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Abstract
Parasitic plants are a constraint on agriculture worldwide. Cuscuta reflexa is a stem holoparasite, which infests most dicotyledonous plants. One exception is tomato, which is resistant to C. reflexa. We discovered that tomato responds to a small peptide factor occurring in Cuscuta spp. with immune responses typically activated after perception of microbe-associated molecular patterns (MAMPs). We identified the cell surface receptor-like protein CUSCUTA RECEPTOR 1 (CuRe1) as essential for the perception of this parasite-associated molecular pattern. CuRe1 is sufficient to confer responsiveness to the Cuscuta factor and increased resistance to parasitic C. reflexa when heterologously expressed in otherwise susceptible host plants. Our findings reveal that plants recognize parasitic plants in a manner similar to perception of microbial pathogens, with potential for engineering resistance to parasitic plants in crops.

Main Text
Along with microbial pathogens and herbivorous arthropods, parasitic plants represent an additional class of threat to crops (1). Up to 4000 species, belonging to more than 20 plant families, have been classified as parasitic plants, indicating that the switch to a parasitic lifestyle occurred independently and on several occasions during evolution (2). 
The plant genus Cuscuta (dodder) comprises about 200 species, all of which live as obligate stem holoparasites with broad host spectra (3-6). Germinating Cuscuta seedlings sense plant volatiles and direct their growth toward their host (7). Initial contact induces the formation of haustoria (8), specialized structures that attach, penetrate and connect to the vascular bundles of their hosts. Once connected, Cuscuta parasites withdraw water, nutrients and carbohydrates (5, 9-11) from host plants, and also exchange macromolecules such as proteins and RNAs, as well as viruses, in a bidirectional manner (12-17).

Most susceptible plants lack efficient defense systems to ward off C. reflexa. However, the cultivated tomato (Solanum lycopersicum) is resistant to C. reflexa and exhibits a hypersensitive response to attempted penetration by C. reflexa haustoria (18-21) (Fig. 1A). We asked whether tomato might detect and respond to molecular signals associated with the parasitic plant in a manner comparable to the response of plants to microbe-associated molecular patterns (MAMPs). We tested extracts of C. reflexa for their ability to induce release of reactive oxygen species (ROS) and to trigger synthesis of the stress-related phytohormone ethylene. Indeed, C. reflexa extract triggered both responses in S. lyopersicum but not in susceptible plants, including the related Solanaceae Nicotiana tabacum, N. benthamiana, S. tuberosum and the wild tomato species S. pennellii (Fig. 1B and Fig. S1). 

Initial characterization showed that the factor present in the C. reflexa extract is heat stable at 95 °C but sensitive to treatment with proteases (Fig. 1C). Checking for putative secondary modifications, we observed that enzymatic de-N-glycosylation had no influence on its activity while treatment with base, a chemical handling known to remove ester-type modifications such as sugar side chains from peptide backbones (22), led to a loss of functionality (Fig. 1D). The Cuscuta factor seems constitutively present in all parts of C. reflexa, including shoot tips, stems, haustoria and, at lower levels, in flowers (Fig. S2A), indicating that this factor is not produced only at certain developmental or infectious stages. Activity seems associated with the cell walls of the parasite from where it can be released by acidic conditions (Fig. S2B). 

We observed induction of ethylene production in S. lyopersicum with extracts from six different Cuscuta species but not with extracts from A. thaliana, N. benthamiana or S. lycopersicum (Fig. 1E). Also inactive were extracts from Calystegia sepium (hedge bindweed), a non-parasitic species of the Convolvulaceae related to Cuscuta, and Rhinanthus alectorolophus, a hemi-parasitic flowering plant of the Orobanchaceae, which infects roots of many herbaceous plants (Fig. 1E). Thus, the active factor seems common to Cuscuta species but absent from plants outside this genus.

To purify and identify the Cuscuta factor we established a purification scheme involving sequential separation steps (Fig. S3A). Pre-purified C. reflexa extract was first separated by cation exchange chromatography from where activity eluted as several peaks indicating heterogeneity with respect to charge (Fig. S3B). Active fractions of “peak 2” (Fig. S3B) were pooled and further purified by reversed-phase chromatography on C18 material using different pH conditions. As exemplified in (Fig. S3C), activity further split into different peaks and fractions, indicating that the activity, rather than representing a single defined molecule, is associated with a range of physicochemically heterogeneous compounds present in the Cuscuta extract. Although this heterogeneity dispersed activity to numerous subfractions we succeeded to purify a single molecule with a molecular mass of 2262.79 Da that correlated with activity in elution from the final RPC used for MS analysis (LC-MS, Fig. S3D). However, so far, we did not obtain conclusive fragmentation patterns from MS/MS analysis of this molecule in several attempts (Fig. S4). Apart from the low amount of this particular form of the Cuscuta factor, this might be due to the yet unidentified modification present on the peptide. Nevertheless, our data suggest that the Cuscuta factor is associated with a small, potentially modified (e.g. O-glycosylated) peptide that is characteristically present in extracts from Cuscuta spp.

We exploited the natural variation between susceptible S. pennellii (23) and resistant S. lycopersicum to identify the receptor for the Cuscuta factor. We used an introgression library of S. lycopersicum x S. pennellii (24) to map genomic regions essential for the differential response to the Cuscuta factor. The collection of 49 introgression lines (ILs) included chromosome fragments of S. pennellii covering ~98% of the tomato genome (25). Only line IL8-1 was unresponsive to the Cuscuta factor (Fig. 2A). Further mapping with sublines IL8-1-1 and IL8-1-5 (24) (Fig. 2B) identified a chromosome region termed bin d8-B (Fig. 2C) (25), which has 822 annotated genes. Only five of these genes are predicted to encode cell surface receptor-type proteins (25) that could perceive the Cuscuta factor. We individually expressed these candidate genes, which encode three leucine-rich repeat receptor-like proteins (LRR-RLPs) and two receptor-like kinases (RLKs), in N. benthamiana, a species lacking an endogenous detection system for the Cuscuta factor (Fig. 1B and Fig. S1). Four of these candidates had no effect, but N. benthamiana leaves expressing Solyc08g016270 responded to the Cuscuta factor with increased ethylene biosynthesis (Fig. 2D) and an oxidative burst (Fig. 3A). Dose-dependence of response (Fig. 3B) showed half-maximal stimulation with Cuscuta factor at an estimated concentration of < 0.3 nM. Thus, the protein encoded by Solyc08g016270 is sufficient to confer sensitive responsiveness specific for the Cuscuta factor and we termed it CuRe1 for Cuscuta receptor 1. To corroborate its function as a genuine receptor that directly interacts with the Cuscuta factor as a ligand, we tested whether immunoprecipitates of CuRe1 could specifically retain Cuscuta factor when incubated with Cuscuta extract. As controls we used similar immunoprecipitates obtained from N. benthamiana leaves expressing the receptor kinase EFR (26) and the LRR-RLP AtRLP23 (27) from Arabidopsis. Cuscuta factor, assayed by the ethylene induction assay in tissue expressing CuRe1, was reproducibly detected in immunoprecipitates with CuRe1 but not with control receptors or empty beads (Fig. 3C).

Because activity in Cuscuta extracts separates into distinct sub-fractions during purification (Fig. S3B), we tested these different forms of the Cuscuta factor for bioactivity in CuRe1-expressing N. benthamiana plants. Samples from all sub-fractions (Fig. S3B) induced clear ethylene responses in a CuRe1-dependent manner, indicating that the Cuscuta factor, although heterogenous in structure, triggers CuRe1 via a common active principle. Similarly, we confirmed that the extracts of other Cuscuta species (Fig. 1E) also induced ethylene via CuRe1 (Fig. S5B)

CuRe1 encodes a typical LRR-RLP, comprising an N-terminal signal peptide for export via the endoplasmic reticulum, a large LRR-ectodomain with 30-32 LRRs and 18 potential N-glycosylation sites, a single pass transmembrane helix and a short cytoplasmic tail (Fig. S6). Full-length CuRe1 is represented in S. lycopersicum genomic DNA and cDNA, but is absent from S. pennellii or from IL8-1-1 (Fig. S7). This is in accordance with available genomic sequencing data that show only truncated forms of CuRe1, annotated as Sopen08g00656 and Sopen08g006740, to be present in S. pennellii (28). The closest relatives of CuRe1 in S. lycopersicum, with aa-sequence identity of 82% and 72%, respectively (Solyc08g016210 and Solyc08g016310), are in close proximity to CuRe1 on chromosome 8 but are unable to initiate ethylene production in response to the Cuscuta factor when transiently expressed in N. benthamiana (Fig. 2D). CuRe1-like sequences with similar aa-sequence identities of ~70-80% can also be found in other Solanaceae but not in species outside this family. However, the CuRe1-related genes present in N. benthamiana and S. tuberosum seem not to be sufficient to confer responsiveness to the Cuscuta factor in these species (Fig. 1B, S1).
 
Plant receptor-like proteins lack cytoplasmic kinase domains for signaling output and, in general, seem to depend on adaptor kinases of the SOBIR-type (suppressor of BAK1-interacting receptor kinase) (27, 29-33). Co-immunoprecipitation analysis with tagged versions of CuRe1 and SlSOBIR or SlSOBIR-like from tomato showed constitutive interaction of CuRe1 with both of these adaptor kinases (Fig. 3D). As for other RLPs like Cf-9 and Cf-4 of tomato or AtRLP23, AtRLP30 and ReMax/AtRLP1 of A. thaliana (27, 29, 30, 33, 34), formation of the complex between CuRe1 and SlSOBIR occurred irrespective of the presence or absence of the Cuscuta factor as stimulus (Fig. 3D). 

To check for the biological function of CuRe1, CuRe1 constructs were stably transformed into S. pennellii and N. benthamiana, which are usually insensitive to the Cuscuta factor and susceptible to C. reflexa attack (Fig. 1B and Fig. S1) (23, 35). Transformed lines of S. pennellii and N. benthamiana plants gained responsiveness to Cuscuta factor (Figs. S8, S9) and exhibited increased resistance to C. reflexa infestation (Figs. 3E and 3F). Thereby, the process of parasite ingrowth seems disturbed, as hypersensitive response symptoms were visible at haustoria penetration sites on the host (Fig. S10). Thus, CuRe1 from tomato improves resistance to C. reflexa attack in both the closely related species S. pennellii and the more distant species N. benthamiana.

Full resistance of tomato against C. reflexa seems to require more than CuRe1 and perception of the Cuscuta factor alone. This is evident from the observation that the two introgression lines that lack CuRe1 (IL8-1 and IL8-1-1) (Fig. S8) still showed HR symptoms and proved fully resistant to C. reflexa (Fig. S11). Immunity against C. reflexa in tomato may be a process with additional layers to CuRe1, much like defense systems against microbial pathogens where MAMP-triggered immunity (MTI) and effector-triggered immunity (ETI) act as two perception layers of the plant immune system (36, 37). Nonetheless, our data show that the MTI-type of responses stimulated by the Cuscuta factor via the pattern recognition receptor CuRe1 significantly contribute to protection of host plants against C. reflexa. Identification of CuRe1 thus provides a starting point for studying and managing parasitic plant infestations. 
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Figure legends
Fig. 1. S. lycopersicum (cultivated tomato) shows defense responses to C. reflexa and to extracts thereof. (A) C. reflexa cannot form connections to S. lycopersicum and dies off (left). C. reflexa on the susceptible host S. pennellii (right). Photos taken ~ 14 days after parasite onset. (B) C. reflexa extract triggers ethylene-biosynthesis in S. lycopersicum but not in other plant species. BSA/buffer (0.01 mg/ml) was added as mock control, Penicillium extract (0.05 mg/ml) served as positive control (38); (C and D) Characteristics of the Cuscuta factor present in the C. reflexa extract; (C) ethylene biosynthesis of tomato leaf pieces to C. reflexa extract, to boiled extract (95 °C, 30 min) or to extract pre-treated with the proteases indicated; (D) ethylene response to different doses of the Cuscuta factor after enzymatic de-N-glycosylation or to Cuscuta factor treated with 20% NH4OH (45°C, 16 h), respectively. (E) Ethylene response of tomato leaf pieces triggered by extracts of other Cuscuta species or by extracts of other plants. (B-E) Ethylene measurements show means of three technical replicates; error bars indicate standard deviations. All experiments were repeated > 3 times.

Fig. 2. Mapping of responsiveness to C. reflexa extracts in tomato. (A) and (B) Tomato introgression lines of S. lycopersicum x S. pennellii were screened for ethylene production in response to C. reflexa extract; BSA/buffer as mock control; (B) Ethylene response of additional ILs related to tomato chromosome 8; (C) Graphical scheme of the mapped chromosome region “bin d8-B” as modified from (25); (D) Receptor candidate genes encoded within bin d8-B were expressed in N. benthamiana. Ethylene production was measured after treatment with C. reflexa extract, Penicillium extract or BSA as indicated. (A, B and D) bars and error bars represent means and standard deviations of n = 3 replicates.

Fig. 3. CuRe1 exhibits properties as pattern recognition receptor for the Cuscuta factor. (A) N. benthamiana leaves expressing CuRe1 respond with rapid induction of an oxidative burst to treatment with the Cuscuta factor. Values and error bars represent means and standard deviations of n = 5 replicates. (B) Dose dependence of oxidative burst induction by purified Cuscuta factor. Assuming the preparation contains only Cuscuta factor with an MW of ~2 kDa, this allows estimation of an EC50 < 0.3 nM. Values show maxima of oxidative burst as means of three measurements + standard deviations. (C) Binding of Cuscuta factor (Cus) to immunoprecipitates (IP) of CuRe1 or EFR, AtRLP23 or empty beads as controls. Ethylene production of N. benthamiana leaf tissue expressing CuRe1; bars and error bars represent means and standard deviations of n = 3 replicates. The experiment was independently repeated >3 times. (D) CuRe1 forms a complex with SOBIR-type of adaptor kinases. CuRe1 immunoblots of Co-immunoprecipitated SlSOBIR:myc and SlSOBIR-like:myc; pull-down against the C-terminal GFP-tag present at CuRe1. Proteins were co-expressed in N. benthamiana, and samples were treated with Cuscuta factor (+; 1:100 diluted in water) or water alone (-) as control. (E) Growth of C. reflexa shoots on S. pennellii plants transformed with CuRe1 (T1 generation) or non-transformed wild type controls (wt) during 14 days of infestation with one C. reflexa shoot (15 cm in length/ ~0.6 g FW) per host plant. Red squares represent weight of individual C. reflexa shoots. Boxplots show median values of n=12 replicates. Tukey HSD indicates significance of **: padj = 0.0015. (F) Growth of C. reflexa shoots on N. benthamiana plants stably transformed with CuRe1 (homozygous T2 generation) or non-transformed wild type controls (wt) during 21 days of C. reflexa infestation. Experimental conditions and data evaluation as in (E). Triangles mark outliers not included in analysis. Student’s t-test indicates significance (**) of p < 0.005. Data presented in (E) and (F) are representative for 3 independent repetitions each with different lines of transformants.
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