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Parasitic weeds cause billions of dollars in agricultural losses each year worldwide.
Cuscuta campestris (C. campestris), one of the most widespread and destructive
parasitic plants in the United States, severely reduces yield in tomato plants. Reducing
the spread of parasitic weeds requires understanding the interaction between parasites
and hosts. Several studies have identified factors needed for parasitic plant germination
and haustorium induction, and genes involved in host defense responses. However,
knowledge of the mechanisms underlying the interactions between host and parasitic
plants, specifically at the interface between the two organisms, is relatively limited.
A detailed investigation of the crosstalk between the host and parasite at the tissue-
specific level would enable development of effective parasite control strategies. To focus
on the haustorial interface, we used laser-capture microdissection (LCM) with RNA-seq
on early, intermediate and mature haustorial stages. In addition, the tomato host tissue
that immediately surround the haustoria was collected to obtain tissue- resolution RNA-
Seq profiles for C. campestris and tomato at the parasitism interface. After conducting
RNA-Seq analysis and constructing gene coexpression networks (GCNs), we identified
CcHB7, CcPMEI, and CcERF1 as putative key regulators involved in C. campestris
haustorium organogenesis, and three potential regulators, SlPR1, SlCuRe1-like, and
SlNLR, in tomatoes that are involved in perceiving signals from the parasite. We used
host-induced gene silencing (HIGS) transgenic tomatoes to knock-down the candidate
genes in C. campestris and produced CRISPR transgenic tomatoes to knock out
candidate genes in tomatoes. The interactions of C. campestris with these transgenic
lines were tested and compared with that in wild-type tomatoes. The results of this
study reveal the tissue-resolution gene regulatory mechanisms at the parasitic plant-
host interface and provide the potential of developing a parasite-resistant system
in tomatoes.

Keywords: parasitic plants, Cuscuta campestris, laser-capture microdissection, host-induced gene silencing,
CRISPR, haustoria, Solanum lycopersicum
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INTRODUCTION

Parasitic angiosperms are among the worst agricultural pests,
reducing the yields of agricultural crops each year by billions
of dollars worldwide (Agrios, 2005; Yoder and Scholes, 2010).
Parasitic plants directly attach to host plants using specialized
organs known as haustoria to extract nutrients and water from
their hosts. Most standard herbicides and control techniques have
not been effective or are too costly in managing parasitic plant
infestations because of this tight physiological link between host
plants and parasites. A better understanding of the mechanisms
of parasitic signaling and haustorium development will allow us
to develop more robust biocontrol approaches to eliminate the
agricultural damage caused by parasitic plants.

Cuscuta species (dodders) lack functional roots and leaves
and coil their stems counterclockwise as they grow on their
host (Furuhashi et al., 2011; Alakonya et al., 2012). About
75% of Cuscuta species are found in the Americas (Furuhashi
et al., 2011; García et al., 2014), including Cuscuta campestris
(C. campestris). Many crop species are susceptible to C. campestris
attack, including domesticated tomatoes (Solanum lycopersicum),
leading to 50–72% yield reductions (Yaakov et al., 2001). In
California, over 12,000 hectares of land are affected by Cuscuta
(Lanini and Kogan, 2005). Tomato is one of the most consumed
fruit crops in the world, and the United States is one of the
world’s leading producers of tomatoes (Kimura and Sinha, 2008).
In the United States, more than $2 billion in annual farm cash
receipts are from fresh and processed tomatoes. Therefore, a
detailed investigation of the haustorial development process in
the interactions between tomato and Cuscuta is essential to
developing effective strategies to prevent agricultural losses that
are caused by Cuscuta species.

However, the signals involved in haustorium development
at specific developmental stages and the tissue-specific
communication between host and parasite during the
haustorium penetration process remain largely unknown.
This is especially true for stem parasitic plant systems. Several
studies have indicated that haustoria can transport not only
water and nutrients, but also mRNA, miRNA, and small
peptides (Kim et al., 2014; Johnson et al., 2019; Shen et al.,
2020). These bidirectional communications create a tight
physiological connection between host and parasite. During the
haustorium development process, parasitic plants change their
host morphologically and physiologically by secreting hormones
or effectors to help them establish haustorial connections
(Shimizu and Aoki, 2019; Su et al., 2020). On the other hand,
host plants deploy various defense strategies to counteract this
infestation and prevent vascular connections (Fishman and
Shirasu, 2021). Understanding what parasitism-related genes
have been explicitly activated at the interface between host and
parasite could help develop a more efficient parasite-resistant
system in crop plants.

Therefore, in this study, we used laser-capture microdissection
(LCM) coupled with RNA-seq to zoom in on the interface
between the host and parasite and to investigate the tissue-specific
gene expression changes. We identified CcHB7, CcPMEI, and
CcERF1 as key regulators involved in haustorium organogenesis,

and the functions of these candidate genes were validated by
HIGS transgenic plants. We also identified three potential key
regulators, SlPR1, SlCuRe1-like, and SlNLR, in tomatoes that may
be involved in perceiving signals from the parasites, and two of
them were further characterized with CRISPR knockout mutants.

RESULTS

Transcriptomes at the Host-Parasite
Interface Using Laser-Capture
Microdissection
To investigate specific gene expression changes in penetrating
haustoria, we used LCM with RNA-seq to analyze haustorial
tissues from three different developmental stages. We defined
three time points: early - the haustorium has just contacted the
host, intermediate - the haustorium has developed searching
hyphae, which are elongated tip-growing cells on haustoria,
but has not formed vascular connections, and mature - a
haustorium with continuous vascular tissue between host and
parasite (Figures 1A-C).

We collected both parasite haustorial tissues and host tissues
at the interface at these three-time points from C. campestris
attached on S. lycopersicum cv. Heinz 1706 (H1706). To identify
genes involved in C. campestris haustorial development during
the penetration process, the protruding regions of haustoria
were specifically collected from paraffin sections using LCM
(Figures 1D,E). To capture the earliest host responses or defense
mechanisms to combat C. campestris parasitism, we choose the
same three developmental time points, early, intermediate, and
mature stages of parasitism, to specifically collect the few layers
of tomato cells that surround the penetrating C. campestris
haustoria (Figure 1F). These host cells are most likely to exhibit
the initial host defense response upon attacks by the parasite.
These collected tomato and C. campestris tissues were processed
for RNA extraction and library preparation for RNA-Seq and
subsequent transcriptome analysis.

RNA-Seq Analyses and Gene
Coexpression Networks Across Three
Developmental Stages of Cuscuta
campestris Haustoria
We analyzed the transcriptome of LCM C. campestris haustorial
tissues by mapping reads to the genome of C. campestris (Vogel
et al., 2018). With multidimensional scaling analysis, the gene
expression patterns among different samples showed that the
early and intermediate stages are distinct from the mature
stage (Supplementary Figure 1). We conducted a principal
component analysis (PCA) and coupled it with clustering analysis
using self-organizing maps (SOM) to visualize the expression
profile of each gene (Supplementary Table 1 and Supplementary
Figure 2). To identify potential key regulators that are involved
in C. campestris haustorium development at different stages, we
conducted further gene coexpression analysis on specific SOM
clusters (Figure 2 and Supplementary Figure 3).
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FIGURE 1 | Laser-capture microdissection (LCM) of C. campestris haustoria penetrating tomato stems at three developmental stages. (A–C) Toluidine blue O
stained paraffin sections of tomato stem with C. campestris early (A), intermediate (B), and mature stage (C) haustoria. Red line indicates the interface between
C. campestris and host tomato. Cc indicates C. campestris; Sl indicates S. lycopersicum. (D–F) C. campestris haustorial tissues and host tissues were collected
using LCM. A paraffin section of an intermediate stage haustorium before collection (D), after haustorial tissue collection (E), and after host tissue collection (F).
(A) and (C), scale bars = 250 µm. (B), (D), (E), and (F), scale bars = 100 µm. Part of this figure (A–C) is modified from one in a previously published paper Jhu et al.,
2021 with new information added.

First, we hypothesized that the genes highly up-regulated at
the early stage of parasitism are most likely to be involved in
the haustorium initiation and attachment process. Therefore, we
focused on genes in SOM5, which is a cluster enriched with genes
that are highly expressed in the early haustorial stage. Among
these SOM5 genes, we constructed a gene coexpression network
(GCN) to generate an overview of the potential molecular
regulatory machinery and to identify central hub genes, which are
genes with high degree of centrality in the coexpression network,
that could be the regulators of the initiation and attachment
mechanisms. Visualizing the network using Cytoscape (Cline
et al., 2007), the SOM5 GCN is composed of four major modules
(Figures 2A–C and Supplementary Table 2) based on the fast
greedy modularity optimization algorithm (Clauset et al., 2004).
Using our previously published combined annotation profile,
we conducted GO enrichment analysis using the matched TAIR
ID for each C. campestris gene in the network to identify the
major GO terms (FDR-values < 0.05) for the target modules.
We find the SOM5 module 1 enriched in biological process
GO terms including “response to abiotic and biotic stimulus,
response to stress, response to hormone, and response to far-red
light” (Supplementary Table 5). This result indicates the genes

contained in module 1 are likely involved in the haustorium
initiation process, which is responding to physical contact with
the host and high far-red light environments, which are both
important signals for haustorium induction in Cuscuta species.

To identify the key regulators in the haustorium initiation, we
focused on genes in module 1 and calculated the degree centrality
and betweenness centrality scores of each gene within this group
because these gene are the potential master regulators. Many
central hub genes in module 1 are protein kinases or enzymes
involved in cell signaling. We focused on genes that are annotated
as transcription factors to identify the potential master upstream
key regulators of this developmental stage. Among these central
hub transcription factors, a homeobox-leucine zipper protein
(Cc014209) that is similar to transcription factor homeobox
7 (HB7) in Arabidopsis was identified (Figure 2B). Based on
previous reports, AtHB7 is a negative regulator of ABA response
(Pehlivan, 2019) and modulates abscisic acid (ABA) signaling
by controlling the activity of protein phosphatases type 2C
(PP2C) and ABA receptors (Valdés et al., 2012). Intriguingly,
a recent study showed that ABA levels regulate haustoria
formation in the root parasitic plant Phtheirospermum japonicum
(Kokla et al., 2021). In P. japonicum, lowering ABA biosynthesis
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FIGURE 2 | Heatmaps and gene-coexpression networks (GCNs) of C. campestris haustorial tissues across three developmental stages. (A) A heatmap of gene
expression profiles in z-scores for SOM5, which includes genes that are highly expressed in the early stage. (B) A GCN of genes in SOM5. This SOM5 GCN is
composed of four major modules. Magenta indicates genes in Module 1, which has enriched biological process GO term including “response to abiotic and biotic
stimulus, stress, hormone, far-red light.” The transcription factor HB7 is enlarged and labeled in yellow. (C) GCN of genes that are classified in SOM5 Module 1. PL,
pectin lyase-like superfamily protein. A, auxin response factor 1. E, ethylene signaling-related genes. (D) A heatmap of gene expression profiles in z-scores for SOM3,
which includes genes that are highly expressed in the mature stage. (E) A GCN of genes that are in SOM3. The SOM3 GCN is composed of five major modules.

(Continued)
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FIGURE 2 | Cyan indicates genes in Module 2, which has enriched biological process GO term including “root radial pattern formation.” Selected pectin
methyl-esterase inhibitor (PMEI) is enlarged and labeled in yellow. (F) GCN of genes that are classified in SOM3 Module 2. PMEI, pectin methyl-esterase inhibitor. EX,
expansin. (G) A heatmap of gene expression profiles in z-scores for SOM6, which includes genes that are relatively highly expressed in the early and mature stage.
(H) A GCN of genes in SOM6. This SOM6 GCN is composed of four major modules. Magenta indicates genes in Module 1, which has enriched biological process
GO term including “response to stimulus, hormone, organic substance.” Ethylene responsive element binding factor 1 (ERF1) is enlarged and labeled in yellow. The
transcription factor LBD25 is enlarged and labeled in cyan as other genes in Module 2. (I) GCN of genes that are classified in SOM6 Module 1. PL, pectin lyase-like
superfamily protein. A, auxin transporter or auxin-responsive protein; E, ethylene signaling-related genes; PL, pectin lyase-like superfamily protein; PME, pectin
methylesterase; PMT, pectin methyltransferase-like; PAE, pectin acetylesterase family protein. The complete gene lists for all SOM units with SOM distances and
PCA principal component values are included in Supplementary Table 1. The selected SOM gene lists were used for constructing the GCN based on the
expression profiles in C. campestris LCM data with the following normal quantile cutoffs. The SOM5 GCN cutoff = 0.97. The SOM3 GCN cutoff = 0.98. The SOM6
GCN cutoff = 0.95.

enabled haustoria to form in the presence of nitrates. Based
on these pieces of evidence, we focus on CcHB7 for further
functional analysis.

Second, the genes highly up-regulated at the mature stage are
most likely to be involved in establishment of vascular connection
between host and parasite. Therefore, we also focused on genes
in SOM3, which is a cluster enriched with genes that are highly
expressed in the mature haustorial stage (Figure 2D). Using these
SOM3 genes, we constructed a GCN to generate an overview
of the potential molecular regulatory machinery. This SOM3
GCN is composed of five major modules based on the GCN
community structure (Figure 2E and Supplementary Table 3).
Using GO enrichment analysis, we noticed that the SOM3
module 2 has enriched biological process GO terms including
“root radial pattern formation” (Supplementary Table 5). This
result matches our recent discovery that C. campestris also
utilizes the root developmental program during haustorium
organogenesis (Jhu et al., 2021). Therefore, we focused on
SOM3 module 2 for further analysis. Based on the degree
centrality and betweenness centrality scores, we noticed that
many central hub genes in SOM3 module 2 are involved in cell
wall modification, including expansins and several pectin methyl-
esterase inhibitors (PMEIs) (Figure 2F). CcPMEI (Cc038093)
is one of the central hub genes and has strong co-expression
connection with other PMEIs. Thus, we focused on this CcPMEI
for further functional analysis.

Last but not least, the previously identified key regulator
in C. campestris haustorium development, transcription factor
LATERAL ORGAN BOUNDARIES DOMAIN 25 (CcLBD25) (Jhu
et al., 2021) is classified in SOM6, which is enriched with genes
that are highly expressed in the early and mature haustorial
stage (Figure 2G). The SOM6 GCN is composed of four major
modules based on the GCN community structure (Figure 2H and
Supplementary Table 4). CcLBD25 is located in module 2, which
does not have any significantly enriched biological process GO
terms (Supplementary Table 5). On the other hand, we noticed
module 1 has enriched biological process GO term including
“response to stimulus, response to hormone, response to organic
substance.” Based on previous studies, auxin (Tomilov et al.,
2005; Ishida et al., 2016) and ethylene (Cui et al., 2020) signaling
play essential roles in parasitic plant haustorium development.
Appropriate tactile stimuli, which come from the pressure coiling
on the host, are also crucial for haustorium induction (Tada
et al., 1996). Therefore, we zoomed in on SOM6 module 1 for
further GCN analysis.

Many genes in SOM6 module 1 are enzymes that catalyze
the degradation or modification of pectin, including pectin lyase
(PL), pectin methyl esterase (PME), pectin methyltransferase
(PMT), and pectin acetyl esterase (PAE) (Figure 2I). These
findings coincide with several previous studies that cell wall
modification, especially pectin structural dynamic and integrity,
plays an important role in haustorium development (Vaughn,
2002; Johnsen et al., 2015; Hozumi et al., 2017). Besides cell
wall remodeling, auxin and ethylene signaling also seem to
play a role in the early and mature developmental stages.
An auxin efflux carrier (Cc034373) and an auxin-responsive
protein (Cc038909) were also located in SOM6 module 1
(Figure 2I). Furthermore, among the central hub genes in
SOM6 module 1, the top central hub transcription factor is an
ethylene responsive element binding factor 1 (ERF1, Cc002541),
which is in the ERF/AP2 domain-containing transcription
factor family. Intriguingly, a recent study showed that the
root parasitic plant Phtheirospermum japonicum uses ethylene
as a signal for host recognition and to tweak the haustorium
development and penetration process (Cui et al., 2020). Our
gene coexpression analysis suggests that this ethylene-mediated
haustorial development regulatory pathway might be shared by
both root and stem parasitic plants. Therefore, we focused on this
CcERF1 for further functional analysis.

Functional Characterization of Candidate
Cuscuta campestris Genes by
Host-Induced Gene Silencing
Since an efficient transformation system for C. campestris is
currently not available, to further validate the function of
these candidate C. campestris genes, CcHB7, CcPMEI, and
CcERF1, we used host-induced gene silencing (HIGS) to
knock-down the candidate genes in C. campestris. Based on
previous studies, cross-species transport of mRNAs, miRNAs
and siRNAs between C. campestris and their hosts through
haustoria vascular connections is common (Kim et al., 2014;
Johnson et al., 2019). These transported siRNAs can successfully
down-regulate target gene transcription in C. campestris, via
HIGS. Therefore, we generated transgenic tomatoes with hairpin
RNAi constructs that target and down-regulate the candidate
C. campestris genes, CcHB7, CcPMEI, and CcERF1, after the
first successful attachment. If these genes are important in
haustorium development, down-regulating these genes should
influence haustorium penetration and parasitism. We collected
C. campestris haustorium and prehaustorium tissues next to the
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attachment sites and validated by qPCR that CcHB7, CcPMEI,
and CcERF1 are successfully knocked down in C. campestris
tissues grown on HIGS transgenic tomatoes (Supplementary
Figures 4A,C,D).

To determine if these genes impact haustorium structure or
the parasitism process, we grew C. campestris strands on the
HIGS transgenic tomato. We collected tomato stem sections with
C. campestris strands successfully attached on them and used
vibratome sectioning to prepare 100 µm-thick fresh haustorium
sections and subsequently stained them with Toluidine Blue
O (O’Brien et al., 1964). We observed searching hyphae that
entered the host cortex successfully and converted into xylic
hyphae, which create the xylem bridge between host and
parasite, or phloic hyphae, which mimic sieve elements and
establish phloem-to-phloem connections, as they linked to the
host xylem and phloem in sections of the haustoria growing
on wild-type H1706 tomato plants (Figures 3A–C). However,
we observed that many haustoria growing on CcHB7 RNAi
(Figures 3D–F), CcPMEI RNAi (Figures 3G–I), and CcERF1
RNAi (Figures 3J–L) transgenic tomatoes seems to stop their
penetration process at the cortex region. Furthermore, they
also all shared a common phenotype that the host cortex cells
that are surrounding the haustoria seem to enlarge and have a
very loose cell wall structure, appearing degraded (Figures 3D–
L). These C. campestris haustoria were not able to form
vascular connections with their hosts and easily detached from
their host stems.

This structural phenotype also corresponds well with
our GCN results, especially the GCN for SOM3 and SOM6
(Figure 2). Several previous studies indicate that the interaction
between pectin methyl esterase (PME) and pectin methyl esterase
inhibitor (PMEI) is a determinant factor in pectin degradation,
cell wall loosening, strengthening, and organogenesis.
Pectin acetyl esterases (PAEs) are involved in the enzymatic
deacetylation of pectin and are used by plant pathogens to infect
their hosts (Kong et al., 2019). However, the balance between
different pectin enzyme functions might be precisely regulated
by many key regulators. The down-regulation of these key
regulators might disrupt the dynamic balance between enzymes
and cause an out-of-control cell wall degradation, which lead to
haustorium detachment from its host (Figures 3D–L).

Notably, since these plants are in a HIGS system, the first
successful haustorial connection is necessary for the small
interfering RNAs to transfer from the host to the parasite.
Therefore, we often observed a successfully connected
haustorium followed by several abnormal haustorium
attachments, including the phenotype of overly degraded
host cortex cell walls (Figure 3I). The overall plant phenotypes of
C. campestris growing on the HIGS transgenic plants also showed
very few haustorial connections and the inability to continue
to form more attachments with the hosts compared to those
growing on wild-type H1706 tomato plants (Figures 4A–C). In
addition, our preliminary biomass measurements also showed
that the C. campestris plants growing on RNAi transgenic
plants have reduced biomass compared with those growing on
wild-type tomato plants (Figure 4D). All of these results indicate
that the down-regulation of these candidate gene expression

levels by HIGS interfered with haustorium development and
hampered C. campestris parasitism.

RNA-Seq Analyses and Gene
Coexpression Networks Across Three
Developmental Stages of Host Tissues
Surrounding Cuscuta campestris
Haustoria
On the other side of this host-parasite interface is the tomato
host. We analyzed the LCM RNA-Seq data from the host
tomato tissues surrounding C. campestris haustoria by mapping
reads to the tomato genome ITAG4.0 (Sato et al., 2012). Using
multidimensional scaling analysis, the gene expression patterns
in control host cell types (the regular tomato cortex cells
that are not next to haustorium) are distinct from the cortex
tissues surrounding C. campestris haustoria (Supplementary
Figure 5). We also conducted a PCA coupled with SOM
clustering analysis to visualize the expression profile of each gene
(Figure 5 and Supplementary Table 6). To identify potential
key regulators of the interaction between host and parasite at
different haustorium penetration stages, we conducted further
gene coexpression analysis on specific SOM clusters (Figure 6
and Supplementary Figure 6).

First, the host genes that are highly up-regulated at the
early stage are most likely to be involved in perceiving parasite
signals, triggering pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI) to help the host repel C. campestris
attacks. Based on previous reports, the changes in the levels of
salicylic acid (SA) and jasmonic acid (JA) in hosts are most
obvious in the early stage [4 days post attachment (DPA)]
(Runyon et al., 2010). So, we hypothesized that the most
pronounced gene expression changes of key regulators would
be at the initial stage of infestation. Therefore, we focused
on genes in SOM8, which is a cluster enriched with host
genes that are highly expressed in the early haustorial stage
(Figure 6A). Among the genes in SOM8, we noticed inclusion of
SlWRKY16 (Solyc07g056280), a negative regulator of the lignin-
based resistance response (Jhu et al., 2020). The SOM8 GCN is
composed of four major modules based on the GCN community
structure (Figure 6B and Supplementary Table 7). SlWRKY16 is
located in module 2. Based on our GO enrichment analysis, there
are some genes that matched the GO term “regulation of defense
response, and defense response to fungus,” but none of the GO
terms were statistically significantly enriched in this module
(Supplementary Table 9). However, one of the previously
identified CuRe1 homologs (CuRe1-like, Solyc08g016210) (Fürst
et al., 2016), which is a leucine-rich repeat (LRR) receptor-
like serine/threonine-protein kinase, is also located in module 2
(Figure 6B). Therefore, we zoomed in on the SOM8 module 2 for
further GCN analysis.

Many other genes in SOM8 module 2 are involved in
ethylene signaling (Figure 6C). Ethylene is known to play a vital
role in activating plant defenses against various biotic stresses,
including microbial pathogens and herbivores (Broekgaarden
et al., 2015). Previous studies also used the emission of ethylene
in N. benthamiana and S. lycopersicum as an indicator that
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FIGURE 3 | Haustorium phenotypes of C. campestris growing on Heinz tomato wild-types and HIGS RNAi transgenic plants. C. campestris haustoria that were
growing on wild-type H1706 tomato hosts (A–C), on HB7 RNAi transgenic tomato plants (D–F), on PMEI RNAi transgenic tomato plants (G–I), on ERF1 RNAi
transgenic tomato plants (J–L). (A,D,G,I,J) Scale bars = 1 mm. (B,C,E,F,H,K,L) Scale bars = 200 µm. (A–L) 100 µm thick vibratome sections of fresh haustorium
stained with Toluidine Blue O. White arrowhead indicates normal haustorial vascular connections. Blue arrowhead indicates the phenotype of overly degraded host
cortex cell walls.

the defense response was successfully triggered upon Cuscuta
reflexa infestation (Hegenauer et al., 2016, 2020). In addition
to the CuRe1-like homolog, several LRR receptor-like protein
kinases are also identified in SOM8 module 2 (Figure 6C).
This result matches our hypothesis that the host genes that
are highly up-regulated at the early stage are most likely to be
involved in perceiving parasite signals. We suspect that CuRe1-
like might play a role in sensing unknown Cuscuta signals, so
we generated CRISPR-Cas9 edited Cure1-like mutant plants for
further analysis.

Among the central hub genes in SOM8 module 2,
Pathogenesis-Related protein 1 (PR1, Solyc01g106600) was

one of the top central hubs (PR1 degree centrality = 64; median
degree centrality in SOM8 = 13) (Figure 6C). PR1 proteins are
known to be highly produced upon plant pathogen infection
and have often been used as a marker for SA-mediated disease
resistance (Breen et al., 2017). However, the role of PR1 in host
plant responses upon parasitic plant attack is currently unknown.
Therefore, we also focused on PR1 for further functional analysis
using CRISPR-Cas9 gene editing.

Other than the host genes that are specifically only highly
expressed at the early stage, another group of host genes are
up-regulated at the early stage and gradually decrease their
expression throughout parasitism. Genes with this expression
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FIGURE 4 | Phenotypes of C. campestris growing on Host-Induced Gene Silencing (HIGS) RNAi transgenic plants. (A) C. campestris growing on wild-type H1706
tomatoes and T1 CcHB7 RNAi transgenic plants. (B) C. campestris growing on wild-type H1706 tomatoes and T1 CcPMEI RNAi transgenic plants.
(C) C. campestris growing on wild-type H1706 tomatoes and T1 CcERF1 RNAi transgenic plants. (D) Averaged biomass of C. campestris growing on wild-type
H1706 tomatoes and T1 CcHB7, CcPMEI, and CcERF1RNAi transgenic plants. Fresh net weights of C. campestris were measured in grams (g). Each data point
represents one tomato plant (biological replicate). Data presented are assessed using Dunnett’s test with wild-type H1706 as control. “*” p-value < 0.0005. “**”
p-value < 0.0001.

pattern are found in SOM3 (Figure 6D). We suspected that these
genes might also be involved in the parasite signal perceiving
process. Hence, we focus on SOM3 for further GCN analysis.
The SOM3 GCN is composed of four major modules based on
the GCN community structure (Figure 6E and Supplementary
Table 8). Based on our GO enrichment analysis, there are
some genes in module 3 that matched the GO term “response
to hormone,” but none of the GO terms were statistically
significantly enriched in this module (Supplementary Table 9).
However, many genes in SOM3 module 3 are LRR receptor-
like kinases or nucleotide-binding site–leucine-rich repeat (NBS-
LRR, or NLR) proteins. Therefore, we focused on SOM3 module
3 for further analysis.

Among the genes in SOM3 module 3, four genes involved
in ethylene signaling were identified, including an ethylene-
responsive transcription factor, an ethylene-responsive
proteinase inhibitor and an ethylene-inducing xylanase receptor.
This result provides further support for the hypothesis that
ethylene might also play an important role in plant resistance
responses against parasitic plants. In addition to the ethylene
signaling pathway, potential transcription factors or receptors
are also enriched in SOM3 module 3. Three LRR proteins

and two NLRs are identified in module 3. NLRs are common
disease resistance genes (R genes) and are known to be involved
in biotic stress detection, including various plant pathogens
and herbivores (McHale et al., 2006; Van Ghelder et al., 2019).
Therefore, we suspected that these NLRs are potentially involved
in the process of detecting parasitic plants signals and choose
the NLR with the highest degree centrality (Solyc07g056200
degree centrality = 7; median degree centrality of NLRs in SOM3
module 3 = 6.5) in SOM3 module 3 as our candidate genes for
further functional analysis.

Functional Characterization of Tomato
Host Genes by CRISPR-Cas9 Gene
Editing
Since CRISPR knockout techniques (Pan et al., 2016) and tomato
transformation systems are readily available, we designed and
cloned synthetic guide RNAs (sgRNA) targeting our candidate
genes, SlPR1, SlCuRe1-like, SlNLR, and then produced transgenic
tomato plants in the M82 background with CRISPR/Cas9
targeted candidate gene knockout mutations. We selected
the T0 transgenic plants that had biallelic insertion or
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FIGURE 5 | Principal component analysis (PCA) and self-organizing maps (SOM) clustering of LCM RNA-Seq data from the host tomato tissues surrounding
C. campestris haustoria. (A) PCA plot of the first and second principal components (PC1 and PC2) and colored indicate their corresponding SOM groups. Each dot
represents a gene. (B) Loading values of PC1 and PC2. "Control" means the tomato stem cortex tissue samples that are not next to C. campestris haustoria, which
serve as negative controls in this experiment. PC1 separates the genes specifically expressed in host tissues sounding the early and intermediate-stage haustoria
from those specifically expressed in other stages. PC2 separates the genes specifically expressed in host tissues surrounding the intermediate-stage haustoria from
those expressed explicitly at the mature stage. (C) A plot of each SOM group’s scaled expression levels at four types of host tomato tissue surrounding
C. campestris haustoria at different developmental stages. The color of each line represents the SOM group it belongs to. The shaded area around the lines indicates
the 95 percent confidence interval. (D) A code plot of SOM clustering showing which developmental stage predominantly expresses genes of each SOM group
based on sector size. Each sector represents the host tissues surrounding C. campestris haustoria at a specific developmental stage and is colored according to the
tissue types it represents in figure legends. The number 1-8 next to each circle represents the corresponding SOM group. (E) A count plot of SOM clustering
represents how many genes showed differential expression in each SOM group. The numbers of genes are labeled inside each circle representing SOM. (D,E) The
number 1–8 next to each circle represents the corresponding SOM group.
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FIGURE 6 | Heatmaps and gene-coexpression networks (GCNs) of LCM RNA-Seq data from the host tomato tissues surrounding C. campestris haustoria. (A) A
heatmap of gene expression profiles in z-scores for SOM8, which includes genes specifically highly expressed in the early stage. (B) A GCN of genes in SOM8. This
SOM8 GCN is composed of four major modules. Cyan indicates genes in Module 2. The transcription factor WRKY16 is enlarged and labeled in cyan as other genes
in Module 2. PR1 is enlarged and labeled in yellow. CuRe1-like receptor (CuRe1-L) is enlarged and labeled in light yellow. (C) GCN of genes that are classified in
SOM8 Module 2. CuRe1-L, CuRe1-like receptor. LRR, Leucine-rich repeat receptor-like protein kinase. ABA, Abscisic acid stress ripening 5. E, ethylene-responsive
transcription factor. (D) A heatmap of gene expression profiles in z-scores for SOM3, including genes that have high expression levels in the early stage and
moderate expression levels in the intermediate stage. (E) A GCN of genes in SOM3. This SOM3 GCN is composed of four major modules. Blue indicates genes in
Module 3. NBS is enlarged and labeled in yellow. (F) GCN of genes that are classified in SOM3 Module 3. LRR, Leucine-rich repeat receptor-like protein kinase. E,
ethylene-responsive transcription factor. NLR, NBS-LRR protein. The complete gene lists for all SOM units with SOM distances and PCA principal component values
are included in Supplementary Table 6. The selected SOM gene lists were used for constructing the GCN based on the expression profiles in tomato LCM data
with the following normal quantile cutoffs. The SOM8 GCN cutoff = 0.90. The SOM3 GCN cutoff = 0.80.

deletion or substitution mutations for further T1 plants
analysis (Supplementary Figure 6). After obtaining these
CRISPR transgenic tomato lines, we tested the interactions of
C. campestris with these engineered tomato lines and compared
their C. campestris-host interactions with those seen in wild-type
M82 tomatoes by phenotyping the haustorium attachment sites.

Interestingly, the SlCuRe1-like CRISPR T0 transgenic tomato
lines were very vulnerable to pathogens and insect herbivores, did
not grow well in our greenhouse conditions and only produced
very few seeds. This indicates that SlCuRe1-like might play a role
in the plant defense responses to other pathogens and herbivores
in addition to any possible role in plant parasitism. As a result,
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due to low seed set we were unable to phenotype these CRISPR
tomato lines, so SlCuRe1-like phenotyping is excluded from our
current analysis.

When compared with wild-type M82 tomato plants
(Figures 7A,B), SlPR1 CRISPR T1 tomato plants (Figures 7E,F)
and SlNLR CRISPR T1 tomato plants (Figures 7I,J) did not have
an obvious difference in their overall plant or tissue phenotypes
without C. campestris infestation, based on the fresh vibratome
sections. However, the differences were apparent when these
CRISPR tomato plants were infested by C. campestris. On
wild-type M82 tomato plants, we observed that searching hyphae
entered the host cortex and linked to the host xylem and phloem,
but C. campestris did not change the overall host stem structure
much, other than penetrating and forming vascular connections
(Figures 7C,D).

In contrast, SlPR1 CRISPR tomato plants seem to be more
susceptible to C. campestris attack and have hypertrophy
symptoms, which is abnormal plant outgrowth caused
by cell enlargement, at the haustorium attachment sites
(Figures 7G,H). The vascular connections between host and
parasite, especially the xylem bridges, were enlarged. Based on
previous reports, hypertrophy improves the efficiency of root
parasitic plant Phtheirospermum japonicum parasitism (Spallek
et al., 2017). This parasite-derived modification can change
host tissue morphology and help with parasite fitness. Similarly,
C. campestris haustoria not only penetrated and formed vascular
connections with SlNLR CRISPR tomato vascular tissue, but
also changed the overall host stem vascular tissue arrangement,
causing a reduction in the secondary xylem in the region of
haustorium penetration (Figures 7K,L). This phenotype also
indicates that SlNLR CRISPR tomato plants are more vulnerable
to C. campestris.

The overall plant phenotypes of wild-type M82 tomatoes and
CRISPR transgenic plants with C. campestris infestation also
showed that the SlPR1 and SlNLR CRISPR transgenic plants have
stunted growth after being parasitized by C. campestris (Figure 8).
The CRISPR transgenic plants with C. campestris infestation are
much shorter than wild-type M82 with C. campestris infestation.
Notably, the SlPR1 and SlNLR CRISPR transgenic plants without
C. campestris infestation have no significant height difference
comparing to wild-type M82 (Figure 8C). This result indicates
that the CRISPR-mediated mutations do not lead to the stunted
growth phenotype directly; however, the SlPR1 and SlNLR
knockout mutations cause a growth penalty in the presence of
C. campestris. These results also suggest that the knockout of
candidate genes might interfere with the host defense response
and make these CRISPR plants more susceptible to C. campestris
parasitism.

DISCUSSION

In this study, we use LCM captured C. campestris haustorial
tissues and tomato host tissues surrounding haustoria, coupled
with RNA-seq analysis to reveal the potential tissue-resolution
molecular regulatory machinery and the complexity of gene
coexpression networks involved in haustorium organogenesis

and host defense responses. We identified three potential key
regulators in C. campestris that are involved in the early or/and
mature stage of haustorium development, and all three of
them were validated by using HIGS transgenic plants. We also
identified three potential key regulators in tomato plants that are
involved in perceiving signals from the parasite, and two of them
were further verified with CRISPR knockout mutants.

Pectin Dynamic Regulation in Cuscuta
parasitism and Haustorium Development
The chemical structure and mechanical properties of plant cell
walls play an important role in organogenesis (Chebli and
Geitmann, 2017). Several reports indicate that the physical
interactions between pectins and other cell wall components
regulate many vital aspects of plant development (Saffer, 2018).
Pectin composition and mechanical characteristics have also been
found to control the parasitism process and the development of
haustorium in Cuscuta species. For example, a previous study
discovered that Cuscuta pentagona secretes de-esterified pectins
at the host and parasite interface (Vaughn, 2002). These low-
esterified pectins function as a cement to help adhesion to
their hosts during the early stage of the Cuscuta parasitism
process. Similar de-esterified pectin accumulation phenomena
have also been reported in Cuscuta reflexa, Cuscuta campestris,
and Cuscuta japonica to facilitate the formation of strong
adhesion (Johnsen et al., 2015; Hozumi et al., 2017). De-
esterified pectin is a good substrate for pectate lyases, which
are also found to be highly expressed at haustoria in C. reflexa
(Johnsen et al., 2015). High levels of pectate lyases suggest that
Cuscuta utilizes these enzymes to remodel their host cell walls
to achieve successful penetration. The SOM5 and SOM6 GCNs
of C. campestris genes also identified several highly expressed
pectate lyases and pectin methyl-esterases at early and/or mature
stages (Figures 2A–C,G–I). Our GCN analysis is not only
consistent with previous findings but also provides a more
comprehensive potential gene regulatory machinery at specific
haustorial developmental stages.

The interplay between PME and PMEI is also known to
regulate the chemical and physical characteristics of the cell
wall, including cell wall porosity and elasticity (Wormit and
Usadel, 2018). Although cell wall loosening is a necessary
step for haustorium penetration, an out-of-control cell wall
degradation could lead to haustorium detachment from its
host (Figure 3). The balance between different pectin enzyme
functions might be precisely regulated by many key regulators.
The down-regulation of these key regulators might disrupt
the dynamic balance between enzymes and lead to abnormal
cell wall degradation. Therefore, regulation of the enzymes
that likely help with the haustorium penetration process
may be disrupted, leading to over-degradation of the host
cell wall, resulting in haustorium detachment (Figures 3D–
L). Therefore, loosening the host plant cell wall should be
precisely regulated during the parasitism process. Several highly
expressed PMEIs are found in the SOM3 GCN at the mature
stage, verifying this hypothesis (Figures 2D–F). Furthermore,
in SOM6 module 1 (Figures 2G–I), tight connections between
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FIGURE 7 | Haustorium phenotypes of C. campestris growing on M82 tomato wild-types and candidate genes-CRISPR transgenic plants. C. campestris haustoria
that were growing on wild-type M82 tomato hosts (A–D), on PR1-CRISPR T1 transgenic tomato plants (E–H), on NBS-LRR-CRISPR T1 transgenic tomato plants
(I–L). (G–H) Vibratome sections of C. campestris growing on PR1-CRISPR T1 plant #6. (K,L) Vibratome sections of C. campestris growing on NBS-LRR-CRISPR
T1 plant #4. (A,C,E,G,I,K) Scale bars = 1 mm. (B,D,F,H,J,L) Scale bars = 200 µm. (A–L) 100 µm thick vibratome sections of fresh haustorium stained with
Toluidine Blue O. White arrowhead indicates normal haustorial vascular connections. Red arrowhead indicates the hypertrophy symptom with enlarged xylem
bridges. Blue arrowhead indicates the phenotype of disrupted host stem vascular tissue arrangement.

several enzymes that catalyze the modification of pectin,
including PLs, PME, PMT, and PAE, reveal the complexity
of dynamic pectin regulation in the haustorium penetration
process and the importance of balancing various aspects of cell
wall modification.

Auxin and Ethylene in Haustorium
Development
Regulating auxin transport and distribution is a pivotal factor
in plant organogenesis (Benková et al., 2003). Regional auxin
accumulation is commonly seen in root development, lateral
root initiation, and root hair formation. Previous studies also
indicate that spatial and temporal auxin accumulation play an
important role in the early stage of haustorium organogenesis
in root parasitic plants, like Phtheirospermum japonicum and
Triphysaria versicolor (Tomilov et al., 2005; Ishida et al., 2016),
which adopted the root morphogenesis program into haustorium
development (Yoshida et al., 2016). Our SOM5 and SOM6 GCNs
also included several genes that are auxin transporters or auxin-
responsive proteins at the early stage of haustorium development
(Figure 2). This suggests that auxin-mediated regulation of
haustorium initiation might be shared by both root and stem
parasitic plants, and also further validates our hypothesis that
stem parasites also co-opted the root parasite program into
haustorium development.

Other than auxin regulation, ethylene accumulation has also
been observed in the early stage of haustorium development

in T. versicolor (Tomilov et al., 2005). A recent study further
discovered that ethylene signaling plays an important role in
regulating cell proliferation and differentiation in the haustorial
development process of P. japonicum (Cui et al., 2020). This
root parasitic plant utilizes host-produced ethylene as a signal for
host recognition to help with the haustorium penetration process
(Cui et al., 2020). However, whether ethylene is also involved
in haustorium development in stem parasitic plant remains an
open question. The identification of ethylene signaling-related
genes in SOM5 GCN (Figure 2C) and ERF1 as one of the central
hub genes in our SOM6 GCN (Figure 2I) provides some clues
that ethylene signaling might also play a vital role in regulating
haustorium initiation at the early haustorium initiation stage,
and later cell differentiation at the mature haustorium stage in
C. campestris.

Ethylene and Abscisic Acid in Host
Responses Upon Cuscuta campestris
Infestation
Besides regulating cell wall modification and organogenesis,
ethylene is also known as a key hormone involved in plant defense
response against various biotic stresses, including pathogens and
herbivores (Adie et al., 2007; Liu et al., 2013; Tintor et al.,
2013; Böhm et al., 2014). The production of ethylene has often
been observed in host plants upon parasitic plant infestation.
For example, an ethylene biosynthesis gene (Dos Santos et al.,
2003) and an ethylene-responsive element-binding factor (Vieira
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FIGURE 8 | Phenotypes of wild-types and CRISPR transgenic plants with C. campestris infestation. (A) Wild-type M82 tomatoes and T1 SlPR1 CRISPR transgenic
plants with C. campestris infestation. (B) Wild-type M82 tomatoes and T1 SlNLR CRISPR transgenic plants with C. campestris infestation. (C) Plant height of
wild-type H1706 tomatoes and CRISPR transgenic plants with C. campestris infestation. The plant height of host tomato plants was measured in centimeters (cm).
Data presented are assessed using one-tailed t-test with wild-type M82 as control. “*” p-value < 0.05. SlPR1 CRISPR transgenic T1 plants #1-3 were used for
control (-Cc) and T1 plants #4-6 were used for Cuscuta infestation treatments (+ Cc). SlNLR CRISPR transgenic T1 plants #1, 5, 9 were used for control (–Cc) and
T1 plants #2, 4, 6, 8, 10 were used for Cuscuta infestation treatments (+ Cc). Detailed genotyping results of the T1 CRISPR transgenic plants are listed in
Supplementary Table 12.

Dos Santos et al., 2003) were activated in A. thaliana upon
O. ramosa infestation. Similarly, ethylene emission was induced
in N. benthamiana and S. lycopersicum upon Cuscuta reflexa
infestation (Hegenauer et al., 2016, 2020). The identification of
many ethylene-responsive transcription factors in our tomato
SOM8 and SOM3 GCNs and their tight connections with many
LRR and NLR genes (Figure 6) suggest that ethylene may also
play a key role in host defense against C. campestris by triggering
and regulating local and systemic immune responses.

Many previous studies also indicate that ethylene has complex
crosstalk with other hormone pathways, including ABA, which
is another major phytohormone regulating stress responses
(Veselov et al., 2003; Ku et al., 2018; Berens et al., 2019).
Although ABA is often known to be involved in responses to
abiotic stress (Ku et al., 2018; Berens et al., 2019), induction
of ABA biosynthesis and signaling were also observed in the
interaction between host and parasitic plants. For example, ABA
levels increased in both leaves and roots of tomatoes upon the
infestation of root parasitic plant Phelipanche ramose (Cheng
et al., 2017). ABA concentrations also increased in maize leaves
upon Striga hermonthica infestation (Taylor et al., 1996). The
induction of ABA was also observed in tomatoes at 36 h after
C. pentagona infestation and continued to accumulate through
120 h (Runyon et al., 2010). Furthermore, in the early stage of

P. ramosa infestation, elevated gene expression levels of ABA-
responsive and biosynthesis genes were also reported. An ABA
signaling-related gene has also been included in SOM8 module 2
(Figure 6C) suggests that ABA might play a role in host defense
response at the early stage of perceiving C. campestris attack.

Parasitic Plant-Induced Hypertrophy
Hypertrophy, abnormal plant outgrowth caused by cell
enlargement, is also a common plant symptom that can be
induced by various pathogens, herbivores, or parasites (Bowman,
2019). Hyperplasia is abnormal plant outgrowth caused by
excessive cell division, leading to increased cell numbers,
resulting in the formation of plant galls that can be induced
by viruses, pathogens, parasites, or insects (Bowman, 2019).
Parasitic plant-induced hypertrophy and hyperplasia have also
been reported in several different systems (Heide-Jørgensen,
2008). For example, hypertrophy has also been observed on
crabapple trees, Malus toringoides, induced by the stem parasitic
plant European mistletoe, Viscum album (Spallek et al., 2017).
Similarly, the root parasitic plant Phtheirospermum japonicum
induced hypertrophy at the haustorial attachment site in
both A. thaliana and tomato roots (Spallek et al., 2017). This
hypertrophy phenotype enlarged the width of xylem tissues in
the host root right above haustoria attachment sites, which could
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help the parasites uptake more water and nutrients from the host.
The induction of cytokinin and ethylene might be one reason
for the hypertrophy phenotype (Spallek et al., 2017; Mignolli
et al., 2020; Greifenhagen et al., 2021). However, the detailed
mechanism underlying parasitic plant-induced hypertrophy
remains unknown.

In this study, our fresh sections showed that C. campestris
induced xylem bridge cell enlargement in PR1-CRISPR
transgenic tomato plants (Figure 7). This might allow
C. campestris to obtain water and nutrients more efficiently
from host plants and help with the fitness of the parasite. At
the same time, this result also suggests that wild-type tomatoes
might originally have a PR1-mediated defense mechanism to
prevent hypertrophy upon parasitism. The removal of PR1 makes
these transgenic plants more vulnerable to C. campestris and
these plants have obviously stunted growth upon C. campestris
infestation (Figures 7, 8). Investigating the connection between
PR1 and hypertrophy would be of interest for future research
because this could help us to not only understand a potential new
defense mechanism against parasitic plants but also know how
parasites and host plants influence each other physiologically
and morphologically.

Potential Receptors and Factors
Involved in Detecting Cuscuta
campestris Signals
Detecting pathogens or herbivores is the essential first step
in triggering plant innate immunity and the following defense
responses. Many plant immune receptors have the leucine-rich
repeat (LRR) domain (Padmanabhan et al., 2009). More recent
studies have indicated that host plants can identify stem and
root parasitic plants by utilizing the mechanisms that are similar
to the systems for recognizing bacterial and fungal pathogens.
For example, the previously identified CUSCUTA RECEPTOR
1 (CuRe1) encodes a leucine-rich repeat receptor-like protein
(LRR-RLP) in tomatoes (Hegenauer et al., 2016). This cell surface
receptor-like protein bind with a Cuscuta factor, glycine-rich
protein (GRP), or its minimal peptide epitope Crip21 to trigger
resistance responses, including hypersensitive responses (HRs)
and induced ethylene synthesis (Hegenauer et al., 2016, 2020).

However, the host plants that lack CuRe1 are still fully
resistant to C. reflexa, indicating that CuRe1 is not the only
receptor involved in defense responses against parasitic plants
(Hegenauer et al., 2016). Recent studies indicate that multilayered
resistance mechanisms are deployed by plants to ensure efficient
defense against pathogens and parasites (Jhu et al., 2020).
Therefore, investigating other potential receptors is important
for identifying other potential layers of defense mechanisms and
could help with developing parasitic plant resistant systems in
crops. In our LCM RNA-Seq analysis results, many LRR genes,
including a CuRe1-like gene, are highly expressed in tomato hosts
at the early stage of haustorium penetration and are included in
SOM8 module 2 and SOM3 module 3 GCNs (Figure 6). These
discoveries not only provide some evidence for the multilayered
resistance hypothesis but also identify potential receptors that
might be able to perceive different unknown Cuscuta signals.

In addition to LRRs, many NLRs encoded by R genes also
have been identified to detect parasitic plants. For example,
the RSG3-301 gene encodes a coiled-coil nucleotide-binding
site leucine-rich repeat protein (CC-NBS-LRR) protein in the
resistant cowpea, which can trigger the hypersensitive response
upon S. gesnerioides attack (Li and Timko, 2009). Similarly,
Cuscuta R-gene for Lignin-based Resistance 1 (CuRLR1) encodes
an N-terminal CC-NBS-LRR, which can induce lignin-based
resistance responses in the stem cortex of specific resistant Heinz
tomato upon C. campestris infestation (Jhu et al., 2020). The two
NLRs (Solyc07g056200, Solyc12g006040) that are identified in
SOM3 module 3 suggest that other NLRs might also be involved
in the defense response against C. campestris. The tight gene
co-expression connection between NLRs and LRRs indicates
either that there is potential crosstalk among different layers of
resistance mechanisms, or that these receptors might be regulated
by common master regulators.

The results of this study reveal the detailed tissue-resolution
gene regulatory mechanisms at the parasitic plant and host
interface and identifies key regulators of parasitism in both
the parasitic plant C. campestris and its tomato host. These
findings will not only shed light on the field of plant
parasitism and haustorium development but also help to develop
a parasite-resistant system in tomatoes to reduce economic
losses in agriculture. Parasitic weeds-resistant crops will be
effective approaches for regulating parasitic plant infestations,
reduce the usage of herbicides, and help with developing
sustainable agriculture.

MATERIALS AND METHODS

Cuscuta campestris Materials
The C. campestris plant materials used in this study were generous
gifts from W. Thomas Lanini, who collected C. campestris
seeds from tomato fields in California. By using molecular
phylogenetics of plastid DNA, and nuclear large-subunit
ribosomal DNA (nrLSU) sequences (Stefanović et al., 2007;
García et al., 2014; Costea et al., 2015), we have verified that this
Cuscuta isolate is the same as Cuscuta campestris 201, Rose 46281
(WTU) from United States, CA (Jhu et al., 2020) by comparing
with published sequences (Costea et al., 2015).

Haustorium Section Preparation
To capture specific tissues at the host and parasitic plant interface,
we prepared haustorium paraffin sections for further analysis.
About four-leaf-stage Heinz 1706 tomato (Solanum lycopersicum)
plants were infested with 10–15 cm long C. campestris strands.
First, sections of tomato stem with haustoria, about 0.75 cm
long, were collected for histology. Second, these stem sections
were fixed in formaldehyde – acetic acid – alcohol (FAA). Third,
these samples were dehydrated by the ethanol series for one
hour at each step (75, 85, 95, 100, 100, and 100% ethanol) and
proceeded through xylene in ethanol series for two hours each
(25, 50, 75, 100, and 100% xylene). Fourth, these stem sections
were then incubated at 42◦C in paraffin and xylene solution
series and kept in 100% paraffin and changed twice daily for
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three days at 55◦C. Finally, these stem sections were embedded
in paraffin (Paraplast X-TRA, Thermo Fisher Scientific). 10 µm
thick paraffin sections were prepared using a Leica RM2125RT
rotary microtome. These paraffin section strips were placed on
polyethylene naphthalate (PEN)-coated membrane slides (Leica),
dried at room temperature, and deparaffinized with 100% xylene.

Laser-Capture Microdissection Sample
Collection
Comparing with our previous transcriptome that used the
whole tomato stem tissues near the haustorial attachments
(Jhu et al., 2020) or the whole Cuscuta strands with haustoria
(Ranjan et al., 2014) for RNA library construction, to zoom
in on the interface between the host and parasite, laser-
capture microdissection (LCM) was used for tissue sample
collection in this project. With this method, the tissue of
C. campestris haustorium protruding region and the tomato
host tissue that were surrounding the haustoria from paraffin
sections were specifically captured for RNA library construction.
Targeted haustorial and host tissues were dissected on a
Leica LMD6000 Laser Microdissection System (Figure 1).
Based on the haustorial structures, we classified haustoria into
three different developmental stages. “Early” indicates that the
haustorium has just penetrated the tomato stem cortex region.
“Intermediate” indicates that the haustorium has penetrated the
tomato stem cortex and formed searching hyphae, but has not
formed vascular connections with the host vascular system.
“Mature” indicates that the haustorium has formed continuous
vasculatures with the host (Figure 1). Both haustorial tissues
and tomato host tissues were microdissected from each of
the three developmental stages. These tissues were collected
in lysis buffer from RNAqueous R©-Micro Total RNA Isolation
Kit (Ambion) and stored at −80◦C. Collected tissues were
processed within one month of fixation to ensure RNA quality.
Approximately 30 regions of 10 µm thickness each were
cut from each slide, and three to four slides were used per
library preparation.

Laser-Capture Microdissection RNA-Seq
Library Preparation and Sequencing
RNAs of these collected tissues were extracted using RNAqueous-
Micro Total RNA Isolation Kit (Ambion) and amplified using
WT-Ovation Pico RNA Amplification System (ver. 1.0, NuGEN
Technologies Inc.) following manufacturer instructions. RNA-
seq libraries for Illumina sequencing were constructed following
a previously published method (Kumar et al., 2012) with
slight modifications. Libraries were quantified, pooled to equal
amounts, and their quality was checked on a Bioanalyzer 2100
(Agilent). Libraries were sequenced on a HiSeq2000 Illumina
Sequencer at the Vincent J Coates Genomics Sequencing
Laboratory at UC Berkeley.

RNA-Seq Data Mapping and Processing
After receiving raw reads data for these LCM libraries, we
separated them into two groups based on tissue origin,
C. campestris (dodder) and S. lycopersicum (tomato). For the

LCM RNA-Seq data from C. campestris, these raw reads were
mapped to the published genome of C. campestris (Vogel et al.,
2018) with Bowtie 2 (Langmead and Salzberg, 2012). For the
LCM RNA-Seq data from tomato, these raw reads were mapped
to the published current tomato genome version ITAG4.0 (Sato
et al., 2012) with Bowtie 2 (Langmead and Salzberg, 2012).
Both data were then analyzed by using EdgeR (Robinson et al.,
2009) to get normalized trimmed means of M-values (TMM) for
further analysis.

Multidimensional Scaling and Principal
Component Analysis With
Self-Organizing Maps Clustering
After the normalization steps, to visualize the overall expression
profiles of each library, the function “cmdscale” in the R stats
package was used to create multidimensional scaling (MDS) data
matrix and then generate MDS plots. For both C. campestris and
tomato LCM RNA-Seq data, genes in the upper 50% quartile
of coefficient of variation were selected for further analysis. For
principal component analysis (PCA), principal component (PC)
values were calculated using the “prcomp” function in the R stats
package. The expression profiles of selected genes were visualized
in a two-dimensional (2D) plot for PC1 and PC2.

These selected genes were then clustered for multilevel three-
by-two hexagonal SOM using the som function in the “kohonen”
package (Wehrens and Buydens, 2007). The SOM clustering
results were then visualized in PCA plots. The complete gene
lists for all SOM units in C. campestris and tomato LCM RNA-
Seq data with SOM distances and PCA principal component
values are included in Supplementary Tables 1, 2, respectively.
For both C. campestris and tomato LCM RNA-Seq data, we
specifically focused on the SOM groups with genes that are
highly expressed in the early developmental stage (4 DPA).
From C. campestris libraries, these genes are likely involved
in the mechanisms of haustorium early development and
penetration process. From tomato libraries, these genes are likely
regulating the early host responses or defense mechanism upon
parasitic plant attacks.

Construction of Gene Co-expression
Networks
To identify potential key regulators, we use the genes that
are classified in selected SOM groups to build GCNs. The
R script is modified from our previously published method
(Ichihashi et al., 2014), and the updated script is uploaded
to GitHub and included in code availability. For the GCN
of C. campestris LCM data, we used the selected SOM gene
list and constructed the GCN of these genes based on the
expression profiles in C. campestris LCM data with the following
normal quantile cutoffs. The SOM5 GCN cutoff = 0.97. The
SOM3 GCN cutoff = 0.98. The SOM6 GCN cutoff = 0.95.
For the GCN of tomato LCM data, we used the selected
SOM gene list and constructed the GCN of these genes based
on the expression profiles in tomato LCM data with the
following normal quantile cutoffs. The SOM3 GCN cutoff = 0.80.
The SOM8 GCN cutoff = 0.90. These networks were then
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visualized using Cytoscape version 3.8.0. Based on the number
of connections, we identified the central hub genes with the
highest connections as our candidate genes (Supplementary
Tables 2, 3, 4, 7, 8).

Functional Annotation and GO
Enrichment Analysis of RNA-Seq Data
For tomato genes, the current published tomato genome ITAG4.0
is well-annotated, so the gene name and functional annotation
that is currently available on the Sol Genomics Network
website (https://solgenomics.net/) were used in this study. For
C. campestris genes, since many genes are not functionally
annotated in the current published C. campestris genome (Vogel
et al., 2018), we used our previously published master list for
annotated C. campestris transcriptome (Ranjan et al., 2014)
combined with C. campestris genome gene IDs to create a
more complete functional annotation (Jhu et al., 2021). TAIR
ID hits were used for GO Enrichment Analysis on http://
geneontology.org/for gene clusters and modules. After obtaining
these functional annotations, we specifically focused on our
candidate genes that are annotated as transcription factors (TFs)
or receptors for further analysis.

Host-Induced Gene Silencing RNAi and
CRISPR Transgenic Plants
For HIGS RNAi constructs for C. campestris candidate genes, we
used the previously published destination vector pTKO2 vector
(Snowden et al., 2005; Brendolise et al., 2017). This pTKOS2
vector contains two GATEWAY cassettes positioned at opposite
directions that are separated by an Arabidopsis ACT2 intron,
and the whole construct is under the control of the constitutive
35S promoter. To avoid off-target effects on influencing potential
homologs in tomatoes, we used BLAST to identify a sequence
fragment that is specific to each C. campestris candidate gene.
We conducted BLASTN analysis with the currently most up-to-
date tomato genome ITAG4.0. We were not able to find similar
sequences or potential off-target sequences in the tomato genome
for our CcHB7, CcPMEI, and CcERF1 RNAi constructs. We also
conducted BLASTN analysis with the currently available Cuscuta
campestris genome to ensure no other known genes in the same
gene family would be off-target of our RNAi constructs. This
was indeed the case except one hit of CcHB7 RNAi sequence on
Cc037848, which is a gene with unknown function. Based on the
Blastn results using NCBI database, Cc037848 might be a HB7-
like gene. However, this gene is only partially similar to CcHB7
(query coverage percentage is less than 43%) and this HB7-like
gene was not knocked down by the CcHB7 RNAi construct
(Supplementary Figure 4B).

However, we are also aware that the current Cuscuta
campestris genome is not as well annotated as the tomato
genome. The sequences that are used in HIGS RNAi constructs
are listed in Supplementary Table 10. This RNAi fragment
was amplified from C. campestris genomic DNA and cloned
into pCR8/GW-TOPO (Life Technologies), and then in vitro
recombined with the destination vector pTKO2 to generate
a final expression clone. The final plasmids were verified by

Sanger sequencing and introduced into A. tumefaciens EHA105.
Among these RNAi tomato transgenic lines, we did not observe
any abnormal growth phenotypes in these RNAi tomato plants
grown without Cuscuta campestris. Therefore, with all of this
information and evidence, we believe that no targets in the host
might be affected.

For CRISPR constructs of candidate genes, we identified
guide RNA (gRNA) sequences that were specific to the target
genes using CCTop - CRISPR/Cas9 target predictor (Stemmer
et al., 2015; Labuhn et al., 2017). Among CCTop provided
candidates, we identified two sequences that are 50∼150 bp
apart at the 5′ of the coding sequence and that are scored
highly by the CRISPRscan software (Moreno-Mateos et al., 2015).
The gRNA sequences that were used in CRISPR constructs are
listed in Supplementary Table 11. One of these two gRNAs was
cloned into pDONR_L1R5_U6gRNA and another was cloned
into pDONR_L5L2_AtU6-26gRNA. Both plasmids were digested
with BbsI, which places gRNAs under a U6 promoter. Using
the in vitro CRISPR assay, we verified that the selected gRNAs
are functional by expressing gRNAs from a T7 promoter (NEB
HiScribe T7 High Yield RNA Synthesis Kit E2040S), generating
targets by PCR with gene specific primers, and then mixing
them with commercial Cas9 protein (NEB Streptococcus pyogenes
Cas9, M0641S). Next, both gRNA expression cassettes were
recombined by multi-site GATEWAY LR cloning into binary
plant transformation vector pMR290, in which an Arabidopsis
codon-optimized Streptococcus pyogenes Cas9 is placed under the
control of 2 × 35S constitutive promoter. The final plasmids
were verified by Sanger sequencing and transformed into
A. tumefaciens EHA105.

All of these HIGS RNAi and CRISPR constructs were sent
to the Ralph M. Parsons Plant Transformation Facility at the
University of California Davis to generate transgenic tomato
plants. HIGS RNAi transgenic tomato plants are in Heinz 1706
background. To verify that these transgenic plants contained
HIGS RNAi constructs, all T0 transgenic plants were selected for
kanamycin resistance, and their genomic DNAs were extracted
and tested by PCR. CRISPR transgenic tomato plants are in
the M82 background. To verify that transgenic plants contained
CRISPR mutations in the target gene, a region spanning and
extending the regions between the two gRNAs targets were
amplified by PCR and sequenced. The sequence results and
the mutations generated by CRISPR in T1 plants are shown in
Supplementary Figure 7 for each candidate gene.
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Supplementary Figure 1 | Multidimensional scaling (MDS) plot of RNA
expression profile in all libraries from LCM of three different C. campestris
developmental stages mapped to C. campestris genome. The early stage has five
libraries. The intermediate stage has three libraries. The mature stage has two

libraries. This figure is modified from one of the supplemental figures in our
previously published paper Jhu et al. (2021).

Supplementary Figure 2 | Principal component analysis (PCA) analysis results
coupled with self-organizing maps (SOM) clustering in C. campestris haustoria
across three developmental stages from LCM RNA-Seq data. (A) PCA plot of the
first and second principal components (PC1 and PC2) and colored to indicate
their corresponding SOM groups. Each dot represents a gene. (B) Loading values
of PC1 and PC2. PC1 separate the mature stage-specific genes from the early
and intermediate stage-specific genes. PC2 separates the genes specifically
expressed in the early stage from those specifically expressed in the intermediate
stage. (C) A plot of each SOM group’s scaled expression levels at three C.
campestris haustorial developmental stages. The color of each line represents the
SOM group it belongs to. The 95% confidence interval is indicated by the shaded
area around the lines. (D) A code plot of SOM clustering showing which
developmental phase expressed genes are dominant in each SOM group based
on sector size. Each sector represents a developmental stage and is colored
according to the stage it represents. (D,E) The number 1–6 next to each circle
represents the corresponding SOM group. This figure is modified from one of the
figures and supplemental figures in our previously published manuscript Jhu et al.,
2021 with new information added.

Supplementary Figure 3 | Heatmaps and gene-coexpression networks (GCNs)
of C. campestris haustorial tissues across three developmental stages. (A) A
heatmap of gene expression profiles in z-scores for SOM1, which includes genes
that are highly expressed in the intermediate stage. (B) A GCN of genes in SOM1.
This SOM1 GCN is composed of five major modules. (C) A heatmap of gene
expression profiles in z-scores for SOM2, which includes genes that are highly
expressed in the intermediate and mature stage. (D) A GCN of genes that are in
SOM2. The SOM2 GCN is composed of five major modules. (E) A heatmap of
gene expression profiles in z-scores for SOM4, which includes genes that are
relatively highly expressed in the early and intermediate stage. (F) A GCN of genes
that are in SOM4. The SOM4 GCN is composed of five major modules. The
complete gene lists for all SOM units with SOM distances and PCA principal
component values are included in Supplementary Table 1. The selected SOM
gene lists were used for constructing the GCN based on the expression profiles in
C. campestris LCM data with the following normal quantile cutoffs. The SOM1
GCN cutoff = 0.97. The SOM2 GCN cutoff = 0.95. The SOM4
GCN cutoff = 0.98.

Supplementary Figure 4 | CcHB7, CcHB7-like, CcPMEI, and CcERF1
expression levels in C. campestris haustorium and prehaustorium tissues grown
on HIGS transgenic tomatoes. (A) Normalized CcHB7 expression level from qPCR
data in HB7 RNAi transgenic tomatoes. H1706, biological replicates: nb = 1,
technical replicates for each biological replicate: nt = 4; HB7 RNAi, biological
replicates: nb = 4, technical replicates for each biological replicate: nt = 4. (B)
Normalized CcHB7-like expression level from qPCR data in HB7 RNAi transgenic
tomatoes. H1706, biological replicates: nb = 1, technical replicates for each
biological replicate: nt = 3; HB7 RNAi, biological replicates: nb = 4, technical
replicates for each biological replicate: nt = 3 or 4. (C) Normalized CcPMEI
expression level from qPCR data in PMEI RNAi transgenic tomatoes. H1706,
biological replicates: nb = 3, technical replicates for each biological replicate:
nt = 4; PMEI RNAi, biological replicates: nb = 5; technical replicates for each
biological replicate: nt = 4. (D) Normalized CcERF1 expression level from qPCR
data in ERF1 RNAi transgenic tomatoes. H1706, biological replicates: nb = 3,
technical replicates for each biological replicate: nt = 4; ERF1 RNAi, biological
replicates: nb = 5; technical replicates for each biological replicate: nt = 4. Data
presented are assessed using two-tailed Student’s t-test. “*” p-value < 0.05.
“n.s.” p-value > 0.05.

Supplementary Figure 5 | Multidimensional scaling (MDS) plot of LCM RNA-Seq
data from the host tomato tissues surrounding C. campestris haustoria. "Control"
means the tomato stem cortex tissue samples that are not next to C. campestris
haustoria, which serve as negative controls in this experiment. The control has
eight libraries. The early stage has eight libraries. The intermediate stage has four
libraries. The mature stage has three libraries.

Supplementary Figure 6 | Heatmaps and gene-coexpression networks (GCNs)
of LCM RNA-Seq data from the host tomato tissues surrounding C. campestris
haustoria. (A) A heatmap of gene expression profiles in z-scores for SOM1, which
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includes genes specifically highly expressed in the control stage. (B) A GCN of
genes in SOM1. This SOM1 GCN is composed of five major modules. (C) A
heatmap of gene expression profiles in z-scores for SOM2, which includes genes
specifically highly expressed in the intermediate stage. (D) A GCN of genes in
SOM2. This SOM2 GCN is composed of five major modules. (E) A heatmap of
gene expression profiles in z-scores for SOM4, which includes genes specifically
highly expressed in the control and early stage. (F) A GCN of genes in SOM4. This
SOM4 GCN is composed of five major modules. (G) A heatmap of gene
expression profiles in z-scores for SOM5, which includes genes specifically highly
expressed in the control and mature stage. (H) A GCN of genes in SOM5. This
SOM5 GCN is composed of five major modules. (I) A heatmap of gene expression
profiles in z-scores for SOM6, which includes genes specifically repressed
expression in the early stage. (J) A GCN of genes in SOM6. This SOM6 GCN is
composed of five major modules. (K) A heatmap of gene expression profiles in
z-scores for SOM7, which includes genes specifically repressed expression in the
mature stage. (L) A GCN of genes in SOM7. This SOM7 GCN is composed of five
major modules. The complete gene lists for all SOM units with SOM distances and
PCA principal component values are included in Supplementary Table 6. The
selected SOM gene lists were used for constructing the GCN based on the
expression profiles in tomato LCM data with the following normal quantile cutoffs.
The SOM1 GCN cutoff = 0.95. The SOM2 GCN cutoff = 0.93. The SOM4 GCN

cutoff = 0.93. The SOM5 GCN cutoff = 0.96. The SOM6 GCN cutoff = 0.94. The
SOM7 GCN cutoff = 0.92.

Supplementary Figure 7 | Genotyping results of the T1 CRISPR transgenic
plants that are used in this study. (A) Genomic DNA PCR product sequencing
result of PR1 T1 CRISPR plants. T1 plant #1-3 have similar mixed peaks were
present next to the sgRNA1, indicating a biallelic or heterozygous mutation. (B)
Genomic DNA PCR product sequencing result of NLR T1 CRISPR plants. T1 plant
#1, 2, 6 have similar mixed peaks were present next to the sgRNA1, indicating a
biallelic or heterozygous mutation. T1 plant #4 might have a large section of
deletion (> 150 bp) next to the two gRNAs, so it has a large section of mismatch
and mixed peaks. (A,B) The dark red line indicates the sequencing result. The
number next to each dark red line indicates the T1 plant ID number (T1 plant #).
The section filled with dark red color indicates regions of perfect sequence match;
the empty boxes indicate regions of sequence mismatch. The dark red arrowhead
above each sequence indicates a section of insertion. The dark red line above
each sequence indicates a single base pair insertion. The gRNAs are labeled as
blue arrows. The gRNA sequences that were used in these CRISPR constructs are
listed in Supplementary Table 11. The protospacer adjacent motif (PAM) sites
are labeled as small red boxes that are right next to gRNAs. Detailed genotyping
results of the T1 CRISPR transgenic plants are listed in Supplementary Table 12.
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