receptors, including the CLV1 receptor kinase3 and a LRR receptor-like protein, CLV2 (ref. 4). However, the signalling mechanisms downstream of these receptors are poorly understood, especially for LRR receptor-like proteins, which lack a signalling domain5. Here we show that maize COMPACT PLANT2 (CT2) encodes the predicted α-subunit (Gα) of a heterotrimeric GTP binding protein. Maize ct2 phenotypes resemble Arabidopsis thaliana clavata mutants, and genetic, biochemical and functional assays indicate that CT2/Gα transmits a stem-cell-restrictive signal from a CLAVATA LRR receptor, suggesting a new function for Gα signalling in plants. Heterotrimeric GTP-binding proteins are membrane-associated molecular switches that are commonly activated by ligand binding to an associated seven-pass transmembrane (7TM) G-protein-coupled receptor (GPCR)6. Recent studies have questioned the idea that plant heterotrimeric G proteins interact with canonical GPCRs7, and our findings suggest that single pass transmembrane receptors act as GPCRs in plants, challenging the dogma that GPCRs are exclusively 7TM proteins.
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                    Figure 1: ct2 mutant phenotypes.[image: ]


Figure 2: Cloning and expression of CT2.[image: ]


Figure 3: Interactions between CT2 and CLAVATA signalling.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Phenotypic analysis of ct2 mutants.
a, Wild-type seedling. b, ct2 seedling showing reduced height. c, Cleared wild-type vegetative SAM. d, Cleared ct2 vegetative SAM showing increased diameter (± denotes s.d.; n = 10 for each genotype). e, Wild-type SAM longitudinal section probed in situ for KNOTTED1 (KN1) mRNA. f, ct2 SAM longitudinal section probed in situ for KN1 mRNA showing a wider expression domain but normal patterning. g, h, Transverse sections of wild-type and ct2 SAM probed in situ for KN1. i, SEM of wild-type ear primordium showing a regular shaped inflorescence meristem (IM) and regular arrangement of spikelet pair meristems (SPM) on the flanks. j, ct2 ear primordium showing fasciation of the inflorescence meristem and irregular arrangement of SPM. k, Wild-type tassel primordium. l, ct2 tassel primordium showing reduced length of main rachis and tassel branches and increased spikelet density. Scale bars represent 100 µm (e–h), 1 mm (i, j) and 2 mm (k, l).


Extended Data Figure 2 ct2 alleles and complementation by the CT2–YFP transgene.
a, Schematic of the ct2 locus with mutations marked and agarose gel electrophoresis of partial ct2-Ref (left) and ct2-258 (right) complementary DNA (cDNA) fragments compared to the corresponding wild type. cDNA fragments show increased size for the ct2-Ref allele owing to the insertion within exon 14, and reduced size for the ct2-258 allele owing to skipping of exons 12 and 13. Primer locations are indicated in a. All 3 EMS induced alleles had mutations that induced aberrant splicing, which led to the introduction of premature stop codons. ct2-258, had a G to A transition at the last nucleotide of exon 12, disrupting the 5′ splice site of exon 12. This mutation caused skipping of exons 12 and 13. The G to A transition at the last nucleotide of exon 4 of the ct2-2 allele disrupted the natural 5′ splice site, resulting in activation of a cryptic 5′ splice site five nucleotides downstream. Another G to A transition at the last nucleotide of intron 2 in the ct2-27 allele disrupted the natural 3′ splice site generating a frame-shifted mRNA missing the first seven nucleotides of exon 3. b, ct2 and CT2–YFP transgene genotyping. The genotyping scheme relies on an AccI site single nucleotide polymorphism that is lost in ct2-Ref and amplification of the YFP insertion in the transgene, as described in the Methods. c, Leaf length was indistinguishable between transgenic, homozygous ct2-Ref and wild-type plants, but significantly longer than non-transgenic ct2-Ref homozygous mutants (P value = 0.001, Student’s t test; n = 10 for each genotype; error bars represent s.d.), indicating complementation. d, Seedling phenotypes of transgenic, wild-type plants. e, Seedling phenotype of transgenic, homozygous ct2-Ref plants. f, Seedling phenotype of non-transgenic, homozygous ct2-Ref plants; plants are dwarfed and develop shorter leaves. Pictures d–f are shown at identical magnification.


Extended Data Figure 3 CT2–YFP expression.
a, CT2–YFP expression in median optical section of the inflorescence meristem (IM) of an ear primordium, note expression is enhanced in outer layers. b, CT2–YFP expression in a spikelet pair meristem (SPM), showing enhanced expression in the L1 (arrows). c, More centrally localized CT2–YFP expression within a developing spikelet meristem (SM). d, CT2–YFP expression during early stages of floral development, in stamen (st) and carpel (ca) primordia. In both organs, YFP signal is enhanced in the L1 layer (arrow). e, Expression during ovule development, in the ovule (ov) and in the outer cell layers of the stamen primordia (st). f, CT2–YFP expression in roots that were counterstained with propidium iodide is localized along the cell periphery. Image e is a three-dimensional reconstruction of a Z-stack series; scale bars, 100 μm.


Extended Data Figure 4 ct2 double mutant analysis.
Spikelet density of ct2-Ref; td1-Ref double mutants was significantly higher than either single mutant (***P value = 0.0001; Student’s t test). In contrast, spikelet density in ct2-Ref; fea2-0 double mutants was not significantly different (NS) from that of ct2 single mutants (P value = 0.42; Student’s t test), even though each single mutant was significantly higher than normal (P value = 0.001; Student’s t test). However, fea2 mutants were significantly different from ct2;fea2 double mutants (**P value 0.001; Student’s t test), suggesting that CT2 also signals independently of FEA2 in control of spikelet density; n ≥ 10 for each genotype; error bars represent s.d. This experiment was conducted with 2 independent biological replicates.


Extended Data Figure 5 Full fractionation western blots and loading controls and FEA2 glycosylation and localization.
a, Western blot probed with an anti-FEA2 peptide antibody and a secondary HRP-coupled antibody (GE); loading quantities shown on right side by 0.1% Ponceau S stain. The anti-FEA2 peptide antibody detects a band of ∼70 kDa in B73 membrane enriched fractions (lane 3). Specificity of the antiserum is evident by the lack of a cross-reacting band in the membrane-enriched fraction from fea2 ears (lane 4). b, FEA2 is glycosylated. It runs at ∼70 kDa in B73 membrane-enriched fractions (lane 1) and is reduced in size upon treatment with PNGaseF glycosidase (lane 2). c, Subcellular fractionation of FEA2 by aqueous two-phase partitioning. The lower (L) and upper (U) phase fractions from B73 inflorescences were resolved on a 10% SDS–PAGE gel, and probed with antisera against BiP lumenal binding protein, or plasma membrane H+ ATPase (Agrisera), or FEA2. Similar loading is shown by Ponceau staining. The endogenous FEA2 distribution is similar to the plasma membrane H+ ATPase, suggesting that it localizes predominantly to the plasma membrane. d, Western blot probed with an anti-GFP peptide antibody and a secondary HRP coupled antibody (GE), loading quantities shown on right side by 0.1% Ponceau S stain. e, Complete scan of the IP western blot shown in Fig. 3d, showing full fractionation and all lanes on same gel. The blot was probed with an anti-FEA2 peptide antibody and a secondary HRP coupled antibody (GE). MF, membrane fraction. This experiment was conducted with 3 biological replicates.


Extended Data Figure 6 Overlapping sizes of FEA2 and CT2 protein complexes.
In the lower panel, membrane enriched extracts from wild-type ears were fractionated by gel filtration, and fractions separated by SDS–PAGE and probed with the FEA2 antiserum. FEA2 was detected in complexes ranging from ∼350 to 550 kDa, with a peak around 400 kDa. The positions of the marker proteins are indicated. In the upper panel, the CT2–YFP fusion protein was detected by spectroscopy as it eluted from the column. In cytoplasmic extracts, CT2–YFP in the soluble fraction (CT2–YFP SOL) eluted at ∼100 kDa, suggesting an interaction with unknown cytoplasmic protein(s). In contrast, a membrane-enriched fraction (CT2–YFP MF) showed that CT2–YFP membrane complexes were a broad range of sizes that overlapped with the FEA2 complex size at ∼400 kDa (shaded area).


Extended Data Table 1 ct2 mutant leaves are shorter and wider but cell size is not significantly different.Full size table





Supplementary information
Supplementary Table 1 - Mass spectroscopy analysis of CT2-YFP IPs
We performed 2 independent IP/ Mudpit mass spec runs using CT2-YFP, and we only considered hits with 2 or more significantly matching peptides. The list of potential CT2 interactors includes matches that were present in both runs, after protein matches that were found in control (non-transgenic) IPs were eliminated from the list. The IP mass spec analysis detected CT2 itself, the heterotrimeric G protein subunit (annotated as ZmAGB1), and three predicted LRR receptors, see file for additional information. (XLSX 53 kb)
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A novel GPCR in maize
In plants the shoot apical meristem stem cells, responsible for stem growth, are maintained by a negative feedback loop between the CLAVATA signalling pathway and the WUSCHEL homeobox gene. In this study, David Jackson and colleagues demonstrate that in maize, the COMPACT PLANT2 (CT2) gene encodes a Gα subunit of a heterotrimeric GTP binding protein. CT2/Gα transmits a stem-cell-restrictive signal from a maize CLAVATA leucine-rich repeat receptor-like protein, FEA2, suggesting a previously unrecognized function for Gα signalling in plants. Single-pass transmembrane receptors act as G-protein coupled receptors (GPCRs) in plants, challenging the dogma that GPCRs are exclusively seven-transmembrane-domain receptor proteins.
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