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Abstract: Cuscuta species (dodders) are common agriculturally destructive parasitic angiosperms.
However, some tomato cultivars exhibit resistance to dodders. The stem cortex in these lines
responds with local lignification upon C. campestris attachment, preventing parasite penetration

into host. We compared gene expression patterns under C. campestris infestation in resistant and


https://doi.org/10.1101/706861
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

20

bioRxiv preprint doi: https://doi.org/10.1101/706861; this version posted July 18, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

susceptible cultivars and identified LIF1 (Lignin Induction Factor 1, an AP2-like transcription
factor), MYB55, and CuRLR1 (Cuscuta Receptor for Lignin-based Resistance 1, a CC-NBS-LRR)
as key factors conferring host resistance. Transient overexpression results suggest that MYB55 and
LIF1 directly regulate cortical lignification. Moreover, CuRLR1 functions as a receptor for
receiving C. campestris signals to regulate lignification-based resistance. We also identified
WRKY16 as a negative regulator of LIF1 function. These results will aid in developing parasitic

plant-resistant crops.

One Sentence Summary: Lignin-based resistance to Cuscuta in tomato.
Main Text: Parasitic plants directly attach to hosts using specialized organs known as haustoria.
These connections function as physiological bridges to extract nutrients and water from the hosts,
making traditional control methods ineffective. Therefore, parasitic angiosperms are among the
most devastating pests, reducing the yields of agricultural crops each year by billions of dollars
worldwide (1, 2). Members of the Cuscuta genus (family Convolvulaceae), also known as dodders,
occur worldwide and Cuscuta infestations in tomato alone lead to 50-72% yield-reductions (3).
Despite serious agricultural problems caused by Cuscuta, our understanding of the interactions
between Cuscuta and its hosts is very limited compared to our knowledge of pathogenic fungi,
bacteria, and viruses. Only recently, the first receptor (CuRel) for a Cuscuta associated molecular
pattern and its ligand from Cuscuta were identified in tomatoes (4). CuRel initiates PAMP
(Pathogen-associated molecular pattern)-triggered immunity (PTI) to Cuscuta reflexa. However,
plants that lack CuRel are still fully resistant to C. reflexa; thus, other layers of defense
mechanisms, besides CuRel, must also be involved in the responses to these parasites.

Is response to pathogen infection and herbivore feeding, plants often modify their cell walls

(5). Among different modifications, lignification has been considered a major mechanism for
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resistance in plants (5-8). Lignified cell walls have higher mechanical strength and are
impermeable to water, making them less accessible to cell wall-degrading enzymes (9, 10). Thus,

cell wall modifications could provide additional layers of resistance to Cuscuta.

Cuscuta campestris (C. campestris) attacks a wide range of crop species worldwide (11).
Although tomatoes are usually susceptible (12), a few cultivars are resistant to Cuscuta (3, 13).
Hence, these dodder-resistant tomatoes were used to identify genes involved in defense responses.
We discovered that the resistance response in these cultivars is based on lignification in the stem
cortex upon C. campestris infection. Recent work has described the involvement of lignin in the
resistance responses to root parasitic plants (14), but the regulatory mechanisms remain unknown.
Based on comparative transcriptomics and gain-of-function studies in susceptible cultivars, we
identified two transcription factors, MYB55 and LIF1 (Lignin induction Factor 1, an AP2-like
protein), that regulate biosynthesis of lignin in the cortex. Moreover, CURLR1 (a CC-NBS-LRR)
functions as a receptor for C. campestris, leading to lignification-based resistance. Overexpression
of CuRLR1 in susceptible tomato only induced strong lignification upon C. campestris attachment
or C. campestris extract injection. Results of this study may help develop a parasite-resistant
system in crops to reduce economic losses.

Response to C. campestris in the resistant cultivars

While most tomato cultivars can be parasitized by C. campestris, the Heinz hybrid cultivars 9492
and 9553 (H9492 and H9553) exhibit resistance to dodders (3). C. campestris strands grew well
on two susceptible cultivars, H1706 (genome sequenced) and H9775 (Heinz hybrid 9775 —
reportedly related to the resistant cultivars) (Fig. 1A). On the other hand, C. campestris strands
could not form good attachments with H9492 and H9553, and haustoria detached from the host

stem, preventing parasite growth (Fig. 1B). Based on biomass measurements, H9492 and H9553
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cannot support long-term (over 45 days) growth of C. campestris, in contrast to H9775 and H1706
(Fig. 1C).

To identify the basis for resistance, we analyzed dodder attachment on the susceptible and
resistant lines using histology and cell wall-specific staining with both Toluidine Blue O (15) and
Phloroglucinol-HCI (16). Upon challenging these different cultivars with C. campestris strands,
lignin accumulation in the stem cortex was observed in the resistant cultivars H9492 and H9553,
but not in the susceptible cultivars H9775 and H1706 (Fig. 1D — 1L). The resistance mechanism
involved local lignification in the stem cortex, creating a barrier to haustorium penetration, and
dodder attachment on the resistant cultivars (Fig. 1D — 1G). Little to no lignin accumulates in the
cortex of both resistant and susceptible cultivars without Cuscuta attachment (Fig. 1L). In addition,
Cuscuta attachment sites usually cause some wounding responses and programmed cell death in
both resistant and susceptible cultivars (Fig. 1M).

Identifying the key time point in host-parasite interactions

Changes in the levels of Salicylic Acid and Jasmonic Acid have been reported at 36 to 48 hours
after attachment (17). To capture the earliest responses to dodder parasitism, we performed a time-
course RNA-Seq analysis on 0, 1, 2, 3, and 4 DPA (days post attachment) of C. campestris on
tomatoes H1706 (susceptible). At these stages, the dodder strands were not embedded in the host
and could be removed to collect the attached stem area. Maximal transcriptional changes peaked
at 4 DPA (Fig. S1, Table S1), suggesting that the Differentially Expressed (DE) genes include core
genes involved in the early response to C. campestris infection. Accordingly, we chose 4 DPA for

further gene expression analysis of resistant and susceptible cultivars.
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Gene expression in resistant and susceptible host response to C. campestris

We challenged the resistant H9492 and H9553, and susceptible H9775 and H1706 cultivars with
C. campestris strands. We collected stem tissues at 4 DPA for RNA-seq and differential gene
analysis in dodder infested versus uninfested plants. In principal component analysis (PCA) on the
transcriptomes of resistant and susceptible cultivars (Fig. S2) PC1 accounted for 57% of the
variation and significantly clustered the data into two separate sets: infested and non-infested
samples. However, PCA did not separate different cultivars into distinct genotypic groups. Thus
the transcriptional differences in response to C. campestris likely involve a small number of genes.

Next, we conducted differential gene expression (DGE) analyses by comparing C.
campestris infested and uninfested host plants using an interaction design model (design model =
infested or uninfested condition + genotype + condition: genotype) (Data S2). Based on our
communication with the Kraft Heinz Company, both H9492 and H9553 were developed in the
same breeding program. However, H9553 is more resistant to C. campestris than H9492 (Fig. 1C).
We suspected that enhanced resistance to C. campestris is due to the alterations in key regulatory
genes, and focused on the 94 differentially expressed genes (Table S2) that have different
expression patterns in the H9553 resistant cultivar under dodder infestation compared to the
susceptible cultivars, H1706 and H9775. Consistent with our observations of lignin accumulation
in resistant tomato cultivars upon C. campestris infestation (Fig. 1), many of these genes are known
to be involved in the lignin biosynthetic pathway, including Laccase genes and Caffeoyl CoA 3-
O-methyltransferase (CCOAOMT) (Fig. S3). To narrow down the potential candidates regulating
resistance, we focused on transcription factors (TF) as possible key regulators of lignin
biosynthesis pathways, and membrane located or cytosolic receptors which may receive signals

from C. campestris. Using these criteria, we selected three candidate genes for further study,
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including a TF related to AP2, a MYB55 TF, and a gene encoding an N-terminal coiled-coil
nucleotide-binding site leucine-rich repeat receptor (CC-NBS-LRR) (Fig. S4).

Transient overexpression of candidate genes using Virus-based Gene Expression (VGE)

To evaluate the role of the candidate genes in lignification-based resistance in tomato, we cloned
GUS, AP2, MYB55 and CC-NBS-LRR genes into Virus-based Gene Expression (VGE) vectors
(map in Fig. S5; sequence in Data S3) for transient overexpression in the susceptible H1706. We
saw significant GUS expression in the stem around the injection site (Fig. S6A — C), and lack of
lignification due to the process of injection itself (Fig. 2A and D). Therefore, we used GUS-injected
plants as our mock controls for VGE experiments. We sectioned and stained injected stems with
lignin-specific Phloroglucinol-HCI for lignin detection. VGE with MYB55 and AP2-like
successfully overexpressed MYB55 and AP2-like in the first internode near the injection site and
induced stem lignification in the susceptible H1706 (Fig. 2B — 2C and 2G). We named this AP2-
like protein LIF1 (Lignin Induction Factor 1) based on the ability of LIF1 (and MYB55) to induce
lignin biosynthesis in the cortex.

In contrast, the H1706 plants with VGE of CC-NBS-LRR were very similar to those with
GUS VGE (Fig. 2E). Previous studies indicated that many genes in the NBS-LRR family encode
intracellular receptors that detect pathogens and trigger defense signaling (18). We suspected that
this CC-NBS-LRR might also function as a receptor for signals from Cuscuta that are needed to
initiate subsequent defense responses, such as lignin accumulation in the resistant cultivars. Hence,
we compared the response differences between Cuscusta infested and uninfested susceptible
H1706 with CC-NBS-LRR VGE (Fig. 2E — 2F and 2H). Our results showed the overexpression of
CC-NBS-LRR only induced lignification upon C. campestris attachment (Fig. 2H), and suggest

that perception of C. campestris signals by the CC-NBS-LRR receptor leads to lignification-based
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resistance. Thus, we named this receptor CURLR1 (Cuscuta Receptor for Lignin-based Resistance
1). Furthermore, VGE of these selected genes induced lignin accumulation in the cortex and made
H1706 more resistant to C. campestris (Fig. 21 — 2L).

Lignin is a complex polymer and phloroglucinol-HCI staining is a fast and efficient lignin
detection method but it only detects the cinnamaldehyde end groups of lignin, preferentially
staining the G and S-type aldehyde form monolignols (19, 20). Therefore, we also conducted an
acetyl bromide assay to determine total lignin content. Based on our results, the overexpression of
MYBS55 and LIF1 both increased total lignin content. Surprisingly, the overexpression of CURLR1
slightly increased the total lignin content even without Cuscuta signals. With Cuscuta signals, the
total lignin content was much higher in CuRLR1 overexpressing plants (Fig. 2M). We used HPLC
to show that p-coumarate and trans-ferulate are both increased in CuRLR1 overexpressed plants,
but the samples with Cuscuta signals have much higher levels of these two precursors than the
samples without Cuscuta signals (Fig. S7). PYRO-GC analysis showed that samples from CuRLR1
overexpressing plants without Cuscuta signals have the largest percentage of H-lignin and the
largest concentration of coumarate derivatives (Fig. 2N). H-lignin has been correlated with both
stress response as well as defense from pathogen intrusion because this is a form of "defense"
lignin that can be generated and deposited more rapidly than G or S lignin (5, 21, 22). Our results
show that CuRLR1 overexpression alone leads to an increase in the upstream steps of the lignin
biosynthesis pathway producing H-type monolignols, while Cuscuta signals may actually up-
regulate the final biosynthesis pathways leading to G-type and S-type monolignols (Fig. 2M and
2N). Since H-lignin and coumarate are not incorporated into lignin as aldehydes they are not
detected by phloroglucinol staining.

Regulatory mechanisms and networks leading to resistance responses
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Since both H9492 and H9553 cultivars arose in the same breeding program, enhanced
resistance to dodders observed in these two cultivars is likely due to the presence of some unique
sequence polymorphisms in these cultivars. The resistance-specific nucleotide polymorphisms
could contribute to the regulation of our candidate genes, so we specifically identified SNPs (single
nucleotide polymorphisms) that are common in H9553 and H9492 but different from H9775
(Table S3). We also specifically focus on these resistance-specific SNPs in the promoter regions
of our candidate genes (Table S4). Our SNP analysis detected resistance specific SNPs only the
LIF1 promoter region, and one of these SNPs is located at a WRKY binding site (Fig. S8). This
SNP could interrupt WRKY binding affinity, leading to LIF1 expression differences between
resistant and susceptible cultivars upon C. campestris attachment. Surprisingly, we noticed that
WRKY16 was highly upregulated at 4 DPA in all four Heinz cultivars (Fig. S9). Host tissues
surrounding haustoria from the tomato M82 cultivar also show upregulated expression of
WRKY16 at 4DPA (Fig. S9). Thus WRKY16 is a commonly upregulated host response gene
across different cultivars and may play an important role in transduction of C. campestris signals
upon host attachment.

Based on our hypothesis, the genes that are differentially expressed upon C. campestris
attachment in both resistant cultivars may be regulated by the three candidate genes that we
selected. Therefore, in order to understand the relationships between the candidate genes and their
targets, we conducted DGE analysis with ANOVA and selected 9776 DEGs with FDR less than
0.1 (Table S6). Next, we used Barnes-Hut t-distributed stochastic neighbor embedding (BH-SNE)
to generate gene clusters based on gene expression patterns (Data S4) (23). Among the 85 gene
clusters generated (Table S7), four clusters were selected based on their GO (Gene Ontology)

enrichment terms (Fig. S10 and Table S7). We focused on genes included in these four clusters,
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and our candidate genes, to construct gene co-expression networks (GCNs) for different treatments
and cultivars to identify central hub genes (Data S5). Surprisingly, CURLR1, CuRel and WRKY 16
had few connections or almost no connection with other genes in the GCN in both susceptible and
resistant cultivars without Cuscuta attachments (Fig. 3A-D). However, CuRel and WRKY16
became central hub genes in resistant cultivars upon C. campestris attachments and connected with
CuRLR1 (Fig. 3D). Therefore, we propose that all tomato cultivars have Cuscuta receptors, like
CuRel (4) and CuRLR1, and WRKY16 is a key factor in the transduction of C. campestris signals
upon attachment of the parasite to the host.

Functional characterization of WRKY16 by CRISPR/Cas9 knockouts and VGE

To validate the function of WRKY16 and its role in lignification-based resistance, we
produced stable WRKY16 edited M82 lines using the CRISPR/Cas9 targeted gene knockout system
(24). Our homozygous null mutants were generally smaller than M82 wild type (Fig. 3E and 3F)
even though wrky16 and M82 wild type are at the same developmental stage (Fig. 3K). However,
wrky16 plants are more resistant to C. campestris than M82 wild type (Fig. 3E — 3J). Homozygous
wrky16 lines continuously produce cortical lignin and have stronger resistance to C. campestris
attachment (Fig. 31 —3J and 3L).

To evaluate the interaction between WRKY16 and the other three candidate genes, we
transiently overexpressed LIF1, MYB55, CuRLR1, and GUS controls in the susceptible M82 wild
type and wrky16 tomatoes (M82 background). All stem samples were sectioned and stained with
Phloroglucinol-HCI. MYB55 and LIF1 successfully induced stem lignification in both susceptible
M82 and wrky16 plants (Fig. S11). Thus WRKY16 does not influence LIF1 and MYB55-induced
lignification responses, and acts either upstream of LIF1 and MYB55, or in another pathway that

is independent of the LIF1 and MYB55 signaling pathway.
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On the other hand, overexpression of CuRLR1 with C. campestris infection was able to
induce lignification in M82 and also enhance the lignification in wrkyl6 tomatoes (Fig. S12).
While wrkyl6 lines produced more lignin and had stronger resistance responses upon C.
campestris attachments compared to wild type, injecting with the CuRLR1 expression vector
induced an even stronger resistance response and even more lignin accumulation (Fig. S12),
suggesting that the CuRel-WRKY16 pathway and the CuRLR1 downstream pathway may be
independent, with these two mechanisms having additive effects.

Sub-cellular localization and interactions between the candidate genes

One described mechanism for triggering innate immunity following TMV infection in
tobacco involved interaction and subsequent nuclear localization of the SPL6 TF with the TIR-
NBS-LRR receptor (18, 25). Therefore, we investigated the potential interactions between our
candidate genes and their sub-cellular localization to uncover potential regulatory mechanisms.
Based on our results using translational GFP fusions, LIF1 and WRKY16 are located mainly in the
nucleus (Fig. S13), while CuRLR1 is located in both the nucleus and the cytosol. Split-YFP
experiments using transient infiltration in N. benthamiana leaves show that the LIF1 and WRKY 16
proteins interact and get localized to the cytoplasm (Fig. S13). Interactions between other
combinations, CURLR1-LIF1, CURLR1-WRKY16, or CURLR1-CuRel, were not detected in our
experiments.

Analysis of the Cuscuta signal using Cuscuta extract injections

In order to further discern the nature of the major signals that trigger lignification-based
resistance, we injected the first internode of the resistant H9553 with Cuscuta extracts subjected
to different treatments (Fig. 4). Untreated or filtered Cuscuta extract injections induced the

accumulation of lignin in the cortex region (Fig. 4B-C). On the other hand, alteration of Cuscuta
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extract pH from 5.8 to 9 abolished lignin accumulation (Fig. 4D-E), suggesting either instability
or sequestration of the Cuscuta signaling molecules in alkaline conditions. In addition, heat-treated
extract and proteases-treated extract could not trigger the lignification response (Fig. 4F-J).
Furthermore, filtration of extracts through devices with different molecular weight cutoffs
indicates that fractions smaller than 30KD cannot trigger strong lignification response (Fig. S14).
Thus, the active Cuscuta signal for induction of lignin-based resistance is larger than 30KD but
smaller than 100KD, and distinct from the previously identified Cuscuta signal that binds CuRel
(4).
Discussion

Cuscuta spp. cause massive loss in infested tomato fields in the United States. Our study
reveals the underlying molecular genetic mechanisms for lignin-based resistance responses in
resistant tomato cultivars. Lignin is a complex phenolic polymer, which is generated from three
major monolignols, paracoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, using covalent
crosslinks formed via free radical polymerization (26). Accumulation of lignin in plant stems or
roots has been shown to reinforce plant resistance to invading herbivores, parasites and pathogens
(27-33). Lignification at the host-parasite interface in roots has been reported in plants that are
resistant to root parasitic plants (34-37). Tomato plants have incompatible reactions to the stem
parasitic Cuscuta reflexa, and have lignified and suberized cell walls at infection sites (38). In
contrast, tomato is susceptible to C. campestris. We identified a strong lignin based resistance
response toward C. campestris attack in certain tomato cultivars.

Three key genes, LIF1, MYB55, and CURLR1 regulate lignin accumulation in the cortex.
Of these, CuRLR1 responded to Cuscuta signals and further reinforced lignin deposition in the

resistant cultivars. CuRel, an LRR receptor-like serine/threonine-protein kinase (RLP), recognizes
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a small modified peptide from Cuscuta spp. extracts (4). The Cuscuta signals that trigger the
lignin-based defense responses appear to be larger heat-sensitive protein/s (Fig. 4). In conclusion,
we propose a model for Cuscuta resistance response in tomato (Fig. 5). CuRLR1 is a newly
discovered cytosolic receptor, which receives large signaling molecules from C. campestris. This
triggers downstream signal transduction and induces a lignin-based resistance response (Fig. 5,
red labeled pathway). Transient overexpression of MYB55 and LIF1 induced lignin accumulation
in the cortex, placing MYB55 and LIF1 as positive regulators in the lignin biosynthesis pathway
(Fig. 5, pink and yellow labeled pathway). Other yet undiscovered Cuscuta receptors or factors
may induce MYB55 and LIF1 expression upon Cuscuta attachment. On the other hand, wrky16
plants showed lignin accumulation and stronger resistance to Cuscuta, suggesting that WRKY16 is
a negative regulator of this lignin-based resistance pathway (Fig. 5, green labeled pathway). Based
on our DNA-Seq and BiFC data, we propose that WRKY16 regulates the function of LIF1 by a
combination of inhibition of LIF1 transcription and physical capture of LIF1 proteins to block their
entry into the nucleus (Fig. 5, yellow and green labeled pathway). CuRel is reported to mediates
PAMP/MAMP-triggered immunity (PTI/MTI) (4) (Fig. 5, blue labeled pathway). GCN analysis
indicates a coexpression connection between CuRel and WRKY16 (Fig. 3A-D). CuRel and
WRKY 16 both became central hub genes in resistant cultivars upon Cuscuta attachments (Fig. 3D),
suggesting the hypothesis that WRKY16 may act downstream of CuRel (Fig. 5, blue labeled
pathway). Thus, we envision crosstalk between different resistance pathways that may be triggered
together to enhance host defense responses.

Our work has implications for enhancing crop resistance to parasitic plants. Notably,
overexpression of the CURLR1 protein induced upregulation of lignin precursors, but extensive

lignin accumulation was only be triggered by Cuscuta signals. The identification of CuRLR1
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provides a path forward to introduce resistance into other important agricultural crops like potato,

sugar beet, carrot, pea, soybean, chili and sesame that are attacked by Cuscuta (39, 40).
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Fig. 1. The comparison of resistant responses to C. campestris in tomato cultivars. (A) C.
campestris grows on the susceptible H9775, (B) and cannot attach on the resistant H9553. (C) The
biomass ratio of host and C. campestris (Cuscuta weight/ tomato weight) on different cultivars.

Data was assessed using pair-wise comparisons with Tukey test. P-values between “a” and “b” are
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< 0.05. (D-G) 100 um vibratome longitudinal sections of C. campestris haustoria attaching to
H1706 (D-E) and H9553 (F-G), and stained with Toluidine Blue O. Lignin is stained as blue. (D
and F) Scale bar, 40 um. (E and G) Scale bar, 10 pm. (H-K) are ~300 um sections of the haustoria
attachment sites stained with Phloroglucinol-HCI. Scale bar, 1 mm. Lignin is stained as red. Stem
cross sections of H1706 (H), H9775 (1), H9492 (J), and H9553 (K) with C. campestris attached.
(L) Cortex lignin area percentage in different cultivars. Data presented are assessed using multiple
comparisons with Dunnett's test. “*”: p-values < 0.05, “**”: p-values < 0.01. (M) Cell death area

percentage in different cultivars.
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Fig. 2. Virus-based Gene Expression (VGE) of candidate genes in tomato H1706. (A-F)
~300 pm hand sections of stems near injection sites stained with Phloroglucinol-HCI. Lignin is
stained red. VGE overexpressed GUS (A), LIF1 (B), MYB55 (C), and CuRLR1 (E) in H1706
stem without C. campestris infestation. Stem cross section of VGE overexpressing GUS (D) and
CuRLR1 (F) in H1706 with C. campestris infestation. (G) Cortex lignin area percentage in LIF1
and MYB55 overexpressed stems and (H) in CURLR1 overexpressed stems with and without C.
campestris infestation. (G-H) Data presented are assessed using Dunnett's test. “*””: p-values <
0.01. (I-L) Transient overexpression of candidate genes in susceptible H1706 induces lignin
accumulation in the cortex and makes H1706 became more resistant to C. campestris. (I-J) Scale
bar, 2 mm. (K-L) Scale bar, 30 um. (M) Acetyl bromide assay for total lignin content in
candidate gene VGE overexpressed stems. Data presented are assessed using Dunnett's test. “*””:
p-values < 0.05, “**”: p-values < 0.01. (N) PYRO-GC assay for monolignol composition in the

samples from CuRLR1 overexpressed plants with and without C. campestris infestation.
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Fig. 3. Gene co-expression network (GCN) analysis to identify key regulators and assess their
role in resistance using CRISPR/Cas9 gene knockouts. (A-D) Gene co-expression networks

(GCNs) of different C. campestris treatments in susceptable and resitant cultivars. —Cc and +Cc
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indicates without or with C. campestris infection treatments respectively. (E-F) overall phenotype
comparsion between M82 and homozygous WRKY16 CRISPR lines (wrky16). Scale bar, 2 cm.
(G-H) C. campestris growing on M82 and wrky16. (1-J) ~300 um hand sections of M82 and wrky16
stems near Cuscuta attachment site stained with Phloroglucinol-HCI. Lignin is stained red. (K)
Leaf number of wrky16 and M82. (L) Cortex lignin area percentage in M82 and wrky16 stems.

Data presented are assessed using student’s t test. “*”” indicates p-value is less than 0.01.
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Fig. 4. C. campestris extract injections to detect Cuscuta signals. (A-I) ~300 pm hand sections
of resistant H9553 stems near injection sites stained with Phloroglucinol-HCI. Lignin is stained
red. The H9553 plants are injected with (A) water, (B) untreated C. campestris extract (pH 5.8),

(C) C. campestris extract filtered with 0.2 um filter, (D) pH 9 water, and (E) pH 9 C. campestris
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extract, (F) heat-treated C. campestris extract (95°C for 30 minutes), (G) Protease E-treated C.
campestris extract, (H) Protease K-treated C. campestris extract, and (I) Trypsin-treated C.
campestris extract. (J) Percentage of lignified cortex area in total stem area. The samples injected
with water serve as negative controls. Different treated or untreated C. campestris extracts are
compared to negative controls. Data presented are assessed using pair-wise comparisons with

Tukey test. P-value of the contrasts between “a” and “b” are less than 0.01.
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Fig. 5. Model of C. campestris resistance response in tomato cultivars. Red labeled pathway:
newly identified cytosolic CuRLRI receptor, which receives large signaling molecules from C.
campestris. This triggers downstream signal transduction and induces a lignin-based resistance
response. This resistant response may be an effector-triggered immunity (ETT). Pink and yellow
labeled pathway: MYB55 and LIF1 function as positive regulators in the lignin biosynthesis
pathway. Yellow and green labeled pathway: WRKY16 and LIF] mediated lignin-based resistant
responses and with a potential connection to CuRe!. Blue labeled pathway: previously identified

CuRel mediated PAMP/MAMP-triggered immunity (PTI/MTI) pathway.
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