A new receptor for LPS 

A surface-localised lectin S-domain receptor kinase confers LPS recognition in plants.
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The innate immune system’s ability to recognize infectious non-self molecules relies on the sensitive perception of conserved pathogen-associated molecular patterns (PAMPs) by host pattern recognition receptors (PRRs). A stereotypical bacterial PAMP recognised by mammalian cells is lipopolysaccharide (LPS)1, the major constituent of the outer cell envelope of Gram-negative bacteria. Although plants are also able to perceive LPS and mount innate immune responses2–4, no plant receptor for LPS was known until now. In this issue of Nature Immunology, Ranf et al.5 report the identification of a plasma-membrane receptor kinase that is required for LPS responsiveness in plants, and define a type of domain potentially involved in LPS perception.

LPS is made up of conserved lipid A and core oligosaccharide regions and a long-chain polysaccharide (the O antigen) that can have highly variable composition, length and branching of its carbohydrate subunits. Previous studies have shown that plants can recognize different parts of LPS2,4, and Ranf et al.5 first sought to define the LPS epitope from different species of Pseudomonas bacteria that is recognized by the model plant species Arabidopsis thaliana. To rule out that the Arabidopsis  immune responses triggered by their LPS preparations were not caused by contamination with other bacterial PAMPs, such as flagellin, EF-Tu or peptidoglycan (PGN)3, the authors used Arabidopsis strains with mutated receptors or co-receptors for these PAMPs. This control was key, as the previous assumption that LPS was a PAMP recognised by Drosophila, for example, was actually caused by the contamination of commercial LPS preparations by PGN6.

Using a rigorous combination of chemical extractions and bacterial mutations that affect distinct regions of the LPS molecule, the authors defined Pseudomonas lipid A as being sufficient to induce immune responses in Arabidopsis5. Furthermore, they show that LPS or lipid A from different Xanthomonas species also trigger immune outputs in Arabidopsis, but those from Escherichia coli, Salmonella enterica or Burkholderia species do not. However, the Arabidopsis responsiveness was not limited to LPS derived from plant-pathogenic bacteria, as LPS from Pseudomonas aeruginosa was also a potent immune-response inducer.

Ranf et al.5 then performed a forward-genetics screen to identify the putative PRR for Pseudomonas LPS. Using Arabidopsis plants randomly mutated through ethyl methanesulfonate treatment and carrying a calcium-signaling reporter gene, they screened for mutants that had lost the ability to mount an intracellular calcium burst in response to LPS treatment. They identified four allelic mutants that all carried a mutation in a gene encoding a plant-specific bulb-type lectin S-domain-1 receptor kinase called SD1-29. Ectopic constitutive expression of this gene rescued the loss of calcium burst phenotype, and an independent insertional null mutant in the same gene also exhibited LPS insensitivity. The identified gene was renamed LORE for LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION. 

The LORE (formerly SD1-29) protein contains an amino-terminal signal peptide, an ectodomain composed of a B-type lectin domain, an S-locus glycoprotein or epidermal growth factor domain and a plasminogen-apple-nematode domain, a single-pass transmembrane domain, a cytoplasmic kinase domain, and a carboxy-terminal tail containing a domain of unknown function. Ranf et al. show that LORE localises to the plasma membrane and is required for all tested LPS- or lipid A-induced immune responses, including early cellular outputs such as calcium and reactive oxygen species bursts, and activation of MAP kinases5, suggesting that it could be the PRR for lipid A derived from Pseudomonas and Xanthomonas. In addition, LORE is required for full immunity to the plant pathogenic bacterium Pseudomonas syringae pv. tomato DC3000, indicating a key role for LORE-based perception of LPS for anti-bacterial immunity in Arabidopsis. 

Phylogenetic and physiological analyses indicated that LORE-mediated LPS recognition is restricted to the Brassicaceae family of plants5. Tobacco (Nicotiana benthamiana or Nicotiana tabacum) plants did not (or only weakly) respond to LPS derived from Pseudomonas or Xanthomonas species, but constitutive overexpression of LORE in these plants conferred strong LPS sensitivity, indicating that LORE is sufficient to confer recognition specificity of Pseudomonas and Xanthomonas LPS. However, the authors also show that LPS derived from E. coli could induce Arabidopsis immunity to P. syringae pv. tomato in a LORE-independent manner5, and previous studies have shown that LPS preparations from diverse bacteria species (including Burkholderia) induce immune responses in non-Brassicaceae plants2,4. It is therefore possible that plants may have additional PRRs that recognize different regions of LPS to lipid A from Pseudomonas and Xanthomonas. 

Although Ranf et al. did not ascertain whether LORE can directly bind to the lipid A moiety of Pseudomonas and Xanthomonas LPS, it is tempting to speculate that LORE is the PRR for lipid A. Interestingly, LORE is part of a 32-member multigenic family, and at least one other member of this family, RFO3/SD1-17, was previously shown to contribute to the quantitative resistance to the fungus Fusarium oxysporum and was proposed to be a PRR (Cole & Diener, New Phytologist 2013). Similarly, in rice, the B-type lectin receptor kinase Pi-d2 (Chen et al., Plant J 2006). Notably, while not directly related to these genes, another B-type lectin receptor kinase, SRK, is involved in the perception of pollen self-incompatibility in Brassicaceae8, which can be viewed as a form of non-self perception. However, the ligand for SRK is a Cys-rich peptide named SCR8. 

LORE represents a new type of protein involved in LPS recognition across kingdoms (Fig. 1). LPS perception in mammals involves binding to the glycosylphosphatidylinositol-anchored LRR-containing protein CD14, which then transfers LPS to the protein MD-2, which is bound to Toll-like receptor 4 (TLR4; also a LRR-containing protein)1; TLR4 does not directly bind LPS. Furthermore, CD14 functions after the activity of the soluble LPS-binding protein, which helps to extract and disaggregate LPS from the bacterial outer membrane1. Perception of PGN by LysM-containing PRRs in Arabidopsis similarly requires the action of the soluble lysozyme-like hydrolase LYS1, whose activity releases soluble, immunogenic PGN fragments9. It will be therefore be interesting to test if LORE-mediated LPS recognition also requires the action of an enzyme to increase the availability of immunogenic LPS, and/or the presence of a bound high-affinity LPS-binding protein, such as MD-2 for TLR4. 
The inflammatory caspases 4, 5 and 11 were recently shown to be intracellular mammalian receptors for LPS10, but it remains unknown whether plants also use intracellular PAMP receptors3.

The identification of LORE as a potential PRR for LPS further illustrates the different strategies used by multicellular organisms to sense danger through the specific perception of similar molecules yet using distinct molecular mechanisms. The identification of plant PRRs is essential to understand the dynamic molecular interplay between plant hosts and their pathogens. In addition, PRRs are emerging as promising biotechnological tools to engineer broad-spectrum disease resistance in crops, either through precision breeding or genetic engineering3,7. As such, the description of a Brassicaceae-restricted LPS recognition specificity adds LORE to the growing list of family-specific plant PRRs whose inter-family or inter-class transfer could help increase resistance to devastating bacterial diseases.
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[bookmark: _GoBack]Figure 1 LPS recognition in mammals and plants. a, In mammals, the soluble LPS-binding protein (LBP) extracts and disaggregates LPS from the outer membrane of bacteria that have infected the host. The cell-surface protein CD14 then transfers LPS to a heterodimeric complex of MD-2 bound to TLR4, which triggers an intracellular response. LPS can also be detected intracellularly in mammals by caspaces 4, 5 and 11. b, Ranf et al.5 show that, in plants of the Brassicaceae family, recognition of the lipid A moiety of LPS from Pseudomonas and Xanthomonas bacteria, and subsequent induction of an immune response, requires the transmembrane receptor kinase LORE. But further details of this recognition process, such as whether it directly binds LPS, requires LPS-binding and/or the activity of LPS-extracting proteins, remain to be elucidated. 

