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Developing Parasite-Resistant Systems in Tomatoes to Control Infestations of Cuscuta

campestris

Abstract

Unlike most autotrophic plants, parasitic plants evolved to have a heterotrophic lifestyle
and to steal water and nutrients from their host through specialized parasitic organs, haustoria.
Some species of parasitic angiosperms parasitize major crop plants, which causes severe
agricultural losses and threatens food security in many regions. Understanding how host plants
sense and resist parasitic plants not only reveals the underlying mechanisms of various resistance
systems, but also provides the foundation for agricultural improvements. Chapter One of this
dissertation reviews the current knowledge on how host plants perceive stem and root parasitic
plants and utilize different pre-attachment and post-attachment defense responses to deter these
parasites.

Cuscuta species (dodders) are stem holoparasitic angiosperms, which lack functional
leaves and roots. Cuscuta campestris (C. campestris) is one of the most broadly
distributed Cuscuta species and has a wide host range, which includes many important vegetable
and fruit crops. Domesticated tomato (Solanum lycopersicum) is one of the crop plants that are
vulnerable to C. campestris and reduces 70% yield upon Cuscuta infestations. Understanding the
molecular mechanism of C. campestris haustorium formation will assist in parasitic weed
management and the development of parasitic plant-resistant crops. Chapter Two of this
dissertation investigated the transcriptome of six C. campestris tissues and identified LATERAL
ORGAN BOUNDARIES DOMAIN 25 (CcLBD25) as a critical regulator in haustorium

development.



On the other hand, even though most cultivated tomatoes are usually susceptible to C.
campestris, some specific Heinz hybrid tomato cultivars were discovered to be resistant
to Cuscuta species. These tomato cultivars are used as a biocontrol method in the field, but the
resistance mechanism remains unknown. Chapter Three of this dissertation dives into the
underlying mechanism and genes involved in this lignin-based defense response. These resistant
Heinz cultivars trigger post-attachment lignification in the stem cortex upon C.
campestris infection.

Although some studies have identified factors required for parasitic plant haustorium
induction as well as genes involved in host defense responses, the signals involved in haustorium
development at specific developmental stages and tissue-resolution communication between host
and parasite during the haustorium penetration process are largely unknown. Chapter Four of this
dissertation focused on the interface between the host and parasite. C. campestris haustorial tissue
and tomato host tissue immediately surrounding haustoria were collected by laser-capture
microdissection (LCM) to obtain tissue-resolution RNA-Seq profiles. These profiles were used to
identify key genes regulating haustorial development and host responses, and describes my attempt
to validate the function of these genes.

Finally, Chapter Five summarizes the major discoveries of each research project and the
potential of utilizing these findings in agriculture. This dissertation provides an overview of both
haustorium development in C. campestris and defense response in tomato host plants. Therefore,
this work will be of interest to academic researchers in plant biology and researchers interested in

developing potential agricultural translational applications.
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Chapter 1: Introduction - Parasitic Plants: An Overview of Mechanisms by which Plants

Perceive and Respond to Parasites

*This chapter is submitted and will be published in Volume 73 of the Annual Review of Plant

Biology.

Keywords: parasitic plants, signal perception, resistance responses, cross-organ parasitism,

organ-specific defense.

Abstract

In contrast to most autotrophic plants, parasitic plants obtain water and nutrients by
parasitizing host plants. Many important crop plants are infested by these heterotrophic plants,
leading to severe agricultural loss and reduced food security. Understanding how host plants
perceive and resist parasitic plants provides insight into underlying defense mechanisms and the
potential for agricultural applications. In this review, we offer a comprehensive overview of the
current understanding of host perception of parasitic plants and the pre-attachment and post-
attachment defense responses mounted by the host. We also summarize the current understanding
and cases of cross-organ parasitism that have been reported but lack systematic review, and most
current research overlooks the role of organ specificity in resistance responses. Understanding how
different tissue types respond to parasitic plants could provide the potential for developing a

universal resistance mechanism in crops that can resist both root and stem parasitic plants.



l. Introduction

Most land plants are autotrophic: they can conduct photosynthesis to convert inorganic
carbon into carbohydrates, using captured light as energy. However, some plants have evolved a
heterotrophic lifestyle and are known as parasitic plants. Using a specialized organ known as a
haustorium, these plants can parasitize other plants to obtain water and nutrients from their hosts.
Parasitic weeds have a major negative impact on agricultural crops, forests, and the dynamics of
ecological systems (Musselman et al., 2001; Agrios, 2005; Bardgett et al., 2006; Parker, 2009;
Fisher et al., 2013). It has been estimated that about 4500 angiosperms belonging to 28 families
have adopted heterotrophy, to different extents, and can attach to and invade other plants to extract
nutrients and water for their own use. Based on the invaded host tissue, parasitic weeds can be
classified as stem or root parasites and based on host-dependence can be described as obligate
hemiparasitic, facultative hemiparasitic, or holoparasitic (Agrios, 2005). Many of these parasitic
plants are listed as noxious weeds and parasitize major crop plants, severely reducing yield and
affecting food security. However, because of the tight physiological connection between host and
parasites, most traditional herbicides and control methods, like hand weeding, are ineffective, too
expensive, or labor-intensive to regulate parasitic plant infestations. Most parasitic plants produce
numerous small seeds that remain viable for many years, sometimes needing host cues for

germination. This makes it impossible to control these plants by seed depletion strategies.

Reducing the impact and spread of parasitic weeds requires knowledge of the molecular
processes that underlie interactions between the parasite and the host. This will enable us to deploy
modern directed strategies of classical or molecular breeding to make crops resistant to these weeds.
However, this approach is currently limited by our understanding of the genetic and biochemical

mechanisms underlying the interactions between host plants and parasitic weeds, which often
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derive from multiple plant clades. Most of the research focuses on root parasites of the order
Lamiales, including the hemiparasitic Striga, and factors needed for germination, host recognition,
and haustorium induction (Shen et al., 2006; Cui et al., 2007; Lopez-Réez et al., 2009; Yoder and
Scholes, 2010). Previous studies have focused on investigating host responses in major crops and
defense mechanisms in specific cultivars, mutants, or species that are resistant against parasitic
plants, often revealing the underlying resistance mechanisms or pathways that will aid in
developing parasitic plant-resistant crops. The availability of next-generation sequencing has also
facilitated research on these interactions, and several genes involved in resistance responses have
been identified. Several excellent review articles were recently published and have focused on
different specific aspects of parasitic plant and host interactions (Saucet and Shirasu, 2016; Albert

et al., 2020; Delavault, 2020; Hu et al., 2020; Fishman and Shirasu, 2021; Mutuku et al., 2021).

Here, we provide a comprehensive review of how different hosts perceive stem and root
parasitic plants and utilize diverse defense responses to resist parasitism. Depending on whether
defense mechanisms functions before or after haustorial attachment, defense responses can be
classified into two categories: pre-attachment and post-attachment responses. Interestingly, while
reviewing current knowledge of post-attachment defense responses, we noticed that several
resistance mechanisms, like lignin accumulation, had been reported against both root and stem
parasitic plants but with distinct anatomical distribution in structures in aboveground and
belowground organs. These observations indicated that some types of defense mechanisms might
be organ-specific or tissue-specific. Although traditionally parasitic plants can be categorized as
root or stem parasitic plants based on the position of their haustorial attachment on the host,
recently unconventional haustorial connections have been reported but lack clear definition and

systematic review. Therefore, we define cross-organ parasitism and summarize recent



observations and our understanding of cross-organ parasitism. This also raises the question of
whether our current understanding of resistance applies to cross-organ parasitism. Finally, we
discuss critical future research directions on resistance mechanisms to both major organ parasitism

and cross-organ parasitism.

1. Perception of parasites

Most plants are vulnerable to parasitic plant attacks because they lack adequate defense
mechanisms. However, some plants evolved to have resistance responses to protect themselves
from parasitic weed infestation. One fundamental hypothesis states that the ability to perceive
parasitic plants is an essential first step for host plants to trigger defensive responses. Recent
discoveries in crop plants provide evidence that, similar to the systems recognizing bacterial and
fungal pathogens, host plants can identify stem and root parasitic plants by utilizing the receptors

and signal perception mechanisms.

i. How host plants perceive stem parasites

The recently discovered perception mechanism in domesticated tomatoes (Solanum
lycopersicum) that activates in response to Cuscuta spp. provides valuable support for the
hypothesis that host plants can sense parasitic plants (Hegenauer et al., 2016; Hegenauer et al.,
2020). Hegenauer et al. found that the CUSCUTA RECEPTOR 1 (CuRel) encodes a leucine-rich
repeat receptor-like protein (LRR-RLP). This cell surface receptor-like protein has been identified
as a necessary element for the perception of the molecular pattern associated with parasitic plants
(Figure 1). On the other hand, other related Solanaceae species that are susceptible to C. reflexa,

like cultivated tobacco (Nicotiana tabacum), N. benthamiana, potato (S. tuberosum), and wild



tomato species S. pennellii, lack fully functional CuRel, therefore, are not able to induce defense

responses (Hegenauer et al., 2016).

Their subsequent research further described the molecular patterns of parasitic plants,
Cuscuta factors, which serve as ligands of CuRel (Hegenauer et al., 2020). One 11 kDa Cuscuta
factor was purified from C. reflexa extracts and classified as a glycine-rich protein (GRP). Both
GRP and its minimal peptide epitope Crip21 are ligands of CuRel and can trigger the CuRel-
dependent resistance responses, including hypersensitive responses (HRs), releasing reactive
oxygen (ROS) species, and increased ethylene synthesis (Figure 1) (Hegenauer et al., 2020). This
result also indicates that host plants perceive parasitic plants in a way analogous to recognizing
microbial pathogens. The host plant’s ability to perceive the molecular patterns of parasitic plants
is the first step of generating resistance responses that is similar to pathogen-associated molecular

pattern (PAMP)-triggered immunity (PTI).

In addition to PTI, studies report that host plants might have evolved a second layer of
immunity, effector-triggered immunity (ETI), to resist stem parasitic plants. ETI usually starts with
intracellular nucleotide-binding and leucine-rich repeat (NLR) receptors that are encoded by
resistance (R) genes. These NLR receptors detect effectors and then trigger downstream strong
resistance responses to counteract the effector effects. Recent research reports a gene, Cuscuta R-
gene for Lignin-based Resistance 1 (CuRLR1), encoding an N-terminal coiled-coil nucleotide-
binding site leucine-rich repeat protein (CC-NBS-LRR) in specific resistant Heinz tomato (Figure
1). CuRLR1 may be engaged in sensing signaling pathways or function as a receptor for perceiving
C. campestris signals or effectors. Activation of CURLR1 then induced lignin accumulation in the
tomato stem cortex region, creating a physical boundary to prevent haustorium penetration (Figure

1),



The Cuscuta signals or effectors that trigger this lignin-based defense response appear to
be large heat-sensitive proteins ranging from 30 kDa to 100 kDa, and therefore, distinct from the
previously identified 11 kDa Cuscuta GRP factor or its minimal peptide epitope Crip21 that CuRel
recognizes (Hegenauer et al., 2016; Hegenauer et al., 2020). More detailed characteristics or

functions of these unknown Cuscuta signals or effectors would be worthy of future investigation.

Interestingly, perceiving parasites does not always lead to activation of the same defense
mechanisms. For example, sensing C. reflexa leads to HRs, ethylene synthesis, ROS production,
and cell wall modifications that form suberin-like wound tissue at the penetration site that blocks
parasite growth in tomatoes (Albert et al., 2008; Johnsen et al., 2015; Kaiser et al., 2015). However,
while sensing C. campestris does trigger ethylene production in tomato, suberin accumulation is
not observed, and C. campestris can still overcome this defense response and parasitize most
tomato cultivars and many wild relatives of tomato. These results indicate the perception
mechanisms and resistance responses have species-specificity. This also suggests that some
parasitic plants might have evolved to dodge the host perception systems or release effectors to

suppress the resistance responses triggered by the sensing mechanisms.

ii. How host plants perceive root parasites

Similar perception mechanisms have also been found to play an important role in the
perception of root parasitic plants. Duriez et al. discovered that Helianthus annuus
Orobanche resistance 7 (HaOr7) encodes a membrane-bound leucine-rich repeat (LRR) receptor-
like kinase (Figure 2, the upper panel). The fully functional HAOR7 protein is only present in
sunflower lines resistant to sunflower broomrape O. cumana (Duriez et al., 2019). In susceptible

sunflower lines, a truncated HAORY7 protein, lacking transmembrane and kinase domains, is found.



Thus, a fully functional HAOR?7 protein appears necessary for host plants to display resistance

against O. cumana during the early stages of interaction.

The fully functional HAORY7 protein has been reported to recognize an avirulence protein
(AVRORY7) from O. cumana using the LRR domain (Duriez et al., 2019). Perceiving AVROR7
likely enables signal transduction through the kinase domain of the HAOR7 protein and prevents
haustorial connection of O. cumana to the sunflower root vascular system (Figure 2, the upper
panel). This incompatible attachment leads to resistance in these specific sunflower lines. The
main elements of the signaling pathways triggered by HAOR7 protein, and how resistance
responses lead to incompatible attachments are questions waiting to be elucidated. The discovery
of HAORY further confirms that the ability to perceive parasite molecular patterns is the crucial
first step to trigger a signal transduction cascade and generate the following resistance response

during parasitic plant invasion.

In addition to PTI, ETI has also been reported in mechanisms leading to resistance to root
parasitic plants. Li and Timko identified an R gene, RSG3-301, leading to resistance to Striga
gesnerioides (S. gesnerioides) race 3 and race 4 in the resistant cowpea (Vigna unguiculata)
cultivar B301 (Li and Timko, 2009). RSG3-301 encodes a CC-NBS-LRR protein, which triggers
hypersensitive response and necrosis upon S. gesnerioides infestation (Figure 2, the lower panel).
Knocking-down RSG3-301 with virus-induced gene silencing (VIGS) makes resistant cowpea

B301 susceptible to S. gesnerioides (Li and Timko, 2009).

Intriguingly, the S. gesnerioides race 4z which localized to Zakpota, south-western Benin,
can parasitize the resistant cultivar B301. Race 4z overcomes RSG3-301-mediated resistance by

secreting a small effector, Suppressor of Host Resistance 4z (SHR4z) (Figure 2, lower panel) (Su



et al., 2020). Based on phylogenetic analyses, the LRR domain of SHR4z is similar to that seen in
proteins in the SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) gene family.
When SHR4z enters the host cell, it can interact with a BTB-BACK domain-containing ubiquitin
E3 ligase (VuPOBL1) and cause ubiquitination and degradation of VuPOBL1 (Figure 2, the lower
panel). Since VUPOBL is a positive regulator of hypersensitive response in cowpea, the SHR4z-
triggered VUPOBL1 degradation leads to reduced hypersensitive response and makes the resistant
cultivar B301 susceptible to S. gesnerioides race 4z (Su et al., 2020). This discovery indicates the

ongoing arms race between parasitic plants and their hosts in the co-evolution process.

I11.  Defense mechanisms in resistance responses

Host plants attacked by parasitic plants display induction of defense response pathways
that can lead to resistance (prevention or limitation of attachment and growth) or tolerance (the
ability to maintain biomass and yield despite the infestation) (Medel, 2001; Pagan and Garcia-
Arenal, 2018). A recently published review nicely summarizes the theory and experimental
evidence for tolerance responses to parasitic plants and pathogens (Pagan and Garcia-Arenal,
2018). In this review, we focus on the mechanisms underpinning resistance responses. Based on
whether the resistant mechanism functions before or after parasitic plants attach to their hosts,

resistance responses can be classified as pre-attachment and post-attachment resistance.

i Pre-attachment resistance

Some host plants trigger defense responses only after sensing parasitic plants, but other
resistant host plants take a more preventive strategy by making themselves invisible to parasitic
plants. For example, being able to perceive hosts prior to seed germination and grow towards the

host immediately after germination is a critical step in the root parasitic plant life cycle. The group



of important compounds in host root exudates that stimulate root parasitic plant germination have
been identified and named as strigolactones (SLs) (Cook et al., 1966; Xie et al., 2010). Previous
studies showed that disrupting the strigolactone biosynthesis pathway, via a carotenoid cleavage
dioxygenase 8 (ccd8) mutation, leads to strigolactone deficiency. Orobanche seeds exposed to
ccd8 pea plant root exudates have a lower germination rate compared with seeds exposed to wild-
type pea plant exudates. This indicates that ccd8 mutant plants are not able to produce sufficient

strigolactones in their root exudates to serve as host signals that can be recognized by Orobanche.

Furthermore, based on previous studies, a mutation in the LGS1 (LOW GERMINATION
STIMULANT 1) gene leads to the reduction in Striga germination stimulant activity (Figure 3).
This low-stimulant phenotype is commonly found in sorghum plants that are resistant to the root
parasitic plant, Striga spp (Gomez-Roldan et al., 2008; Umehara et al., 2008). Gobena et al.
discovered that the LGS1 gene codes for a sulfotransferase. Loss-of-function of the gene changes
the relative abundance of different types of SLs in sorghum root exudates. Originally, the dominant
SL in root exudates is 5-deoxystrigol, which is a highly active Striga germination stimulant (Figure
3, left-hand side). On the other hand, an SL with the opposite stereochemistry to 5-deoxystrigol is
orobanchol, which does not stimulate germination of Striga (Figure 3, right-hand side). The
mutation at LGS1 changes the dominant SL in sorghum root exudates from 5-deoxystrigol to
orobanchol and leads to low Striga germination rates, which makes these hosts less likely to be

parasitized by these root parasitic plants (Gobena et al., 2017).

Other than simply avoiding induction of parasite seed germination, some hosts have
evolved to secrete toxic compounds to prevent seed germination or seedling development
(Serghini et al., 2001; Echevarria-Zomefio et al., 2006). For example, the germination rate of O.

cernua seeds in the presence of resistant sunflower plants was 50% lower than that in the presence

9



of susceptible sunflowers (Figure 4). Moreover, the germinated O. cernua seeds next to resistant
sunflower had browning symptoms and stunted growth, or died (Serghini et al., 2001). Serghini
and coworkers discovered that the resistant sunflower varieties produced 7-hydroxylated simple
coumarins, which are defensive secondary metabolites and created a toxic environment for O.

cernua (Figure 4) (Serghini et al., 2001).

Besides reducing germination, reducing haustorium initiation is another approach seen in
pre-attachment resistance. Many studies indicate that haustorium initiation requires the induction
of host-derived haustorium inducing factors (HIFs) in root parasitic plants (Chang and Lynn, 1986;
Riopel and Timko, 1995; Albrecht et al., 1999). An excellent review on HIFs that induce
prehaustorium formation in the Orobanchaceae family was recently published (Goyet et al., 2019).
Therefore, here we focus on reviewing the reports on pre-attachment resistance mechanisms that

interfere with the function of HIFs.

Reducing haustorium induction has been observed as one striga-resistance mechanism.
Some specific wild accessions of sorghums (Sorghum bicolor) have a low capacity to
induce Striga asiatica haustorium initiation (Rich et al., 2004). The detailed mechanism is
currently unknown, but research proposes the possibility that host roots can exude inhibitors of
haustorial induction, like auxins, to suppress haustorium initiation (Keyes et al., 2000).
Furthermore, several studies indicated that using various inhibitors to interfere with ROS
formation, ethylene signaling (Cui et al., 2020), auxin efflux and activity (Ishida et al., 2016), and
Ca?" signaling reduced the number of haustoria. These results indicate that the HIF triggered
signaling pathways are vital during the haustorium initiation process, and repressing these

signaling pathways can reduce haustoria formation. Whether the host plant can also deploy this

10



strategy and secret similar inhibitors as an approach for pre-attachment resistance remains to be

elucidated.

ii. Post-attachment resistance

In comparison to pre-attachment resistance, more studies have been conducted on post-
attachment resistance to parasitic plants. Many of them indicate similarity to plant-pathogen
defense mechanisms, which are triggered after sensing the invaders. These resistance mechanisms
include hormone signaling, hypersensitive responses, cell wall reinforcement, and defensive
secondary metabolites accumulation. Below we summarize the latest research on different aspects

of post-attachment resistance.

a. Hypersensitive response

Hypersensitive response (HR), leading to localized cell death and necrosis at the infection
site, is a common mechanism that is used to defend against pathogens and prevent infection from
spreading (Balint-Kurti, 2019). Similar phenomena and mechanisms have also been observed in
host resistance responses that interfere with the haustorium penetration process of both stem and

root parasites (Swarbrick et al., 2008; Runyon et al., 2010).

For stem parasitic plants, several studies have shown that hosts deploy HR
to Cuscuta species. For example, as mentioned in the parasite perception section of this article,
cultivated tomato (S. lycopersicum) is resistant to Cuscuta reflexavia CuRel-mediated
hypersensitive response (Figure 1) (Hegenauer et al., 2016; Hegenauer et al., 2020). Several
previous reports also indicate that hypersensitive response in tomato is elicited upon C. pentagona

(Runyon et al., 2010) and C. campestris (Jhu et al., 2020) infestation. These Cuscuta-induced
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hypersensitive responses are located explicitly at the haustorial attachment site and interfere with

establishing successful host-parasite vascular connections.

Similarly, hypersensitive responses specifically located at the haustorial attachment site are
also triggered by various root-parasitic plant infestations in different host systems. For example,
cowpea with RSG3-301 is resistant to S. gesnerioides races 3 and 4 (Li and Timko, 2009). Upon
perceiving an unknown parasite signal or Avr, RSG-301 then triggers downstream signaling
cascades and activated VuPOBL1, which is a positive regulator of hypersensitive response (Figure
2, the lower panel) (Su et al., 2020). A similar case is reported in sunflower-O. cumana
interactions. Sunflower recognizes AVROR7 from O. cumana via HAOR7, which then activates
signaling cascades and induces a following hypersensitive response (Figure 2, the upper panel)
(Duriez et al., 2019). Additionally, a rice cultivar, Nipponbare, showed strong post-attachment
resistance to Striga hermonthica (S. hermonthica). HR-related genes were upregulated in
Nipponbare upon S. hermonthica attack indicating that HR also plays a role in this defense
mechanism (Swarbrick et al., 2008). In summary, in the host-parasitic plant coevolution process,
some hosts have evolved to acquire the ability to detect parasitic plant-specific signals or effectors
using a range of receptors. Perceiving the attack from parasites initiates signal transduction

cascades and often leads to a hypersensitive response.

b. Hormone signaling

Phytohormone signaling pathways, especially jasmonic acid (JA) and salicylic acid (SA)
signaling, also play an important role in resistance responses. Genes that are involved in the JA
biosynthesis pathway are reported to be induced in the early stage of parasitic plant infestations.
For example, infestation by O. cumana induced the expression of a gene that encodes a

lipoxygenase (LOX), an enzyme that oxidizes linolenic acid and produces a potential precursor of
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JA, in sunflower roots (Letousey et al., 2007; Hiraoka et al., 2008). Similarly, the infestation by
Orobanche crenata induced the JA pathway in Medicago truncatula roots (DITA et al., 2009) and
the infestation by Striga hermonthica also induced the expression of JA biosynthesis genes,
ALLENE OXIDE CYCLASE (OsAOC) and ALLENE OXIDE SYNTHASE2 (OsAOS2), in rice
(Mutuku et al., 2015). Similar phenomena have also been observed in the interaction between host
and stem parasitic plants. For instance, the total amount of JA increased dramatically in tomatoes
between 24 and 36 hours after C. pentagona haustorium attachment (RUNYON et al., 2010). JA-
insensitive tomato plants (jail) seem to be more vulnerable to C. pentagona, and parasitic plants
grown on jail had more biomass than those grown on wild-type tomato (RUNYON et al., 2010).
Furthermore, JA has been shown to be involved in cell wall damage-induced lignin biosynthesis
(Denness et al., 2011) and HR responses (Runyon et al., 2010). Mutant rice plants with JA
biosynthesis deficiency have severe S. hermonthica susceptibility and the application of JA can
recover their resistance ability (Mutuku et al., 2015). All of these results indicate that JA plays a
vital role in host resistance responses against parasitic plants.

SA is another key phytohormone that is required for plant innate immunity against many
pathogens and biotic stresses (Ding and Ding, 2020). Based on several previous studies, induction
of the SA pathway has also been detected after JA pathway activation (Letousey et al., 2007;
RUNYON et al., 2010; Mutuku et al., 2015), and this induction might also be an essential
component of defense responses toward parasitic plants. For example, Runyon et al. observed that
the maximum induction of JA in tomatoes is 36 hours after C. pentagona haustorium attachment,
followed by the maximum total amount of SA at 48 hours post-attachment (RUNYON et al., 2010).
However, SA-deficient transgenic tomato plants (NahG) cannot accumulate SA in response to C.

pentagona infestation. This is because NahG plants produce salicylate hydroxylase, converting SA
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immediately to inactive catechol. As a result, NahG tomato plants cannot trigger hypersensitive
responses and are more susceptible to C. pentagona parasitism (RUNYON et al., 2010). On the
other hand, SA-deficient NahG rice plants were more resistant to S. hermonthica (Mutuku et al.,
2015). The antagonistic interactions between the SA and JA signaling pathways might be why
repression of SA accumulation results in enhanced resistance (Phuong et al., 2020). These results
not only show that the balance between JA and SA signaling pathways plays a vital role in the
resistance mechanism but also indicate that different host plants might deploy divergent strategies
to defend against parasitic plants.

Besides JA and SA, abscisic acid (ABA) is also known as a major phytohormone regulating
stress responses. Many studies on model organisms reported that the ABA signaling pathway has
crosstalk with the JA and SA signaling pathways to control the balance between biotic and abiotic
stress responses (Ku et al., 2018; Berens et al., 2019). Interestingly, several reports indicate that
the ABA pathway is involved in the host-parasitic plant interaction, suggesting that ABA might
play a role in host resistance against parasitic plants. For example, the infestation of root parasitic
plant Phelipanche ramosa, branched broomrape, induced increase in ABA levels in both leaves
and roots of their tomato host plants (Cheng et al., 2017). The infestation of the root parasitic plant
witchweed (Striga hermonthica) causes a dramatic increase in ABA concentrations in maize leaves
(Taylor et al., 1996). ABA-responsive and biosynthesis genes also have increased expression
levels during the early stage of P. ramosa infestation (Torres-Vera et al., 2016). With proteomic
approaches, the increased production of ABA-responsive proteins was detected only in the
resistant, and not susceptible, pea (Pisum sativum) cultivar in response to crenate broomrape
(Orobanche crenata) attacks, which indicates the potential key role of ABA signaling on post-

attachment resistance (A ngeles Castillejo et al., 2004). Similar responses were also observed in
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the interaction between tomato and the stem parasitic plant C. pentagona. The induction of ABA
started at 36 hours after C. pentagona infestation and continued to accumulate through 120 hours
(RUNYON et al., 2010).

In all these cases, the most likely hypothesis to explain this phenomenon is that activation
of the ABA signaling pathway is in response to the loss of water experienced by the host due to
parasitic plant attachment (Taylor et al., 1996; Cheng et al., 2017). Host plants might use the ABA
pathway as a defense strategy to prevent further water losses (A ngeles Castillejo et al., 2004;
Cheng et al., 2017). However, some parasitic plants have evolved to overcome this host response
and can still continue to obtain water from their hosts. Several studies indicate that parasitic plants
accumulate an extremely high level of ABA, even higher than the elevated level in their hosts (1hl
et al., 1987; Taylor et al., 1996; Jiang et al., 2010). For example, the root hemiparasitic plant
Rhinanthus minor increased ABA biosynthesis dramatically upon attaching to their hosts (Jiang et
al., 2010). Several species in the Orobanchaceae family, including Orobanche hederae (ivy
broomrape), Lathraea squamaria (common toothwort), Melampyrum pratense (common cow-
wheat), also accumulated a high amount of ABA in their sink tissues (lhl et al., 1987). The exact
function of high ABA levels in parasites remains unknown. These phenomena might be a side
effect of extremely negative osmotic potentials in parasitic plants. Many parasitic plants are found
to produce and accumulate large amounts of mannitol (Jiang et al., 2005) in order to generate very
low water potential in the cell sap and force water to flow continuously from the hosts to the
parasites.

Ethylene is also known to play a vital role in activating plant defenses against various biotic
stress and regulating local and systemic immune responses (Adie et al., 2007; Liu et al., 2013;

Tintor et al., 2013; Bohm et al., 2014). Many previous studies also indicate that ethylene has
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complex crosstalk with other hormone pathways, including JA, SA, and ABA (Lorenzo et al., 2003;
Veselov et al., 2003; Zhao et al., 2004). In the interaction between host and parasitic plants, the
production of ethylene has been observed, which suggests ethylene may also play a role in the host
defense responses. For example, infestation by O. ramosa seedlings induced the expression of the
acc2 gene, which encodes for the aminocyclopropane-1-carboxylic acid (ACC) synthase in A.
thaliana roots (Dos Santos et al., 2003), suggesting that ethylene biosynthesis was activated.
Furthermore, an ethylene-responsive element binding factor, the AtERF6 gene, was also
upregulated in A. thaliana upon O. ramose infestation (Vieira Dos Santos et al., 2003). Similarly,
infestation by Cuscuta reflexa induced the emission of ethylene in N. benthamiana and S.
lycopersicum (Hegenauer et al., 2016; Hegenauer et al., 2020). This ethylene induction is CuRel-
dependent and an indicator that the defense response was successfully triggered (Hegenauer et al.,
2016; Hegenauer et al., 2020).

Intriguingly, parasitic plants seem to have evolved to also use ethylene as a signal for
haustorium penetration and host recognition. Cui et al. found that ethylene signaling is required
for the haustorium penetration process in the root parasitic plant Phtheirospermum japonicum, and
the disruption of host ethylene production can interfere with P. japonicum invasion (Cui et al.,
2020). Goldwasser et al. also reported that perturbed ethylene pathways
in Arabidopsis interfere with haustorium formation in the root parasitic plant Triphysaria
versicolor (Goldwasser et al., 2002; Kokla and Melnyk, 2018). All these examples indicate that
parasitic plants utilize this common stress-triggered defense hormone to help with the parasitism
process.

c. Cell wall modification
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Modifying cell wall composition to reinforce the physical boundary is a resistance
mechanism against parasitic plants reported in many host species. Among different types of cell
wall modification, lignin deposition is one of the most common methods deployed by many
resistant host species (PE Rez-De-Luque et al., 2005; Pérez-de-Luque et al., 2007; Pérez-de-Luque
et al., 2008; Huang et al., 2012; Yang et al., 2017; Mutuku et al., 2019). Previous reports used
anatomical observation to show lignified endodermal cells in resistant vetch (Vicia spp.) and faba
bean (Vicia faba) in response to attack by the root parasite, bean broomrape (Orobanche crenata)
(PERez-De-Luque et al., 2005; Pérez-de-Luque et al., 2007). Notably, based on observations with
phloroglucinol-HCI staining, lignin accumulation was distributed locally and only in the
endodermal cells that were in contact with a haustorium. This physical boundary blocks O. crenata
penetration and leads to aborted haustorial connections (PE Rez-De-Luque et al., 2005; Pérez-de-
Lugue et al., 2007). This result indicates that the lignin-based resistance is precisely regulated and

locally expressed.

Similarly, increased lignin content was measured in sunflower (Helianthus annuus)
resistant cultivars after sunflower broomrape (Orobanche cumana) inoculation. Yang et al. also
showed that the enzymes involved in lignin biosynthesis, including cinnamyl alcohol
dehydrogenase (CAD), ferulate-5-hydroxylase (F5H), and peroxidases, were highly accumulated
in these resistant sunflower cultivars (Yang et al., 2017). Likewise, with genetic analysis, induced
expression levels of lignin biosynthesis enzyme genes were also observed in Striga-resistant rice
(Oryza sativa) cultivars upon S. hermonthica infection and Striga-resistant cowpea (Vigna
unguiculata) cultivars upon Striga gesnerioides infection (Huang et al., 2012). With pyrolysis gas
chromatography/mass spectrometry (pyrolysis-GCMS), Mutuku et al. further quantified the

composition of p-hydroxyphenyl- (H), guaiacyl- (G), and syringyl- (S) types of monolignols in
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accumulated lignins. Changing the balance and percentage of these lignin monomers by regulating
key enzyme-encoding genes makes resistant cultivars susceptible to S. hermonthica infection
(Mutuku et al., 2019). Their results indicate that specific lignin composition plays a role in cell

wall structural integrity and influences host plant defense responses.

Similar resistance responses also have been observed in the interaction between the stem
parasite C. campestris and tomato. Although cultivated tomatoes are generally susceptible to C.
campestris, some specific Heinz tomato cultivars are resistant to C. campestris (Hembree et al.,
1999; Yaakov et al., 2001; Jhu et al., 2020). These resistant tomatoes accumulate a large amount
of lignin at the stem cortex, forming a physical barrier that prevents haustorium penetration (Jhu
et al., 2020). The genes that are involved in lignin biosynthesis were upregulated in these resistant
tomato cultivars upon C. campestris infestation, including 4-coumarate CoA ligase (4CL),
caffeoyl-CoA O-methyltransferase (CCoOAOMT), cinnamoyl-CoA reductase (CCR), and laccases
(LACs) (Jhu et al., 2020). In summary, these tomato cultivars block the penetration of C.
campestris haustoria by strengthening their cell wall.

Some of the upstream regulators of this lignin-based resistance response in tomatoes have
also been identified. CURLRL1 is a crucial factor that might function in perceiving the signal from C.
campestris and conferring host resistance by regulating lignification (Figure 1) (Jhu et al.,
2020). LIF1 (Lignin Induction Factor 1, an AP2-like transcription factor) and SIMYB55 are found
to be critical positive regulators of lignin biosynthesis (Figure 1). On the other
hand, SIWRKY16 acts as a negative regulator of the lignin-based resistance response and
counteracts LIF1 (Figure 1) (Jhu et al., 2020). In addition, SIWRKY16 also has a similar gene
expression pattern as CuRel, which encode the receptor trigger HR upon sensing Cuscuta factors

(Figure 1) (Hegenauer et al., 2020; Jhu et al., 2020). This suggests a potential regulatory connection
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between different defense mechanisms. Multilayered defense mechanisms against parasitic plants
would be of interest for future studies.

Besides lignification, cell wall structural protein cross-linking, callose deposition, and
suberization are also reported as defense mechanisms (Echevarria-Zomefio et al., 2006; Pérez-de-
Lugue et al., 2006; Pérez-de-Luque et al., 2007). Pérez-de-Luque et al. discovered that resistant
pea (Pisum sativum) plants increased H>O. and peroxidase activity to catalyze oxidative cross-
linking of structural proteins. The cross-linking of cell wall structural proteins in the host cortex
halted the penetration of O. crenata intrusive cells (Pérez-de-Luque et al., 2006). In both resistant
faba bean and pea plants, callose accumulation to reinforce cell walls and hamper O. crenata
penetration was also observed (Pérez-de-Luque et al., 2006; Pérez-de-Luque et al., 2007). Cross-
linked cell wall proteins were also detected in resistant sunflower plants in response to sunflower
broomrape (Orobanche cumana) (Echevarria-Zomefio et al., 2006). Furthermore, in these resistant
sunflower cultivars, the cell wall in contact with O. cumana was additionally thickened by
depositing suberin, preventing haustorium penetration and stopping the parasite from reaching the
endodermis (Echevarria-Zomefio et al., 2006). These findings inform us that resistant host plants
often deploy various combinations of cell wall reinforcement strategies to establish multilayer

defense mechanisms and ensure adequate protection.

d. Secondary metabolites

The accumulation of defensive secondary metabolites is an effective plant defense and
competition strategy for deterring herbivores (Olson and Roseland, 1991) and fungal pathogens
(Prats et al., 2003; Castillejo et al., 2010) and for allelopathy (Hierro and Callaway, 2003).
Previous studies also show that resistant host plants deploy toxic metabolites to defend against the

infestation of parasitic weeds (Serghini et al., 2001; PEREZ-DE-LUQUE et al., 2005; Echevarria-
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Zomefo et al., 2006). For example, a higher amount of bound phenolics and free phenolics is
detected in resistant vetches (Vicia atropurpurea) upon Orobanche aegyptiaca attack (Goldwasser
et al., 1999). The infestation of broomrape (O. cernua) also induced the content of total soluble
phenolic compounds in some pea (Pisum spp.) genotypes (PEREZ-DE-LUQUE et al., 2005).
These soluble phenolics could serve as precursors of lignin biosynthesis and be phytoalexins,
which are toxic for penetrating haustoria (PEREZ-DE-LUQUE et al., 2005).

Similarly, excreting and locally accumulating toxic compounds, 7-hydroxylated simple
coumarins, including scopoletin and ayapin, were observed in sunflower (H. annuus) resistant
cultivars in response to O. cernua parasitism (Figure 4). These sunflower coumarins not only
function as allelochemicals by averting O. cernua seed germination or killing germinated seedlings
(pre-attachment resistance), but also act as phytoalexins by preventing haustorial penetration and
the formation of vascular connection (post-attachment resistance) (Figure 4) (Serghini et al., 2001).
Furthermore, Echevarria-Zomefio et al. found that the penetration of O. cumana haustoria is
followed by the local excretion of sunflower phytoalexins into the apoplast. This response is
triggered explicitly at the attachment sites, especially in the host cells that are immediately
surrounding parasitic plant intrusive cells, to halt the penetration process (Figure 4).

iii. Non-host resistance

Other than developing different pre-attachment and post-attachment mechanisms to defend
against parasitic plants, some host plants seem to be simply incompatible with the parasites. This
incompatibility is also known as non-host resistance, which might result from parasitic plants not
having adapted to these specific host plants. While C. campestris is native to the US and has likely

co-evolved with the various crop and non-crop hosts, C. reflexa is native to Asia, and not usually
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seen in fields in the US. Therefore, domesticated tomatoes may have non-host resistance to C.

reflexa.

Similar examples have also been observed in the interaction between hosts and root
parasitic plants. S. gesnerioides can parasitize many eudicots, but S. hermonthica and S. asiatica
are unable to parasitize dicots (Ohlson and Timko, 2020). Arabidopsis is resistant to
S. hermonthica , which is also likely to be an example of non-host resistance. Interesting instances
of attachment and penetration but failure to successfully parasitize is seen in the interaction
between S. hermonthica and Arabidopsis , and Orobanche minor and Lotus japonicus (Kubo et al.,

2008).

While holding a lot of promise for the development of durable resistance, non-host
resistance mechanisms are yet to be fully elucidated (Lee et al., 2017). Non-host resistance
interactions between the hemiparasitic Rhinanthus minor and two forb species Leucanthemum
vulgare and Plantago lanceolata showed encapsulation and lignification at the interface between
the parasite and host (CAMERON et al., 2006). A similar encapsulation reaction is reported in the
interaction between the holoparasitic Orobanche ramosa and its non-host maize (Zehhar et al.,
2003). It is likely that this encapsulation barrier prevents the parasite from accessing the host
vascular system. Research on detailed mechanisms of non-host interactions is of interest for future
research. Understanding the molecular basis for these non-host interactions could lead to better

parasitic plant control strategies.

IV. A new definition of stem and root parasites: Cross-organ parasitism

Interestingly, in the process of reviewing the current knowledge of post-attachment defense

responses, we noticed that several similar mechanisms have been observed in both roots and stems
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and utilized to resist against root and stem parasitic plants, respectively. However, the exact details
of the mechanisms utilized are not the same between the above-ground and below-ground organs
in host plants. These observations indicate that some types of defense mechanisms might be organ-
or tissue-specific and might arise due to morphological and anatomical differences between the

various host plant organs.

Descriptions of parasitic plants traditionally have been based on where the haustorial
connections are formed on the host, and divided parasitic plants into stem or root parasites.
However, more non-conventional haustorial connections have been reported but not systematically
reviewed. For example, several previous studies and our recent observations indicate that stem
parasites, like Cuscuta spp., can attach to not only stems but also other organs of their host plants
and form successful vascular connections (Dean, 1938; Vurro et al., 2011; Kaga et al., 2020). Here,
we named these non-conventional haustorial connections as cross-organ parasitism. Cross-organ
parasitism has not been well investigated, but these discoveries might bring a new aspect to

parasitic plant classification and control strategies.

i. Discovery of cross-organ parasitism

Cuscuta spp. are generally categorized as stem parasitic plants (Figure 5A). However,
several previous reports showed that Cuscuta campestris could form attachment on carrot leaf
petioles and Arabidopsis thaliana rosette leaves (Kaga et al., 2020). Notably, vascular connections
between the host and the parasite were clearly shown on haustorium transverse sections in both
reported cases. We also have observed that C. campestris haustoria can attach on and penetrate the
petiole of a wild tomato Solanum galapagense (Figure 5B). Surprisingly, we also discovered that

C. campestris can form haustorial connections with tomato seedling roots in our in vitro
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haustorium system (Jhu et al., 2021) and the vascular connections were readily visible (Figure 5C,
D). This discovery shows that Cuscuta spp. have the ability to parasitize different organs of their
hosts, likely due to the ability to adjust their strategies depending on what host tissue types they
encounter during the haustorium penetration process. Incidentally, several previous studies have
reported various in vitro haustorium systems. C. campestris and C. japonica can form haustorium
like structures on their stems in the absence of a host and in response to far red light or blue light
and physical contact (Tada et al., 1996; Kaga et al., 2020; Jhu et al., 2021). Therefore, Cuscuta
may represent a more permissive system for haustorium formation and thus readily allows cross-

organ parasitism.

ii. Organ-specific defense responses

The discovery of cross-organ parasitism also raises the question of whether our current
understanding of parasitic plant resistance can also be applied to these non-conventional examples
of cross-organ parasitism. Intriguingly, based on our in vitro system, Heinz 9553 tomato cultivars
that are resistant to C. campestris attacks on their stems are susceptible to C. campestris in their
root system (Figure 6). The infestation of C. campestris triggers the cell wall modification type of
post-attachment resistance response in the stem of H9553 tomato. A thick layer of lignin was
accumulated at the stem cortex region to serve as a physical boundary preventing C.
campestris haustorium penetration (Figure 6, upper panel). However, this post-attachment
resistance response was not triggered in the root of H9553 tomato. Therefore, C.
campestris haustoria were able to penetrate successfully and establish vascular connections with
host roots (Figure 6, lower panel). Most studies on parasitic plant resistance have not investigated
whether the described resistance mechanisms also occur in other host plant organs. Understanding

if similar defense responses have been utilized in both above-ground and under-ground plant
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organs could provide a novel perspective on host defense responses and generate new strategies to

develop crops resistant to both stem and root parasites.

V. Conclusion and future perspectives

With the world population growing to 8 billion, food security has become a top concern
worldwide, intensifying the urgency to radically innovate methods to reduce agricultural loss due
to biotic stresses, especially diseases or parasites that are hard to eliminate using traditional
methods. Currently, growing crops is hampered by parasitic plant infestations in many countries
that already face food shortages. Investigating the mechanisms by which host and parasite perceive
each other and existing mechanisms mounted by hosts to resist parasitic plants will aid in
developing parasitic plant-resistant crops and should be one of the top priorities in setting parasitic
plant future research directions. In addition, understanding whether similar defense responses have
been utilized by some host plants to resist both major organ parasitism and cross-organ parasitism
could provide new insights into host-parasite interactions. This knowledge might create new
potential strategies to develop crops that are resistant to both stem and root parasites and provides
a new path forward to introduce resistance into important crops leading to more sustainable crop

production and global food security.
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Figure 1. Summary of perception and resistance mechanisms against stem parasitic Cuscuta
species in tomato host. The left-hand side of the dash line depicts the perception and resistance
mechanisms described for Cuscuta reflexa in cultivated tomato Solanum lycopersicum. CuRel is
a leucine-rich repeat receptor-like protein (LRR-RLP). This cell surface receptor-like protein
perceives an 11 kDa Cuscuta factor, a glycine-rich protein (GRP), or its minimal peptide epitope
Crip21 secreted by C. reflexa. With helps from the co-receptor SISOBIR1, this recognition process
then triggers the CuRel-dependent resistance responses, including hypersensitive responses (HRS),
releasing reactive oxygen (ROS) species, and increased ethylene synthesis. The right-hand side of
the dash line shows the perception and resistance mechanisms described for Cuscuta campestris in
cultivated tomato S. lycopersicum. Cuscuta R-gene for Lignin-based Resistance 1 (CuRLR1) is an
N-terminal coiled-coil nucleotide-binding site leucine-rich repeat protein (CC-NBS-LRR) in
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specific resistant Heinz tomato cultivars. CURLR1 may be engaged in sensing signaling pathways
or function as a receptor for perceiving unknown C. campestris signals or effectors. Activation of
CuRLR1 starts downstream signaling cascades and induces genes involved in the lignin
biosynthesis pathway. This response then triggers lignin accumulation in the tomato stem cortex
region, which function as a physical boundary to prevent haustorium penetration. LIF1 (Lignin
Induction Factor 1, an AP2-like transcription factor) and SIMYB55 are crucial positive regulators
conferring host lignin-based resistance. SIWRKY16 is upregulated upon C. campestris infestation
and acts as a negative regulator of lignin production and LIF1 function. SIWRKY16 is
hypothesized to connect CuRel (dashed arrow) to the lignification response. 3D structure image

of ethylene is from PubChem (National Center for Biotechnology Information, 2021).
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Figure 2. Summary of perception and resistance mechanisms against root parasitic plants
Orobanche cumana and Striga gesnerioides in sunflower and cowpea respectively. The upper
panel depicts the perception and resistance mechanisms to Orobanche cumana in
sunflower Helianthus annus. HaOR7 is a membrane-bound leucine-rich repeat (LRR) receptor-
like kinase, which recognizes an avirulence protein (AVROR7) from O. cumana using the LRR
domain. Perceiving AVROR7 with the help of an unknown co-receptor enables signal transduction
through the kinase domain of HAOR?7. This recognition process then triggers downstream
hypersensitive responses and prevents the haustorial connection of O. cumana to the sunflower
root vascular system. The lower panel shows the perception and resistance mechanisms to S.
gesnerioides in cowpea Vigna unguiculata. RSG3-301 is a CC-NBS-LRR protein. Upon
perceiving an unknown parasite signal or AVR protein from S. gesnerioides, RSG-301 starts

downstream signaling cascades and activates a BTB-BACK domain-containing ubiquitin E3 ligase
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VUPOB1, which is a positive regulator of the hypersensitive response. This triggers hypersensitive
response and necrosis upon S. gesnerioides infestation and confers post-attachment resistance in
cowpea. However, the S. gesnerioides race 4z can overcome RSG3-301-mediated resistance by
secreting a small effector, Suppressor of Host Resistance 4z (SHR4z). When SHR4z enters the
host cell, it can interact with VUPOBL1 and inhibit its function by promoting the turnover rate of
VUPOBL. Thus, SHR4z-triggered VUuPOB1 degradation leads to reduced hypersensitive response

and makes the resistant cultivar B301 susceptible to S. gesnerioides race 4z.
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Figure 3. Summary of pre-attachment resistance in sorghum by reducing Striga
hermonthica germination. The LGS1 (LOW GERMINATION STIMULANT 1) gene codes a
sulfotransferase. In susceptible sorghum plants, the dominant SL in root exudates is 5-deoxystrigol,
a highly active Striga germination stimulant. However, an SL with the opposite stereochemistry
of 5-deoxystrigol is orobanchol, which does not stimulate germination of Striga. A mutation
at LGS1 changes the dominant SL in sorghum root exudates from 5-deoxystrigol to orobanchol,
leading to low Striga germination rates. This composition change makes these sorghum hosts less
likely to be parasitized by S. hermonthica and leads to pre-attachment resistance. 3D structure
images of Orobanchol (National Center for Biotechnology Information, 2021) and 5-Deoxystrigol

(National Center for Biotechnology Information, 2021) are from PubChem.
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Figure 4. The functions of defensive soluble phenolic compounds in pre-attachment
resistance and post-attachment resistance. Sunflower (H. annuus) resistant cultivars excrete and
accumulate toxic phenolic compounds, 7-hydroxylated simple coumarins, including scopoletin
and ayapin, upon O. cernua parasitism. These sunflower coumarins function as allelochemicals by
averting O. cernua seed germination or killing germinated seedlings (pre-attachment resistance,
upper panel of the figure), and act as phytoalexins by preventing haustorial penetration and the
formation of vascular connection (post-attachment resistance, lower panel of the figure). 3D
structure images of ayapin (National Center for Biotechnology Information, 2021) and scopoletin

(National Center for Biotechnology Information, 2021) are from PubChem.
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Figure 5. Cuscuta campestris haustorial connections with various host organs. (A) A 100 um
thick fresh vibratome section of C. campestris (Cc) haustorium parasitizing the stem of a wild
tomato Solanum pennellii (Sp). (B) A 100 um thick fresh vibratome section of C. campestris (Cc)
haustorium parasitizing the petiole of a wild tomato Solanum galapagense (Sg). (C) An in vitro
haustorium induction plate with a C. campestris strand and a domesticated tomato (Solanum
lycopersicum) seedling. The C. campestris (Cc) strand and the tomato seedling were sandwiched

between two agar layers to provide sufficient physical pressure and promote haustorium formation.
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(D) A 100 um thick fresh vibratome section of C. campestris (Cc) haustorium parasitizing the root
of a tomato (SI) seedling. (A, B, D) Scale bars = 200 um. Sections were stained with Toluidine

Blue O. White arrowheads indicate the haustorial vascular connection.
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Figure 6. Organ-specific defense responses in the resistant tomato cultivar Heinz 9553.
H9553 tomato plants are resistant to C. campestris attacks on their stems, but they are susceptible
to C. campestris on their roots. The upper panel of the figure is a 100 um thick fresh vibratome
section of C. campestris (Cc) haustorium parasitizing the stem of an H9553 tomato (Sl). The lower
panel of the figure is a 100 pm thick fresh vibratome section of C. campestris (Cc) haustorium
parasitizing the root of an H9553 tomato (SI). Scale bars = 200 um. Sections were stained with

Toluidine Blue O. White arrowhead indicates the haustorial vascular connection.
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Chapter 2: LATERAL ORGAN BOUNDARIES DOMAIN 25 functions as a key regulator of

haustorium development in dodders

*This chapter is published: Min-Yao Jhu, Yasunori Ichihashi, Moran Farhi, Caitlin Wong,
Neelima R Sinha, LATERAL ORGAN BOUNDARIES DOMAIN 25 functions as a key regulator of
haustorium development in dodders, Plant Physiology, 2021,

kiab231, https://doi.org/10.1093/plphys/kiab231

One-sentence summary:

CcLBD25 plays a pivotal role in haustorium initiation, regulating pectin digestion, and searching

hyphae development during the haustorium penetration process.

Short title:

LBD25 regulates dodder haustorium development.

Abstract

Parasitic plants reduce crop yield worldwide. Dodder (Cuscuta campestris) is a stem parasite that
attaches to its host, using haustoria to extract nutrients and water. We analyzed the transcriptome
of six C. campestris tissues and identified a key gene, LATERAL ORGAN BOUNDARIES
DOMAIN 25 (CcLBD25), as highly expressed in prehaustoria and haustoria. Gene co-expression
networks (GCN) from different tissue types and laser-capture microdissection (LCM) RNA-Seq
data indicated that CcLBD25 could be essential for regulating cell wall loosening and

organogenesis. We employed host-induced gene silencing (HIGS) by generating transgenic tomato
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(Solanum lycopersicum) hosts that express hairpin RNAs to target and down-regulate CcLBD25
in the parasite. Our results showed that C. campestris growing on CcLBD25 RNAI transgenic
tomatoes transited to the flowering stage earlier and had reduced biomass compared with C.
campestris growing on wild-type hosts, suggesting that parasites growing on transgenic plants
were stressed due to insufficient nutrient acquisition. We developed an in vitro haustorium (IVH)
system to assay the number of prehaustoria produced on strands from C. campestris. C. campestris
grown on CcLBD25 RNAI tomatoes produced fewer prehaustoria than those grown on wild type
tomatoes, indicating that down-regulating CcLBD25 may affect haustorium initiation. C.
campestris haustoria growing on CcLBD25 RNAI tomatoes exhibited reduced pectin digestion and
lacked searching hyphae, which interfered with haustorium penetration and formation of vascular
connections. The results of this study elucidate the role of CcLBD25 in haustorium development

and might contribute to developing parasite-resistant crops.
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Introduction

Parasitic plants are heterotrophic, reducing the yields of crops worldwide (Agrios, 2005; Yoder
and Scholes, 2010). They parasitize host plants using specialized organs known as haustoria, which
extract nutrients and water from the hosts. Cuscuta species (dodders) are stem holoparasites
without functional roots and leaves. Stems of Cuscuta spp. coil counterclockwise around their host
and then form a series of haustoria along their own stems to attach to the hosts (Furuhashi et al.,
2011; Alakonya et al., 2012). Cuscuta campestris is one of the most widely distributed and
destructive parasitic weeds (Parker, 2021). A better understanding of the underlying molecular
mechanisms of C. campestris haustorium development will aid in applying parasitic weed control

and producing parasitic plant-resistant crops.

Many previous studies have identified the key factors needed for seed germination, host
recognition, and haustorium induction and growth in root parasites (Shen et al., 2006; Lopez-Réaez
et al., 2009; Yoder and Scholes, 2010). Focusing on haustorium development, a previous study
indicated that root parasitic plants co-opted the mechanism of lateral root formation in haustorium
organogenesis (Ichihashi et al., 2017). The LATERAL ORGAN BOUNDARIES DOMAIN (LBD)
family of transcription factors (TFs) are reported to be crucial in both lateral root formation in non-
parasitic plants and haustorium developmental programming in root parasites (Ichihashi et al.,
2020). In non-parasitic model plants, like Arabidopsis, LBD genes are shown to be involved in
auxin signaling, interact with AUXIN RESPONSE FACTORs (ARFs) and promote lateral root
formation (Mangeon et al., 2010; Porco et al., 2016). During the haustorium development stage,
LBD orthologs are reported to be upregulated at attachment sites of root parasitic plants like
Thesium chinense (Ichihashi et al., 2017) and Striga hermonthica (Yoshida et al., 2019). On the

other hand, the molecular pathways regulating haustorium development in stem parasitic plants
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are still largely unexplored. Although a few gene orthologs that regulate auxin accumulation
during lateral root development in non-parasitic plants are found to be expressed in Cuscuta
seedlings and stems, whether these genes are also involved haustorium formation remains
unknown (Ranjan et al., 2014). Our previous studies showed that SHOOT MERISTEMLESS-like
(STM) plays a role in Cuscuta spp. haustorium development (Alakonya et al., 2012). These results
suggest that Cuscuta spp. might have repurposed the shoot developmental programs into
haustorium organogenesis, but a recent study indicates that some genes that are involved in root
development were also expressed in Cuscuta australis prehaustoria and haustoria (Sun et al., 2018),
suggesting that the lateral root programming system was co-opted into haustorium development.
In this study, we provide an insight into the gene regulatory mechanisms of haustorium
organogenesis and identify one of the LBD transcription factors, CcLBD25, as a vital regulator of
C. campestris haustorium development. This discovery supports the hypothesis that stem parasitic
plants adapted both shoot and root molecular machinery into haustorium formation. Using detailed
transcriptome analysis and gene coexpression networks coupled with cellular and developmental
phenotype assays, we also show that CcLBD25 is not only involved in haustorium initiation
through auxin signaling, but also participates in other aspects of haustorial developmental
reprogramming, including cell wall loosening, searching hyphae development, and other
phytohormone mediated signaling pathways. The results of this study will not only shed light on
the field of haustorium development in stem parasitic plants but will also help develop a potentially
universal parasitic weed-resistant system in crops to reduce economic losses caused by both root

and stem parasites.
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Results

Establishing genomic resources for C. campestris and constructing gene coexpression networks

that requlate haustorium formation

In this study, we analyzed the transcriptome of different C. campestris tissues, including seeds,
seedlings, stems, prehaustoria, haustoria, and flowers, grown on the tomato (Solanum
lycopersicum) Heinz 1706 (H1706) cultivar and Nicotiana benthamiana (N. benthamiana) (Ranjan
et al., 2014) by mapping reads to the recently available genome of C. campestris (Vogel et al.,
2018). In general, seed tissues have distinctively different gene expression profiles compared to
all other tissues (Supplemental Fig. S1). In addition, the expression patterns in invasive tissues
(prehaustoria and haustoria) and non-invasive tissues are also disparate (Supplemental Fig. S1).
We conducted principal component analysis (PCA) analysis and noticed that the genes that are
highly expressed in invasive tissues can be separated from the genes that are highly expressed in
non-invasive tissues on PC1 (Fig. 1A, B). To identify the genes that might be involved in
haustorium development, we performed clustering analysis using self-organizing maps (SOM) in
R, and identified a cluster enriched with genes that are highly expressed in both prehaustoria and

haustoria tissues (SOM9 - Fig. 1, Supplemental Fig. S2, Supplemental Table S1).

We focused on the genes contained in this SOM9 cluster and constructed a gene
coexpression network (GCN). Using the fast greedy modularity optimization algorithm to analyze
the GCN community structure (Clauset et al., 2004) and visualizing the network using Cytoscape
(Cline et al., 2007), we noticed this SOM9 GCN is composed of three major modules (Fig. 2A,
Supplemental Table S2). Since the current gene annotation of C. campestris genome is not as
complete as that of most model organisms, we used BLAST to combine our previously annotated

transcriptome with current C. campestris genome gene I1Ds (Supplemental Table S3). With this
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more comprehensive annotation profile, we conducted GO enrichment analysis using the TAIR
ID for each C. campestris gene in the network to identify the major GO term for each module
(Supplemental Table S4). Based on our GO enrichment results, the major biological process of
module 1 can be classified as “plant-type cell wall loosening”, and the cellular component of
module 1 is “extracellular region and intracellular membrane-bounded organelle” (Fig. 2,
Supplemental Table S4). This result indicates the genes contained in module 1 are mostly involved
in cell wall loosening, which is needed for the haustorium to penetrate through the host tissue. On
the other hand, the major biological processes of module 3 include “transport, response to
hormones, secondary metabolite biosynthetic process, and regulation of lignin biosynthetic
process”. The molecular function of module 3 is “transmembrane transporter activity”, and the
cellular component of module 3 is “plasma membrane” (Fig. 2A, Supplemental Table S4). This
analysis suggests that these genes might be involved in later stages of development and nutrient
transport from the host to the parasite once a connection is established between the host and the

parasite.

To identify the key regulators in the haustorium penetration process, we focused on genes
in module 1 and calculated the degree centrality and betweenness centrality scores of each gene
within this group. Many central hub genes in module 1 are proteins or enzymes involved in cell
wall modifications, like pectin lyases, pectinesterase inhibitors, and expansins (Fig. 2B,
Supplemental Table S2). To find the upstream regulators of these pathways, we focused on
transcription factors that are classified in module 1. Intriguingly, only three transcription factors
are included in module 1: CcLBD25 (Lateral Organ Boundaries Domain gene 25; Cc019141),
CcLBD4 (Cc017015), and CcWRKY71 (Cc004070) (Fig. 2B, Supplemental Table S2). According

to the gene coexpression network of SOM9, we noticed that CcLBD25, CcLBD4, and CCWRKY71
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share several common first layer neighbors (Fig. 2). Based on previous reports, AtLBD25 regulates
lateral root development in Arabidopsis by promoting auxin signaling (Dean et al., 2004; Mangeon
et al., 2010). Furthermore, an LBD25 orthologue (TcLBD25) in Thesium chinense, a root parasitic
plant in the Santalaceae family, was also detected to be upregulated during the haustorium
development process (Ichihashi et al., 2017). Using CcLBD25 nucleotide sequence alignments and
a LBD25 phylogenetic tree constructed using MEGA X (Kumar et al., 2018) (Supplemental Fig.
S3, Supplemental Dataset S1), we confirmed orthology between the TcLBD25, AtLBD25 and
CcLBD25 genes. Based on these serendipitous pieces of evidence, we suspected that CcLBD25

may also regulate haustorium formation and the parasitism process in C. campestris.

To understand the role of CcLBD25 and the potential connection with other genes, we
included genes in SOM2 (genes that are only highly expressed in haustoria) and SOM3 (genes that
are only highly expressed in prehaustoria) to build a more comprehensive GCN (Fig. 1,
Supplemental Fig. S2). Based on the community structure analysis, this comprehensive network
is composed of three major modules (Fig. 3A, Supplemental Table S5). Based on our GO
enrichment results, the major biological process of module 3 is plant-type cell wall loosening and
the major biological processes of module 1 include morphogenesis of a branching structure, plant
organ formation, and several hormone responses and biosynthetic processes (Supplemental Table
S6). CcLBD25 itself is placed in module 1 (Supplemental Table S5), but CcLBD25 has many first
layer connections with genes that are classified in module 1 or module 3 (Fig. 3A, C). This result
indicates that CcLBD25 might play a role in connecting genes involved in different pathways or
aspects of haustorium development. Furthermore, by coloring the network with their
corresponding SOM groups, we noticed that even though CcLBD25 itself is in SOM9, many of

the CcLBD25 first and second layer neighbors are in SOM2 and SOM3 (Fig. 3B, D). Thus,
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CcLBD25 might be a key regulator of the haustorium development process in both early and late
stages of haustorium development and may also play a critical role in coordinating the function of

genes that are expressed only during discrete developmental stages.

Zooming into tissue specific expression using laser-capture microdissection (LCM) coupled with

RNA-seq

Our first transcriptome data came from hand collected tissue samples. To further dissect Cuscuta
haustorium developmental stages, we used laser-capture microdissection (LCM) with RNA-seq to
analyze only pure haustorial tissues from three different haustorium developmental stages (Fig.
4A-E). Based on a previous study, changes in the levels of jasmonic acid (JA) and salicylic acid
(SA) are observed about 36-48 hours after first haustorial swelling, which is about 4 days post
attachment (DPA) (RUNYON et al., 2010). We also noticed that haustorium growth is a
continuous process for C. campestris, so all developmental stages of haustoria can be found on the
same strand at the 4 DPA time point. Therefore, we focused on 4 DPA and defined three
developmental stages based on their haustorium structure: early (the haustorium has just contacted
the host), intermediate (the haustorium has developed searching hyphae but has not formed
vascular connections), and mature (a mature haustorium with continuous vasculature between host
and parasite) (Fig. 4A-C). C. campestris haustorium tissues, especially the protruding region of
haustoria, were collected from C. campestris using LCM at these three developmental stages

attached to H1706 and subjected to RNA-Seq (Fig. 4D-E).

Next, we mapped our LCM RNA-Seq data to the C. campestris genome. Visualizing the
gene expression changes using multidimensional scaling showed that the expression profile of the
mature stage is distinct from the early and intermediate stages (Supplemental Fig. S4). We then

conducted clustering analyses using SOM to group genes based on their expression patterns at
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these three different developmental stages (Fig. 4F-G). According to our PCA analysis, PC1
obviously separated genes that are specifically expressed in the mature stage from those expressed
in the other two stages, and PC2 distinguished the genes expressed in the early stage from those
expressed in the intermediate stage (Supplemental Fig. S5). Interestingly, and similar to what was
seen in our tissue type transcriptome data, CcLBD25 is grouped in SOM6, which is the cluster of
genes that are relatively highly expressed in both early-stage and mature-stage (Fig. 4F-G, and
Supplemental Fig. S6, Supplemental Table S7). Notably, CcLBD25 expression in intermediate-
stage is relatively reduced compared with early-stage or mature-stage but is still much higher
compared with other non-invasive tissues like seed, seedlings, stems and flowers. Genes with low
expression levels were often not detectable in LCM RNA-Seq data, which might be caused by the
preparation process of LCM tissues, including fixation, sectioning, and dissection processes, which
are likely to lead to loss of some RNAs due to unpreventable degradation. To investigate gene
regulatory dynamics within the haustorium developmental process, we used the same gene list
from tissue type RNA-Seq SOM9 and constructed another GCN of these genes that was based on
the LCM RNA-Seq expression profiles (Fig. 4H). By using the same gene list, but the expression
dataset from samples of precisely collected haustorial cells, we obtained detailed regulatory
connections between genes by comparing the tissue type GCN and LCM GCN (Fig. 2A, 4H).
Based on the fast greedy community structure analysis, this LCM GCN is composed of three major
modules with CcLBD25 in module 1 (Fig. 4H, Supplemental Table S8). According to our GO
enrichment results, the major biological process for module 1 is plant-type cell wall loosening, and
for module 3, is brassinosteroid mediated signaling pathway (Fig. 4H, Supplemental Table S9). In
addition to cell wall loosening related enzyme encoding genes forming central hubs, we noticed

CcLBD25 is the TF with the highest number of connections in module 1. CcLBD25 has 13 first
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layer neighbors and 70 second layer neighbors, including many cell wall loosening-related genes
(Fig. 4H-1, Supplemental Table S8). Zooming in to focus on CcLBD25, we noticed that the
CcLBD25 first and second layer neighbors are genes classified in module 1 or module 3, indicating
that CcLBD25 might play a role in connecting these two pathways. Many of the CcLBD25 first
and second layer neighbors are pectin degradation related genes like PL and PMEI. On the other
hand, CcLBD4 is not in the LCM GCN, and CcWRKY71 is at a marginal location with only one
connection. This result provided further support for our hypothesis that CcLBD25 is the major TF
regulating cell wall modification in the haustorium penetration process. CcLBD4 and CcCWRKY71
might also be key regulators but are likely involved in a different aspect of haustorium
development. Thus, we focused our attention on understanding the function of CcLBD25 in

haustorium development.

Cross-species RNAI (Host-Induced Gene Silencing) CcLBD25 effects whole-plant phenotypes

and reduces parasite fitness

In our previous studies, we found cross-species transport of mMRNAs and siRNAs between C.
campestris and their hosts (when the initial haustoria are successfully connected with host vascular
tissue), and demonstrated host-induced gene silencing (HIGS) (Runo et al., 2011; Alakonya et al.,
2012). Many previous studies have also shown that large-scale mMRNA and small RNAs are
transported through the haustorium connections in Cuscuta species (Kim et al., 2014; Johnson et
al., 2019). Therefore, we generated transgenic host tomatoes with hairpin RNAs that target and
down-regulate CcLBD25 after the parasite forms the first attachment and takes up RNAs from the
host (Supplemental Fig. S7). When C. campestris grows on wild-type tomato hosts, CcLBD25 is
highly expressed in invasive tissues (Fig. 5A, B). However, CcLBD25 expression levels are

significantly knocked-down in the tissues on and near the initial functional attachment sites of C.
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campestris plants that are growing on CcLBD25 RNA. transgenic plants (Fig. 5B). Based on our
results, expressing CcLBD25 RNAI constructs has no effect on tomato plant growth and, with one
exception, transgenic CcLBD25 RNAI tomato plants have the same phenotype as wild-type plants
(Supplemental Fig. S8). Notably, CcLBD25 and SILBD25 nucleotide sequences shared low
similarity based on results of Blastn with the most recently published tomato genome (ITAG 4.0)
(Supplemental Data S1). This also explains why using CcLBD25 RNA. constructs do not influence
tomato growth (Supplemental Fig. S8). We suspect that the p35S:RNAI line 2-2 might be different
from wild-type due to tissue culture or insertion effects. Nevertheless, pSUC:RNAIi would be a
better choice for agricultural application due to specific expression of the RNAI construct in
phloem tissues, which would allow efficient transfer of siRNAs to C. campestris after
establishment of vascular connection. However, for the purpose of verifying the function of
CcLBD25 in C. campestris, both p35S:RNAI lines and pSUC:RNAI lines worked well and
successfully downregulated the expression of CcLBD25 in C. campestris (Fig. 5B). If CcLBD25
is important in haustorium development and parasitism, then down-regulating CcLBD25 should
influence haustorium structure or formation, and might also affect nutrient transport. To verify our
hypothesis, we measured flowering time in C. campestris growing on various tomato hosts. The
result showed that parasites growing on CcLBD25 RNAI transgenic tomatoes transitioned to the
flowering stage and subsequently senesced earlier than those growing on wild types (Fig. 5C).
Based on previous studies, many plant species respond to environmental stress factors by inducing
flowering (Wada and Takeno, 2010; Riboni et al., 2014). This early transition to the reproductive
stage and senescence in C. campestris grown on CcLBD25 RNAI plants suggests that C.

campestris was growing under stress, likely because of nutrient deficiency.
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To verify if down-regulating CcLBD25 affects the ability of the parasite to acquire
resources from the host, we also measured the biomass of C. campestris grown on wild-type H1706
and CcLBD25 RNA.I transgenic plants. At 14 days post attachment (DPA), we noticed that C.
campestris plants grown on CcLBD25 RNAI transgenic tomatoes had less biomass compared with
the C. campestris plants grown on wild-type H1706 (Fig. 5D). Both whole-plant level phenotypes
suggest that CcLBD25 might be involved in haustorium development and knocking down the
expression level of CcLBD25 influences the ability of C. campestris to establish connections with

hosts and interferes with parasite nutrient acquisition.

Using an in vitro haustoria (IVH) system to investigate the impact of CcLBD25 on early-stage

haustorium development

Previous studies indicate that several auxin-inducible LBD genes function in lateral root
initiation (Goh et al., 2012). We noticed that auxin efflux carriers and auxin-responsive genes are
also in the SOM9 gene co-expression network (Fig. 2). Therefore, we proposed that CcLBD25
might regulate early-stage haustorium development in C. campestris. In order to assay the role of
CcLBD25 in C. campestris haustorium initiation, we developed an in vitro haustorium (IVH)
system coupled with HIGS (Fig. 6A). This method is inspired by the previous discovery that
Cuscuta haustoria can be induced by physical contact and far-red light signals (Tada et al., 1996)
and many studies confirmed that small RNAs and mRNAs can move cross-species through the
haustorial phloem connection (David-Schwartz et al., 2008; Alakonya et al., 2012; Kim et al., 2014;
Johnson et al., 2019). Therefore, we took the C. campestris strands growing near the haustorium
attachment sites on wild-type and CcLBD25 RNAI transgenic tomato (Fig. 6B) and sandwiched
these strands between two layers of agar to provide sufficient physical contact (Fig. 6A, C). We

then illuminated these plates under far-red light for 5 days, at which point prehaustoria are readily
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visible (Fig. 6D-E). Since the IVH induction is rapid and these prehaustoria can easily be separated
from the agar, this method allowed us to count prehaustoria numbers under the microscope and
validate the effect of CcLBD25 RNAI on haustorium initiation. The strands from the C. campestris
grown on CcLBD25 RNAI transgenic tomatoes produced many fewer prehaustoria than the strands
from those grown on wild type (Fig. 6F). This result indicates that reduced CcLBD25 expression
impeded haustorium initiation and confirms that CcLBD25 is a key regulator of early-stage

haustorium development, as suggested by our LCM RNA-Seq analysis results.

Down-requlation of CcLBD25 leads to structural changes in haustoria

To verify the crucial role CcLBD25 plays in haustorium development and to investigate
how down-regulating CcLBD25 affects haustorium structure and the parasitism process, we
prepared 100 pm-thick fresh haustorium sections using a vibratome, and stained them with
Toluidine Blue O (O'Brien et al., 1964). In sections of haustoria growing on wild-type plants, we
could observe searching hyphae that had penetrated the host cortex region and transformed into
xylic or phloic hyphae as they had connected to host xylem and phloem (Fig. 7A, C, E). However,
we observed that many haustoria growing on CcLBD25 RNAI transgenic tomatoes had formed a
dome shape structure and lacked searching hyphae (Fig. 7B, D, F, Supplemental Fig. S9,
Supplemental Table S10 and S11). This result indicates that CcLBD25 might be involved in
development of searching hyphae. Therefore, knocking down of CcLBD25 affects the ability of C.
campestris to establish connections with the host vascular system and leads to nutrient deficiency,

as observed in the whole-plant level phenotypes.

We also noticed the down-regulation of CcLBD25 influenced the parasite penetration
process. Fresh tissue sections of the haustoria growing on wild type showed a clear zone in tomato

cortex tissues near haustorium tissues (Fig. 7A, C, E). Since the metachromatic staining of
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Toluidine Blue O is based on cell wall composition and pH values and a pink to purple color
indicates pectin presence, this result indicates that the pectins in tomato cortex tissues may have
been digested or the pH condition in the cell wall had been changed in the haustorium penetration
process (Fig. 7A, C, E). On the other hand, the C. campestris growing on CcLBD25 RNAI
transgenic tomatoes still showed pink to purple color in the cortex near the haustorium attachment
sites (Fig. 7B, D). Hence, less pectin digestion or cell wall modification happened in tomato cortex
tissues near these CcLBD25 downregulated haustorium tissues compared to the haustoria growing
on wild-type. These haustorium structural phenotypes correspond well with our SOM9 GCN from
the C. campestris tissue transcriptome. CcLBD25 is one of the transcription factor central hub
genes in module 1, with many first and second layers of connection to genes involved in cell wall
modification, including pectin lyases and pectin methyl-esterase inhibitors (PMEIs). Based on
many previous studies, the interplay between pectin methylesterase (PME) and PMEI is an
important determinant of cell wall loosening, strengthening, and organ formation (Wormit and
Usadel, 2018). Therefore, we hypothesized that PMEIs might be one of the key regulators that
cause the haustorium phenotype in CcLBD25-downregulated haustorium tissues. To test if the
down-regulation of CcLBD25 would affect PMEI expression levels, we conducted qPCR to detect
CcPMEI expression levels in the tissues of C. campestris plants that are growing on CcLBD25
RNAI transgenic plants. Our results show that CcPMEI expression levels are also significantly
reduced when CcLBD25 is knocked-down (Fig. 7G, H). Thus, CcLBD25 might directly or
indirectly regulate CcPMEI at the transcriptional level. These results verify the hypothesis that
CcLBD25 plays an important role in haustorium development and might regulate cell wall

modification.
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Discussion

In this study, we demonstrate that CcLBD25 is a crucial regulator of several aspects of C.
campestris haustorium development, including haustorium initiation, cell-wall loosening, and
searching hyphae growth. We use transcriptome of six C. campestris tissue types and RNA-Seq
data of LCM captured haustoria at three developmental stages to reveal the potential molecular
mechanisms and the complexity of gene networks that are regulated during the haustorium
formation process. Our results provide a comprehensive analysis of the CcLBD25 centered
regulatory system and illustrate that CcLBD25 might directly or indirectly coordinate different

groups of genes that are expressed only at the early or mature stage during haustorium development.

Lateral root development and haustorium development

In non-parasitic plants, like Arabidopsis, AtLBD25 was also named DOWN IN DARK AND
AUXIN1 (DDAZ1) because 1bd25 mutant plants exhibited reduced sensitivity to auxin and reduced
number of lateral roots (Mangeon et al., 2010). These phenotypes indicate that AtLBD25 functions
in lateral root formation by promoting auxin signaling (Mangeon et al., 2010). In the root parasitic
plant, Thesium chinense, TcLBD25 was highly expressed during haustorium formation (Ichihashi
et al., 2017). This supports the hypothesis that root parasitic plants co-opted the lateral root
formation machinery into haustorium organogenesis. However, whether rootless stem parasitic
plants Cuscuta spp. also followed the same path to generating haustoria was unknown. In this
study, we identified CcLBD25 as playing a key role in Cuscuta haustorium development. Our
SOMO gene co-expression network shows that auxin efflux carriers and auxin-responsive genes
are also remotely connected with CcLBD25, but not in the first or second layers of neighbors (Fig.
2). Our hypothesis is that the increased expression of CcLBD25 might induce the genes that are

involved in auxin signaling, which was observed in the Arabidopsis lateral root development
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system (Dean et al., 2004; Mangeon et al., 2010). These pieces of evidence suggest that Cuscuta
spp. adapted not only the shoot developmental programs (Alakonya et al., 2012), but also the
lateral root programming system, into haustorium organogenesis. According to our LBD25 gene
phylogenetic tree, CcLBD25 and TcLBD25 likely evolved convergently to function in haustorium

development (Supplemental Fig. S3, Supplemental Data S1).

Development of searching hyphae

Down-regulating CcLBD25 reduced searching hyphae formation (Fig. 7B, D, F, Supplemental Fig.
S9), indicating that CcLBD25 is involved in searching hyphae development. Surprisingly,
AtLBD25 is not only expressed in roots but is also expressed in pollen (Mangeon et al., 2010).
Previous reports indicate that AtLBD25 is especially highly expressed during the pollen late
developmental stage (Kim et al., 2016). Intriguingly, many genes that are involved in haustoria
development also play important roles in flower and pollen development (Yang et al., 2015;
Yoshida et al., 2019). Recent research on haustoria 3D structures also indicates that the growth
pattern of intrusive cells is similar to the rapid polar growth of pollen tubes (Masumoto et al.,
2020). Taken together with our results in this study and previous findings in other organisms, we
suggest that the genes that regulate pollen development or pollen tube growth, like LBD25, might
be adapted by parasitic plants for development of haustorium intrusive cells and searching hyphae.
This discovery also confirmed the hypothesis that parasitic plants co-opted the developmental

reprogramming process from multiple sources instead of just a single organ.

Cell adhesion and cell wall loosening in parasitism

The mechanical properties and chemical conditions of cell walls have been reported to be critical

for regulating plant organ morphogenesis (Chebli and Geitmann, 2017; Zhao et al., 2018). By
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remodeling cell wall composition or extracellular environments, plants generate local cell wall
loosening and strengthening, which allows anisotropic growth processes to occur (Chebli and
Geitmann, 2017). Recent studies also indicate that the interaction between pectin and other cell
wall components is an important determinant for plant organogenesis (Chebli and Geitmann, 2017,
Saffer, 2018), and the interplay between PME and PMEI plays a vital role in regulating physical
properties of the cell wall (Wormit and Usadel, 2018). In the root parasitic plant, Orobanche
cumana, a PME is shown to be present at the host and parasite interface and to have pectolytic
activity (Losner-Goshen et al., 1998). These results suggest that parasitic plants produce PME to
degrade pectin in the host cell wall and help with haustorium penetration. Our SOM9 GCNs shows
that CcLBD25 is co-expressed with many pectin lyases and PMEIs (Fig. 2B, 3C-D, 4H-1),
implying that CcLBD25 might be the key transcription factor regulating expression of the enzymes
involved in pectin remodeling. The haustoria grown on CcLBD25 RNAI transgenic plants failed
to penetrate host tissues and were unable to create a clear zone at the host and parasite interface
(Fig. 7A-F), supporting the existence of a tight connection between CcLBD25 and pectin-
modifying enzymes. CcLBD25 and PMEIs were co-expressed in the mature stage of haustorium

(Fig. 4H-1), when cell wall loosening occurs for haustorium penetration.

On the other hand, since the patterns of de-methylesterification on homogalacturonans (HG)
determines cell wall loosening or strengthening, pectin properties also play a role in cell adhesion,
which is regulated by PME and PMEI (Wormit and Usadel, 2018). Previous studies also indicate
that Cuscuta spp. secrete pectin-rich adhesive materials to help with adhesion and allow
attachment to their hosts (Vaughn, 2002; Shimizu and Aoki, 2019). This is consistent with our
discovery that both CcLBD25 and PMEIs are highly expressed in the early stage of haustorium

development, which would be responsible for the adhesion process in C. campestris (Fig. 4H-1).
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Conclusions

Our detailed bioinformatic analysis on previously published C. campestris tissue type
transcriptome coupled with LCM of RNA-Seq data from three haustorium developmental stages
helped us discern the molecular mechanism of parasitic plant haustorium development. The
discovery that CcLBD25 plays a pivotal role in many aspects of haustorium formation shows that
the regulatory machinery of haustorium development is potentially shared by both root and stem
parasites. Although previous studies have indicated that parasitic plants evolved independently in
about 13 different families, this conserved molecular mechanism supports the hypothesis that stem
parasitic plants also adapted the lateral root formation programming of non-parasitic plants into
haustorium development. The results of this study not only provide an insight into molecular
mechanisms by which LBD25 may regulate parasitic plant haustorium development, but also raise
potential for developing a universal parasitic weed-resistant crop that can defend against both stem

and root parasitic plants at the same time.

65



Materials and Methods

Cuscuta campestris materials

We thank W. Thomas Lanini for providing dodder seeds collected from tomato field in
California. These dodder materials were previously identified as Cuscuta pentagona (Yaakov et
al., 2001), a species closely related to Cuscuta campestris (Costea et al., 2015). We used molecular
phylogenetics of plastid trnL-F intron/spacer region, plastid ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL), nuclear internal transcribed spacer (nrITS), and
nuclear large-subunit ribosomal DNA (nrLSU) sequences (Stefanovi¢ et al., 2007; Garcia et al.,
2014; Costea et al., 2015) to verify our dodder isolate is the same as Cuscuta campestris 201, Rose
46281 (WTU) from USA, CA (Jhu et al., 2020) by comparing with published sequences (Costea

etal., 2015).

RNA-Seqg data mapping and processing

For C. campestris tissue type RNA-Seq analysis, we used the raw data previously published
(Ranjan et al., 2014). This RNA-Seq data contain six different C. campestris tissues, including
seeds, seedlings, stems, prehaustoria, haustoria, and flowers, grown on the tomato (Solanum
lycoperscum) Heinz 1706 (H1706) cultivar and Nicotiana benthamiana (N. benthamiana). We
mapped both C. campestris tissue type and LCM RNA-Seq data to the genome of C. campestris
(Vogel et al., 2018) with Bowtie 2 (Langmead and Salzberg, 2012) and used EdgeR (Robinson et
al., 2009) to get normalized trimmed mean of M values (TMM) for further analysis.

MDS and PCA with SOM clustering

After normalization steps, we used cmdscale in R stats package to create multidimensional scaling
(MDS) data matrix and then generate MDS plots. For C. campestris tissue types RNA-Seq data,

we selected genes with coefficient of variation > 0.85 for PCA analysis. We calculated principal
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component values using prcomp function in R stats package. Selected genes are clustered for
multilevel six-by-two hexagonal SOM using som function in the kohonen package (Wehrens and
Buydens, 2007). We visualized the SOM clustering results in PCA plots. The complete gene lists
for all SOM units in C. campestris tissue type RNA-Seq data with SOM distances and PCA
principal component values are included in Supplemental Table S1. For C. campestris LCM RNA-
Seq data, genes in the upper 50% quartile of coefficient of variation were selected for further
analysis. Selected genes were then clustered for multilevel three-by-two hexagonal SOM. The
complete gene lists for all SOM units in LCM RNA-Seq data with SOM distances and PCA

principal component values are included in Supplemental Table S7.

Construct gene coexpression networks

We used 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. The SOM9 GCNs for C. campestris tissue
type data was constructed with normal quantile cutoff = 0.93. The SOM2+3+9 GCNs for C.
campestris tissue type data was constructed with normal quantile cutoff =0.94. For the GCN of C.
campestris LCM data, we used the SOM9 gene list from tissue type RNA-Seq and constructed the
GCN of these genes based on the expression profiles in LCM RNA-Seq data with normal quantile

cutoff =0.94. These networks were then visulaized using Cytoscape version 3.8.0.

Functional annotation and GO enrichment analysis of RNA-Seq data

Since many genes are not functionally annotated in the recently published C. campestris genome
(Vogel etal., 2018), we used BLASTN with 1e-5 as an e-value threshold to compare our previously
annotated transcriptome final contigs with current C. campestris genome genes and only kept the

top 1 scored hit for each gene (Supplemental Table S3). After we obtained this master list, we
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combined the functional annotation of our published transcriptome based on the NCBI
nonredundant database and TAIR10 (Ranjan et al., 2014) with the C. campestris genome gene 1Ds
to create a more complete functional annotation (Supplementary Table S9). TAIR ID hits were

used for GO Enrichment Analysis on http://geneontology.org/ for gene clusters and modules.

LCM RNA-seq library preparation and sequencing

We infested approximately four-leaves-stage Heinz 1706 tomato plants with C. campestris strands.
Tomato stems with haustoria were collected at 4 days post attachment (DPA) and fixed in
formaldehyde — acetic acid — alcohol (FAA). These samples were dehydrated by the ethanol series
and embedded in paraffin (Paraplast X-TRA, Thermo Fisher Scientific). We prepared 10 um thick
sections on a Leica RM2125RT rotary microtome. Approximately 30 regions of 10 um thickness
each were cut from each slide, and three to four slides used per library preparation. Tissue was
processed within one month of fixation to ensure RNA quality. Haustorial tissues of the 3 defined
developmental stages were dissected on a Leica LMD6000 Laser Microdissection System. Tissue
was collected in lysis buffer from RNAqueous-Micro Total RNA Isolation Kit (Ambion) and
stored at -80 °C. RNA was 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.

CcLBD?25 RNAI transgenic plants and HIGS efficiency verification

68


http://geneontology.org/

We used the pTKO2 vector (Snowden et al., 2005; Brendolise et al., 2017), which enables
streamlined cloning by using two GATEWAY cassettes positioned at opposite directions,
separated by an Arabidopsis ACT2 intron, and under the control of the 35S constitutive promoter.
We have previously shown that producing the RNAI construct in phloem cells specifically using
the SUC2 promoter was effective for dodder HIGS (Alakonya et al., 2012). Therefore, we replaced
the 35S promoter with the SUC2 promoter and generated pTKOS (Supplemental Fig. S7). We
used BLAST to identify a 292 bp fragment that was specific to CcLBD25 and different from tomato
genes (Supplemental Dataset S2). This RNAI fragment was amplified from C. campestris gDNA,
TOPO cloned into pCR8/GW-TOPO (Life Technologies) and LR recombined into pTKO2 and
pTKOS (Supplemental Dataset S3). These constructs were then sent to the UC Davis Plant

Transformation Facility to generate CcLBD25 RNAI transgenic tomato plants.

All TO transgenic plants were selected by kanamycin resistance and their gDNAs were extracted
and PCR performed to verify they contained CcLBD25 RNAI constructs. To validate HIGS
efficiency and quantify the expression level of CcLBD25 and CcPMEI in C. campestris, dodder
tissues were harvested from both C. campestris grown on wild-type plants and T2 CcLBD25 RNAI
transgenic plants. For validating the downregulation of CcLBD25, we collected the stem segment
with haustoria and prehaustoria at the initial attachment site from C. campestris grown on wild-
type and RNAI transgenic plants. About 100 mg tissues were used for each RNA extraction for
each genotype sample. We froze tissues in liquid nitrogen and ground them in extraction buffer
using a bead beater (Mini Beadbeater 96; BioSpec Products). Following our previously published
poly-A based RNA extraction method (Townsley et al., 2015), we obtained total mMRNA from C.
campestris and then used Superscript 111 reverse transcriptase (Invitrogen) for reverse transcription

to synthesize cDNA as described by the manufacturer instructions. Real-time gPCR was performed
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using a Bio-Rad iCycler iQ real-time thermal cycler with Bio-Rad 1Q SYBR Green super mix. The

sequences of gPCR primer pairs are included in Supplemental Table S12.

Whole-plant phenotype assays

Based on previous studies, many plant species are reported to have early flowering phenotypes in
response to environmental stresses (Wada and Takeno, 2010; Riboni et al., 2014). Therefore, we
grew C. campestris on wild-type Heinz 1706 tomatoes and CcLBD25 RNAI T1 transgenic tomato
plants and then quantified how fast these C. campestris plants transitioned to their reproductive
stage. The number of C. campestris plants that transitioned to the flowering stage were counted at
9, 10, and 14 days post attachment (DPA) to test whether a stress-induced flowering phenotype
could be observed.

To quantify the effect of CcLBD25 downregulation on C. campestris growth, we infested 3-weeks-
old tomato plants with about 10 cm stem segments C. campestris, which were originally grown on
wild-type H1706. We harvested all C. campestris tissues grown on wild-type H1706 and CcLBD25
RNAI T2 transgenic plants at 14 DPA. These C. campestris tissues were then carefully separated
from their host plant stems by hand, and their fresh weights were measured using chemical
weighing scales.

In vitro haustoria (I\VVH) system

Inspired by the previous discovery that Cuscuta haustoria can be induced by physical contact and
far-red light signals (Tada et al., 1996), we developed an in vitro haustoria (IVH) system for
haustorium induction without hosts. In this method, we detached Cuscuta stem segments, which
were right next to a stable haustorium attachment, from the C. campestris grown on wild-type
plants and T2 CcLBD25 RNAI transgenic plants. Cuscuta strands with shoot apices detached from

a host plant were sandwiched between 3% Phytagel agar containing 0.5X Murashige and Skoog
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medium to provide tactile stimuli (Fig. 6A-C). These combined plates were then irradiated with
far-red light for two hours. After 5 days of growth in darkness in a 22 °C growth chamber,
prehaustoria were readily visible (Fig. 6D-E). We then counted the number of prehaustoria under
a Zeiss SteREO Discovery, V12 microscope for quantification. Since the RNA. silencing signal is
systemic (Alakonya et al., 2012; David-Schwartz et al., 2008) and IVH induction is rapid, we could
validate the effect of CcLBD25 RNAI on haustoria development. We are aware of a similar system
that was reported recently (Kaga et al., 2020). However, we used two layers of agar gel instead of
one layer of gel with one glass slide. This prevented prehaustoria from attaching to the glass slide,
making it easier to detach prehaustoria for further analysis without damaging their structure.

Second, we used far-red light instead of blue light irradiation. Both methods seem to be effective.

Fresh tissue sectioning and histology

For fresh vibratome sections of haustoria attached to wild-type and CcLBD25 RNAI host stems,
we collected samples and embedded them in 7% Plant Tissue Culture Agar. We then fixed these
agar blocks in FAA (final concentration: 4% formaldehyde, 5% glacial acetic acid, and 50%
ethanol) overnight, 50% ethanol for one hour, and then transferred the samples to 70% ethanol for
storage. These agar blocks were then sectioned using Lancer Vibratome Series 1000 to prepare
100 pm sections. We kept these sections in 4°C water and then conducted Toluidine Blue O
Staining. We followed the published protocol (O'Brien et al., 1964) with some modifications. The
sections were immersed in the stain for 30 seconds, and then washed with water three times for 30
seconds each wash. After removing the agar from around the sections using forceps, we mounted
the sections with water on a slide and imaged using a Zeiss SteREO Discovery, V12 microscope,

and a Nikon Eclipse E600 microscope.

Competing interests: The authors declare that they have no competing interests.
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Code availability

Updated R scripts for MDS, PCA and SOM analysis and gene coexpression network analysis are

all deposited on GitHub (Link: https://github.com/MinYaoJhu/CcLBD25_project.git).

Data availability

All data is available in the main text or the supplementary materials. LCM RNA-Seq raw data are

deposited on NCBI SRA PRINA687611.
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Figure 1. Principal component analysis (PCA) and self-organizing maps (SOM) clustering of gene
expression in C. campestris tissue type RNA-Seq data mapped to C. campestris genome. (A) PCA
analysis based on gene expression across different C. campestris tissues. Each dot represents a
gene and is in the color indicating its corresponding SOM group. The percentage next to each axis
indicates the proportion of variance that can be explained by the principal component. (B) Loading
values of PC1 and PC2. PC1 separates the genes that are specifically expressed in intrusive tissues
(prehaustoria and haustoria) from those that are expressed in non-intrusive tissues. PC2 divides
the seed-specific genes from other genes. (C) Scaled expression levels of each SOM group across
different C. campestris tissue types. Each line is colored based on the corresponding SOM groups.
The highlighting around the lines indicates a 95% confidence interval. (D-I) The six different tissue
types that were used in this transcriptomic study. Scale bars = 1 mm. (D) Seed. (E) Seedling. (F)
Stem. (G) Prehaustoria. (H) Haustoria. White arrowheads indicate haustoria. (1) Flowers. (J) A
code plot of SOM clustering based on gene expression in C. campestris tissue type RNA-Seq data
mapped to the C. campestris genome. Each sector represents a tissue type and is in the color
indicating its corresponding tissue type. The size of each sector illustrates the amount of expression

from each tissue type in SOM groups.

75



Figure 2. SOM9 gene-coexpression networks (GCNs) from C. campestris tissue type RNA-Seq
data. (A) GCN of genes that are classified in SOM9, which includes genes that are highly expressed
in both prehaustoria and haustoria. This SOM9 GCN is composed of three major modules.
Magenta indicates genes in Module 1, which has enriched biological process GO term “plant-type
cell wall loosening.” Cyan indicates genes in Module 2. Blue indicates genes in Module 3, which
has enriched biological process GO terms “transport, response to hormones, secondary metabolite
biosynthetic process, and regulation of lignin biosynthetic process”. The only three transcription
factors (TFs) in module 1 are enlarged and labeled in yellow. The genes involved in auxin transport
are labeled in diamonds. The genes involved in brassinosteroid signaling are labeled in squares.
(B) GCN of genes that are classified in SOM9 Module 1. Dark red lines indicate the connection
between CcLBD25 (yellow) and its first layer neighbors. The genes that are first layer neighbors
of CcLBD25 are labeled in pink. The genes that are second layer neighbors of CcLBD25 are labeled
in orange with medium size dots. The genes that are outside the second layer neighbors of

CcLBD25 are labeled in red with small size dots. The only three TFs as well as cell wall loosening
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related genes are enlarged, highlighted and labeled in the network. (A, B) PL, pectin lyase. PMEI,
pectin methyl-esterase inhibitor. EX, expansin. A, auxin efflux carrier-like protein. BR,

brassinosteroid insensitive 1-associated receptor kinase 1-like.
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Figure 3. GCNs of SOM2, 3, 9 genes based on C. campestris tissue type RNA-Seq data. (A) GCN
of genes that are in SOM2, SOM3, and SOM9 with colors based on network modules. This
SOM2+SOM3+SOM9 GCN is composed of three major modules. Blue indicates genes in Module
1, which has the biological process GO enrichment “morphogenesis of a branching structure, plant
organ formation, strigolactone responses and biosynthetic processes.” Cyan indicates genes in
Module 2, which has the biological process GO enrichment “response to karrikin, hormone-
mediated signaling pathway and defense response.” Magenta indicates genes in Module 3, which

has the biological process GO enrichment “plant-type cell wall loosening.” Light grey indicates
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genes that are not included in Module 1, 2, or, 3. (B) GCN of genes that are in SOM2, SOM3, and
SOM9, with colors based on SOM clustering groups. Green indicates genes in SOM2. Blue
indicates genes in SOM3. Grey indicates genes in SOM9, which includes the genes that are highly
expressed in both prehaustoria and haustoria. SOM2 includes genes that are only highly expressed
in haustoria and SOM3 includes genes that are only highly expressed in prehaustoria. (C) GCN of
CcLBD25 and its first and second layer neighbors with colors based on network modules as in A.
(D) GCN of CcLBD25 and its first and second layer neighbors with colors based on SOM
clustering groups as in B. (C, D) Dark red lines indicate the connection between CcLBD25 and its
first layer neighbors. The genes that are second layer neighbors of CcLBD25 are labeled with
medium size dots. The genes that are outside the second layer neighbors of CcLBD25 are labeled
with small size dots. CcLBD25 and cell wall loosening related genes are enlarged, highlighted and

labeled in the network. PL, pectin lyase. PMEI, pectin methyl-esterase inhibitor. EX, expansin.
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Figure 4. SOM clustering and GCNs of gene expression in C. campestris haustoria across three
developmental stages (from the LCM RNA-Seq data). (A-E) Sections of developmental stages for
laser-capture microdissection (LCM) RNA-Seq. (A-C) Three developmental stages for LCM
RNA-Seq. Paraffin sections stained with Toluidine Blue. (A) Early stage. (B) Intermediate stage.

(C) Mature stage. The red arrowheads indicate vascular connections between host and C.
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campestris. (D-E) The C. campestris haustorium tissues were collected using LCM. (A, C) Scale
bars = 250 um (B, D E) Scale bars = 100 um. (F) Scaled expression levels of each SOM group
across three haustorium developmental stages. Each line is colored based on the corresponding
SOM group. The highlighting around the lines indicates a 95% confidence interval. (G) A code
plot of SOM clustering illustrating which developmental stages are highly represented in each
SOM group by the size of sectors. Each sector represents a developmental stage and is in the color
indicating its corresponding developmental stage. (H) GCN based on LCM RNA-Seq expression
profiles with genes in tissue type RNA-Seq SOMO9. Blue indicates genes in Module 1, which has
enriched biological process GO term “plant-type cell wall loosening.” Cyan indicates genes in
Module 2, which has enriched biological process GO term “respiratory burst.” Magenta indicates
genes in Module 3, which has enriched biological process GO term “brassinosteroid mediated
signaling pathway.” Light grey indicates genes that are not included in Module 1, 2, or, 3.
CcLBD25, CcWRKY71 and pectin degradation related genes are enlarged, highlighted and labeled
in the network. The genes involved in brassinosteroid signaling are labeled in squares. (I) GCN of
CcLBD25 and its first and second layer neighbors with colors based on network modules as in H.
Dark red lines indicate the connection between CcLBD25 and its first layer neighbors. CcLBD25
and cell wall loosening related genes are enlarged, highlighted and labeled in the network. (H-I)
PL, pectin lyase. PMEI, pectin methyl-esterase inhibitor. EX, expansin. BR, brassinosteroid

insensitive 1-associated receptor kinase 1-like.
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Figure 5. Gene expression levels and whole-plant phenotypes of C. campestris growing on Host-
Induced Gene Silencing (HIGS) CcLBD25 RNAI transgenic plants. (A) The normalized
expression level of CcLBD25 in six different tissue types of C. campestris (from RNA-Seq data).
Data presented are assessed using pair-wise comparisons with the Tukey test. P-values of the
contrasts between “a” and “b” are less than 0.001. (B) Expression levels of CcLBD25 in C.
campestris haustoria grown on wild-type tomatoes and T2 CcLBD25 RNA. transgenic plants (by

RT-qPCR). Data presented are assessed using one-tailed Welch's t-test with wild-type haustoria as
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control. “*” p-value < 0.05. “**” p-value < 0.01. “***” p-value < 0.005. The error bars indicate
standard errors of the data. All data points are plotted as black dots. (C) The flowering time of C.
campestris growing on wild-type tomatoes and T1 CcLBD25 RNAI transgenic plants. The early
transition to the flowering stage indicates that C. campestris may be growing under stress
conditions because they might not obtain sufficient nutrients from their host. DPA, days post
attachment. Quantification was assessed with the whole plant as a unit. Sample size: wild-type, 9
biological replicates; p35S:RNAI-1, 18 biological replicates; pSUC:RNAI-2, 23 biological
replicates. (D) Biomass of C. campestris growing on wild-type tomatoes and T2 CcLBD25 RNA.
transgenic plants. Fresh net weights of C. campestris were measured in grams (g). Data presented
are assessed using one-tailed Welch's t-test with wild-type (WT) as control. “*” p-value < 0.05.
“**” p-value < 0.01. (B, C, D) p35S:RNAI indicates the transgenic plants with the 35S promoter
driving the CcLBD25 RNAI construct. pPSUC:RNAI indicates the transgenic plants with the SUC2
promoter driving the CcLBD25 RNAI construct. (A, D) The centerline in the box indicates the
median. The bottom and top of the box indicate the 25th and 75th quantiles. The whiskers represent
the expected variation of the data. The whiskers extend 1.5 times the interquartile range from the

top and bottom of the box. All measured data points are plotted as black dots.

83



Far-red light

3% phytagel

C. campestris strand

Total prehaustorium numbers

*kk
ﬁ *kk
20 ! L]

0 =

WT 1-2 2-2 2-2 2-3 2-5

p35S:RNAI pSUC:RNAI

Figure 6. Far-red light-induced in vitro haustorium (IVH) phenotypes of C. campestris growing
on T2 HIGS CcLBD25 RNA.i transgenic plants. (A) An illustration of the setup for the IVH system.

Each C. campestris strand that was used in the IVH system is about 10 centimeters long. (B) C.
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campestris strands near the haustorium attachment sites. (C) An IVH plate with a C. campestris
strand sandwiched in between two layers of agar to provide sufficient physical contact signals. (D,
E) After illuminating these plates under far-light for 5 days, prehaustoria are readily visible. (D)
Scale bar = 2 mm. (E) Scale bar = 100 um. (F) C. campestris strands were detached and subjected
to IVH, and the numbers of prehaustoria were counted. Data presented are assessed using one-
tailed Welch's t-test with wild-type (WT) as control. “*” p-value < 0.06. “**” p-value < 0.001.
“x*3x2 p-value < 0.0005. p35S:RNAI indicates the transgenic plants with the 35S promoter driving
the CcLBD25 RNAI construct. pSUC:RNAI indicates the transgenic plants with the SUC2
promoter driving the CcLBD25 RNAI construct. The centerline in the box indicates the median.
The bottom and top of the box indicate the 25th and 75th quantiles. The whiskers represent the
expected variation of the data. The whiskers extend 1.5 times the interquartile range from the top

and bottom of the box. All measured data points are plotted as black dots.
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Figure 7. Haustorium phenotypes and gene expression levels of C. campestris growing on HIGS
CcLBD25 RNAI transgenic plants. (A, C, E) C. campestris haustoria growing on a wild-type
H1706 host. (B, D, F) C. campestris haustoria growing on T2 CcLBD25 RNAI transgenic tomato
plants. (B) p35S:RNAI line 1-1. (D) pSUC:RNAI line 1-2. (F) p35S:RNAI line 1-2. (A, B) Scale
bars =500 um. (C, D, E, F) Scale bars = 100 pm. (A-F) 100 um thick vibratome sections of fresh
haustorium stained with Toluidine Blue O. (G, H) Expression levels of CcLBD25 and CcPMEI in
C. campestris haustoria grown on wild-type tomatoes and CcLBD25 RNA. transgenic plants. Data
presented are assessed using one-tailed Welch's t-test with wild-type haustoria as control. “*” p-
value < 0.05. “**” p-value < 0.005. “***” p-value < 0.001. p35S:RNAI indicates the transgenic
plants with the 35S promoter driving CcLBD25 RNA. construct. The error bars indicate standard

errors of the data.
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Supplemental Figure S1. Multidimensional scaling (MDS) plot of expression profiles of all
libraries from 6 different C. campestris tissue types mapped to the C. campestris genome. Stem,
prehaustorium, haustorium, and flower tissue types have 8 libraries for each. Triangles represent
the 4 libraries using tissue collected from C. campestris grown on N. benthamiana. Squares
represent the 4 libraries using tissue collected from C. campestris grown on S. lycoperscum. Seed
and seedling tissue types have 4 libraries for each. Circles represent seed and seedling libraries

that are not dependent on hosts.
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Supplemental Figure S2. Heatmaps of gene expression profiles in z-scores for SOM2, SOM3,
and SOM9 from C. campestris tissue type RNA-Seq data mapped to C. campestris genome. The

complete gene lists for all SOM units with SOM distances and PCA principal component values

are included in Supplemental Table S1.
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XM 016635784.1 Nicotiana tabacum LOB domain-containing protein 8-like (LOC107810948)

XM 009781218.1 Nicotiana sylvestris LOB domain-containing protein 6-like (LOC104228694)

XM 0096282423 Nicotiana tomentosiformis protein ASYMMETRIC LEAVES 2-like (LOC104117223)
XM 019381914.1 Nicotiana attenuata LOB domain-containing protein 8-like (LOC109217650)

XM 006352082.2 Solanum tuberosum LOB domain-containing protein &-like (LOC102600933)
SILBD25 Solyc02g067800.4.1 Solanum lycopersicum

XM 027915372.1 Solanum pennellii protein ASYMMETRIC LEAVES 2-like (LOC107012907)

XM 011650678.2 Cucumis sativus protein ASYMMETRIC LEAVES 2 (LOC101203281)

XM 0156201857.2 Solanum pennellii protein ASYMMETRIC LEAVES 2 (LOC107003515)

XM 004250460.4 Solanum lycopersicum protein ASYMMETRIC LEAVES 2 (LOC101258218)

XM 037635408.1 Jatropha curcas LOB domain-containing protein 36 (LOC105629891)

XM 021969367.1 Prunus avium LOB domain-containing protein 36-like (LOC110766103)

XM 008243315.2 Prunus mume LOB domain-containing protein 36 (LOC103339951)

XM 020569400.1 Prunus persica LOB domain-containing protein 36 (LOC18770518)

XM 010504468 2 Camelina sativa LOB domain-containing protein 25 (LOC104780009)

XM 006291986.2 Capsella rubella LOB domain-containing protein 25 (LOC17885542)

XM 021026888.1 Arabidopsis lyrata subsp. lyrata LOB domain-containing protein 25 (LOC9311462)
AILBD25 AT3G27650.1 Arabidopsis thaliana

XM 024151600.1 Eutrema salsugineum LOB domain-containing protein 256 (LOC18011841)

XM 033273994.1 Brassica rapa LOB domain-containing protein 25 (LOC103875198)

XM 013789172.2 Brassica napus LOB domain-cantaining protein 25 (LOC106349238)

XM 018597567.1 Raphanus sativus LOB domain-containing protein 25 (LOC108824194)

XM 013753681.1 Brassica oleracea var. oleracea LOB domain-containing protein 25 (LOC106315852)
XM 009113332.3 Brassica rapa LOB domain-containing protein 25 (LOC103837000)

XM 013869604.2 Brassica napus LOB domain-containing protein 25 (LOGC106428857)

XM 021792962.1 Hevea brasiliensis LOB domain-containing protein 25-like (LOC110641299)

XM 010110517.2 Morus notabilis LOB domain-containing protein 25 (LOC21403448)

XM 028069675.1 Vigna unguiculata LOB domain-containing protein 25 (LOC114182741)

XM 039303329.1 Eucalyptus grandis LOB domain-containing protein 25 (LOC104422633)

TcLBD25 Tc contig 32513 Thesium chinense

XM 039287413.1 Dioscorea cayenensis subsp. rotundata LOB domain-containing protein 25-like (LOC120280548)
XM 030583989.1 Syzygium oleosum LOB domain-containing protein 25 (LOC115661783)

XM 0306657701 Rhodamnia argentea LOB domain-containing protein 25 (LOC115734820)

XM 020740568.1 Phalaenopsis equestris LOB domain-containing protein 25-like (LOC110036180)
XM 013000125.1 Erythranthe guttatus protein LATERAL ORGAN BOUNDARIES (LOC105974961)
XM 019203411.1 Tarenaya hassleriana protein LATERAL ORGAN BOUNDARIES (LOC104821487)
CclLBD25 Cc019141 Cuscuta campestris

XM 031649151.1 Nymphaea colorata LOB domain-containing protein 4 (LOC116267437)

XM 014898406.2 Brachypodium distachyon LOB domain-containing protein 6 (LOC100844272)

XM 037555692.1 Triticum dicoccoides protein LATERAL ORGAN BOUNDARIES-like (LOC119274928)
XM 002455070.2 Sorghum bicolor LOB domain-containing protein 6 (LOC2078489)

XR 004640408 .1 Setaria viridis LOB domain-containing protein 4-like (LOC117855023)

XM 004968278.4 Setaria italica LOB domain-containing protein 4 (LOC101761379}



Supplemental Figure S3. LBD25 phylogenetic tree with top significant sequences aligned with
CcLBD25, TcLBD25, AtLBD25 and SILBD25. According to BLAST E-value, the top 10 most
significant aligned sequences were obtained using Blastn based on CcLBD25, TcLBD25, AtLBD25
and SILBD25 nucleotide sequences. The evolutionary relationships were inferred using the
Maximum Likelihood method and Tamura-Nei model. The bootstrap consensus tree was built
from 500 replicates. The number next to each node indicates the percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test. Evolutionary analysis was
conducted in MEGA X. CcLBD25 and TcLBD25 are labeled in red. AtLBD25 and SILBD25 are
labeled in blue. The sequence alignment that is used for building this gene phylogenetic tree is

included in Supplemental Data S1.
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Supplemental Figure S4. MDS plot of RNA expression profile in all libraries from LCM of three

different C. campestris developmental stages mapped to C. campestris genome. Early-stage has 5

libraries. Intermediate-stage has 3 libraries. Mature-stage has 2 libraries.
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Supplemental Figure S5. PCA analysis with SOM clustering and GCNs of gene expression in C.
campestris haustoria across three developmental stages in LCM RNA-Seq data. (A) PCA analysis
based on gene expression pattern across three developmental stages, early, intermediate, and
mature. Each dot represents a gene and is in the color indicating their corresponding SOM groups.
(B) Loading values of PC1 and PC2. PC1 separates the genes that are specifically expressed in
mature-stage from those that are expressed in the early and intermediate-stages. PC2 divides the

early-stage-specific genes from intermediate-stage-specific genes.
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Supplemental Figure S6. Heatmap of gene expression profiles in z-scores for SOM6 from C.

campestris LCM RNA-Seq data mapped to C. campestris genome.
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Supplemental Figure S7. CcLBD25 RNAI constructs for host-induced gene silencing (HIGS). (A)
pTKO2 has 35S promoter to drive CcLBD25 RNAI construct. (B) pTKOS has SUC2 promoter to
drive CcLBD25 RNAI construct. The segment of CcLBD25 sequence used for RNAI construct is
included in Supplemental Data S2. The complete SUC2 promoter sequence is included in

Supplemental Data S3.
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Supplemental Figure S8. Whole-plant phenotypes of CcLBD25 RNAI transgenic tomato plants
without C. campestris infestation treatment. (A) Comparison of 4-week-old tomato plant biomass
(above ground fresh weight). Data are presented in grams. (B) Comparison of 4-week-old tomato
plant height. Data are presented in centimeters. (C) Comparison of 4-week-old tomato plant leaf
number. (A-C) Data presented are assessed using pair-wise comparisons with the Tukey test. P-

value of the contrasts between “a” and “b” is less than 0.05.
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Supplemental Figure S9. Quantification of haustorium status on CcLBD25 RNAI HIGS and wild-
type plants. p35S:RNAI indicates the transgenic plants with the 35S promoter driving CcLBD25
RNAI construct. pPSUC:RNAI indicates the transgenic plants with the SUC2 promoter driving
CcLBD25 RNAI construct. Successful haustorial connections include the haustoria that formed
vascular connections with the host or the haustoria with searching hyphae penetrated into the host
cortex. Unsuccessful haustorial connections include the haustoria penetrated into the host cortex
but without searching hyphae, or the haustoria that are only attached on the host stem surface. Data
presented are assessed using one-tailed Welch's t-test with wild-type (WT) as control. “*” p-value

< 0.13. “**” p-value < 0.05. “***” p-value < 0.01. Sample size: H1706, 136 sections from 8
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biological replicates; p35S:RNAI 1-2, 55 sections from 4 biological replicates; p35S:RNAI 2-2,
105 sections from 4 biological replicates; pSUC:RNAI 2-2, 103 sections from 8 biological
replicates; pSUC:RNAI 2-3, 69 sections from 7 biological replicates; pSUC:RNAI 2-5, 12
sections from 7 biological replicates. Complete quantification tables by sections and by samples

are included in Supplemental Table S11 and S12.
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All Supplemental Tables are available on the Plant Physiology Website. Please follow the

hyperlink for each table or directly access them all at: https://doi.org/10.1093/plphys/kiab231.

Supplemental Table S1. The SOM clustering gene list in C. campestris tissue type RNA-seq data

and results of PCA analysis and multilevel SOM clustering using selected genes with coefficient

of variation >0.85.

Supplemental Table S2. The gene list of SOM9 GCN modules from C. campestris tissue type

RNA-seq data.

Supplemental Table S3. Combined annotation of C. campestris genes and transcriptome.

Supplemental Table S4. The GO enrichment results and statistics of SOM9 GCN modules from C.

campestris tissue type RNA-seq data.

Supplemental Table S5. The gene list of SOM2, 3, 9 combined GCN modules from C.

campestris tissue type RNA-seq data.

Supplemental Table S6. The GO enrichment results and statistics of SOM2, 3, 9 combined GCN

modules from C. campestris tissue type RNA-seq data.

Supplemental Table S7. The SOM clustering gene list in LCM RNA-seq data and results of PCA

analysis and multilevel SOM clustering using selected genes in the upper 50% quartile of

coefficient of variation.

Supplemental Table S8. The gene list in the modules of the GCN based on LCM RNA-seq

expression with genes in tissue type RNA-seq SOMO.
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Chapter 3: Lignin-based resistance to Cuscuta campestris parasitism in Heinz resistant

tomato cultivars

*This chapter is submitted to the Plant Cell and is available on BioRxiv doi:

https://doi.org/10.1101/706861.
Short title: Lignin-based resistance blocks dodder entry

One-sentence summary: Four key regulators confer lignin accumulation in the tomato stem

cortex to block C. campestris host penetration upon infection.

Abstract

Cuscuta species (dodders) are agriculturally destructive parasitic angiosperms. These parasitic
plants use haustoria as physiological bridges to extract nutrients and water from hosts. Cuscuta
campestris has a broad host range and wide geographical distribution. While some wild tomato
relatives are resistant, cultivated tomatoes are generally susceptible to C. campestris infestations.
However, some specific Heinz tomato hybrid cultivars exhibit resistance to dodders in the field,
but their defense mechanism was unknown. Here, we discovered that the stem cortex in these
resistant lines responds with local lignification upon C. campestris attachment, preventing parasite
entry into the host. LIF1 (Lignin Induction Factor 1, an AP2-like transcription factor), SIMYB55,
and CuRLR1 (Cuscuta R-gene for Lignin-based Resistance 1, a CC-NBS-LRR) are identified as
crucial factors conferring host resistance by regulating lignification. SIWRKY16 is upregulated
upon C. campestris infestation and acts as a negative regulator of LIF1 function. Intriguingly,
CuRLR1 may play a role in signaling or function as a receptor for receiving Cuscuta signals or

effectors to regulate lignification-based resistance. In summary, these four regulators control the
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lignin-based resistance response in specific Heinz tomato cultivars, preventing C. campestris from
parasitizing these resistant tomatoes. This discovery provides a foundation for investigating
multilayer resistance against Cuscuta species and has potential for application in other essential

crops attacked by parasitic plants.
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Main Text
Introduction

Parasitic plants directly attach to hosts using specialized haustorial organs known as haustoria.
These connections function as physiological bridges to extract nutrients and water from the hosts,
making most traditional herbicides and control methods, including management of soil fertility,
hand weeding, and sanitation, either too cost-intensive, labor-intensive, or ineffective in regulating
parasitic plant infestations. Therefore, parasitic angiosperms are among the most devastating pests,
reducing the yields of agricultural crops each year by billions of dollars worldwide (Agrios, 2005;
Yoder and Scholes, 2010). Members of the Cuscuta genus (family Convolvulaceae), also known
as dodders, occur worldwide and Cuscuta infestations in tomato alone lead to 50-72% Yyield
reductions (Yaakov et al., 2001). Despite serious agricultural problems caused by Cuscuta, our
understanding of the interactions between Cuscuta and its hosts is relatively limited compared to
our knowledge of pathogenic fungi, bacteria, and viruses. Only recently, the first receptor
(CUSCUTA RECEPTOR 1, CuRel, Solyc089016270), an LRR receptor-like serine/threonine-
protein kinase (RLP), from Cuscuta was identified in tomatoes (Hegenauer et al., 2016; Hegenauer
et al., 2020). CuRel initiates PAMP (Pathogen-associated molecular pattern)-triggered immunity
(PTI) to Cuscuta reflexa (Hegenauer et al., 2016; Hegenauer et al., 2020). However, plants that
lack CuRel are still fully resistant to C. reflexa. This result indicates that other layers of defense,
besides CuRel, must also be involved in the responses to these parasites. Therefore, further
investigating the potential multilayered resistance mechanisms will aid in developing parasitic

plant-resistant crops.

Potential immune responses and defense responses to parasitic plants have been observed

in several crop plants, including rice, tomato, cowpea, and sunflower (Mutuku et al., 2015;
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Hegenauer et al., 2016; Duriez et al., 2019; Su et al., 2020). Notably, most previous reports
indicated that hypersensitive response is the major mechanism that contributes to plant immunity
to parasitic plants (Lane et al., 1993; Hegenauer et al., 2016; Su et al., 2020). A few studies
indicated that secondary cell-wall modification and formation in the resistant rice (Oryza sativa)
cultivar ‘Nipponbare’ also contribute to defense against root parasitic plants, like Striga
hermonthica (Yoshida and Shirasu, 2009; Mutuku et al., 2019). Plants often modify their cell walls
in response to pathogen infection and herbivore feeding (Moura et al., 2010). Among different
modifications, lignification is considered a major mechanism for resistance in plants (Vance et al.,
1980; Moura et al., 2010; Bellincampi et al., 2014; Malinovsky et al., 2014). Lignified cell walls
have higher mechanical strength, are impermeable to water, and less accessible to cell wall-
degrading enzymes (Bhuiyan et al., 2009; Barros et al., 2015). Several previous reports indicated
that lignified endodermal cells were found in resistant host roots, like vetch (Vicia spp.) and faba
bean (Vicia faba), in response to root parasitic plant attack (Pérez-de-Luque et al., 2005; Pérez-de-
Lugue et al., 2007). However, how secondary cell-wall modification and lignin are involved in the
defense responses to stem parasitic plants still needs to be elucidated. Thus, we specifically
investigated host cell wall composition and the lignin biosynthesis pathways aiming to discover

the potential additional layers of resistance to Cuscuta spp.

Cuscuta campestris (C. campestris) attacks a wide range of crop species worldwide (Lanini
and Kogan, 2005). Although cultivated tomatoes are usually susceptible (Ashton, 1976), some
specific Heinz tomato cultivars that are resistant to Cuscuta spp. were discovered in the field
(Hembree et al., 1999; Yaakov et al., 2001). These resistant cultivars have been used in the field
to control the infestation of Cuscuta spp., but the resistance mechanism remains unknown.

Therefore, to identify the underlying mechanism and genes involved in these defense responses,
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these dodder-resistant Heinz tomatoes were used for further study. We discovered that the
resistance response in these Heinz cultivars is based on post-attachment lignification in the host
stem cortex upon C. campestris infection. Recent work described the involvement of lignin in the
resistance responses to root parasitic plants, including Orobanche cumana, Orobanche minor,
Phtheirospermum japonicum, and Striga hermonthica (Labrousse et al., 2001; Kusumoto et al.,
2007; Cui et al., 2018). However, considering the differences in the anatomy of stems and roots,
whether host plants deploy similar mechanisms to stop stem parasitic plants remains under-
investigated. Based on our comparative transcriptomics, virus-induced gene silencing, and gain-
of-function studies in susceptible cultivars, we identified two transcription factors, SIMYB55
(Solyc10g044680) and LIF1 (Solyc02g079020, Lignin induction Factor 1, an AP2-like protein),
that regulate the biosynthesis of lignin in the cortex. Moreover, CURLR1 (Solyc04g009110, a CC-
NBS-LRR) may be engaged in signaling or function as a receptor for perceiving C. campestris
signals or effectors, leading to lignification-based resistance. Overexpression of CuRLR1 in
susceptible tomato only induced strong lignification upon C. campestris attachment or C.
campestris extract injection. To investigate whether these newly discovered lignin-based
resistance responses connect with previously identified CuRel mediated resistance responses, we
conducted comprehensive RNA-Seq profiling, clustering and gene-coexpression analysis. Our
gene coexpression networks indicate that CuRel is also connected with CuRLR1, LIF1, and
SIMYBS55 in resistant cultivars under C. campestris infested condition and also helped us identify
another transcription factor, SIWRKY16 (Solyc07g056280), which has a similar expression pattern
as CuRel. CRISPR-mediated mutants of SIWRKY16 showed lignification in the cortex and were
more resistant to C. campestris. This result indicates that SIWRKY16 functions as a negative

regulator of the lignin-based resistance. Furthermore, we noticed that the lignin-based resistance
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responds to a large protein molecule from C. campestris extracts, which might represent potential
novel C. campestris signals or effectors. In summary, we discovered four key regulators control
the lignin-based resistance response in the stem cortex upon C. campestris infection, and this

lignification blocks C. campestris strands from parasitizing selected Heinz tomato cultivars.
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Results

Response to C. campestris in the resistant cultivars

While most tomato cultivars can be parasitized by C. campestris, the Heinz hybrids 9492 and 9553
(H9492 and H9553) exhibit resistance to dodders (Yaakov et al., 2001). C. campestris strands grew
well on the susceptible H1706 (genome sequenced) and H9775 (Heinz hybrid 9775 — closely
related to the resistant cultivars) (Figure 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 (Figure 1B). Based on the biomass ratio of C. campestris and host
(relative growth rate), H9492 and H9553 cannot support long-term (>45 days) growth of C.

campestris, in contrast to H9775 and H1706 (Figure 1C).

To identify the basis for resistance, we analyzed C. campestris attachments on susceptible and
resistant lines using anatomy and cell wall-specific staining with Toluidine Blue O and
Phloroglucinol-HCI (Liljegren, 2010). Upon challenging these different cultivars with C.
campestris strands, lignin accumulation in the stem cortex was observed in the resistant H9492
and H9553, but not in the susceptible H9775 and H1706 (Figure 1D — 10). The resistance
mechanism involved local lignification in the stem cortex, creating a barrier to haustorium
penetration, and dodder attachment on the resistant cultivars (Figure 1D — 10). Little to no lignin
accumulates in the cortex of both resistant and susceptible cultivars without Cuscuta attachment
(Figure 1P). In addition, Cuscuta attachment sites usually cause some wounding responses and

cell death in both resistant and susceptible cultivars (Figure 1Q).

Identifying the key time point for early host defense responses in host-parasite interactions
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Changes in the levels of salicylic acid and jasmonic acid have been reported at 36 to 48 hours after
attachment (Runyon et al., 2010). To capture early 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. Within the
constraints of our ability to identify differentially expressed genes which can be prone to both
biological and technical variation, maximal transcriptional changes peaked at 4 DPA
(Supplemental Figure 1, Supplemental Data Set 1), 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 the resistant and susceptible

cultivars.

Gene expression in the resistant and susceptible host response to C. campestris

We challenged the resistant H9492 and H9553, and susceptible H9775 and H1706 with C.
campestris strands. We collected stem tissues at 4 DPA for RNA-seq and differential gene
expression analysis in dodder infested versus uninfested plants. In principal component analysis
(PCA) on the transcriptomes of resistant and susceptible cultivars (Supplemental Figure 2), PC1
accounted for 44% 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 between the

resistant and susceptible genotypes 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). Based on our communication with the

118



Kraft Heinz Company, both H9492 and H9553 were developed in the same breeding program.
However, H9553 is more resistant to C. campestris than H9492 based on the relative growth rate
of C. campestris and host results at 45 DPA (Figure 1C). Therefore, we suspected that the enhanced
resistance to C. campestris is due to alterations in key regulatory gene expression or function. We
selected 113 genes that were differentially expressed (Supplemental Data Set 2) between infested
H9775 (susceptible) and infested H9553 (resistant) with an adjusted p value cutoff < 0.1 and log>
fold change > 1. Consistent with our observations of lignin accumulation in resistant tomato
cultivars upon C. campestris infestation (Figure 1), many of these genes are known to be involved
in the lignin biosynthetic pathway, including three laccase genes (LAC4, 5 and 17,
Solyc05g052340, Solyc09g010990, Solyc10g085090) and Caffeoyl CoA 3-O-methyltransferase

(CCoAOMT, Solyc01g107910) (Figure 2).

To narrow down the potential upstream candidates regulating this lignin-based resistance, we
focused on transcription factors (TF - based on gene annotations) as possible key regulators of
lignin biosynthesis pathways, and membrane-localized or cytosolic receptors that may receive
signals from C. campestris. Using these two criteria, we identified three candidate genes for further
study, including a TF related to AP2, a SIMYB55 TF, and a gene encoding an N-terminal coiled-
coil nucleotide-binding site leucine-rich repeat protein (CC-NBS-LRR) (Figure 2A-C). Among
the 113 differentially expressed genes, Solyc04g009110 was the only CC-NBS-LRR gene. Based
on multiple comparison adjusted p value, SIMYB55 (Solyc10g044680) ranked as the first TF, and
AP2 (Solyc02g079020) ranked as the fourth TF. These three candidate genes share a common
expression pattern of significantly reduced expression levels upon C. campestris infestation in the
susceptible cultivars. However, expression of these three candidate genes remained almost

unchanged from uninfested or was only mildly reduced upon C. campestris infestation in resistant
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cultivars. This result suggests that these candidates might play a role in defense against Cuscuta,
such that when these genes are not repressed during C. campestris infestation, the host plants are

more resistant to C. campestris.

Functional characterization of candidate genes using virus-induced gene silencing (VIGS)

and virus-based gene expression (VGE)

To validate the function of these candidate genes, an ideal method would be to generate knockout
mutant plants for further study. However, these resistant tomato lines are F1 hybrids in the Heinz
background, and the Heinz cultivars are recalcitrant to transformation. Therefore, we used virus-
induced gene silencing (VIGS) to knock down our candidate genes in the resistant cultivar H9553
to test the functions of our candidate genes. The C. campestris plants grown on AP2-
like, SIMYB55, and CC-NBS-LRR VIGS knockdown plants have higher survival rates compared
with those growing on mock controls (Supplemental Figure 3). Similar phenotypes were also
observed in CCOAOMT (Solyc01g107910) and LACs (LAC4, 5, 17, three genes in one construct
(Solyc059052340, Solyc099010990, Solyc10g085090)) gene knockdown plants (Supplemental
Figure 3). These results indicate that these candidate genes might play a role in the lignin-based
resistance response. Therefore, when these essential genes were knocked down in resistant tomato
cultivars, resistant tomato became more susceptible to C. campestris, leading to a higher survival

rate of the parasite.

To further evaluate if the candidate genes can confer lignification-based resistance in susceptible
tomato cultivars, we cloned coding regions of GUS, AP2-like, SIMYB55, and CC-NBS-LRR genes
into Virus-based Gene Expression (VGE) vectors (vector map in Supplemental Figure 4; sequence
in Supplemental Data Set 3) for transient overexpression in the susceptible H1706, which has

similar expression patterns of these three candidate genes (Supplemental Figure 5A-C). We saw

120



significant GUS expression in the stem around the injection site (Supplemental Figure 5D-F), and
a lack of lignification due to the process of injection itself (Figure 3A and D). Hence, 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 SIMYB55 and AP2-
like successfully overexpressed these genes in the first internode near the injection site and induced
stem lignification in the susceptible H1706 without C. campestris infestation (Figure 3B-C and
G). Therefore, we named this AP2-like protein LIF1 (Lignin Induction Factor 1, Solyc02g079020)
based on its ability to induce lignin biosynthesis in the cortex. These results indicate that SIMYB55
and LIF1 might play a role in regulating some of the critical enzymes in the lignin biosynthesis

pathway.

In contrast, the H1706 plants with VGE of CC-NBS-LRR had no lignin accumulation phenotype
and were very similar to those with GUS VGE under no C. campestris infestation conditions
(Figure 3E). However, previous studies indicated that many genes in the NBS-LRR family encode
intracellular receptors that detect pathogens and trigger defense signaling (Padmanabhan et al.,
2013). Therefore, we suspected that this CC-NBS-LRR might play a role in signaling or function
as a receptor for signals from Cuscuta that are needed to initiate subsequent defense responses.
Hence, C. campestris infestation treatment might be needed to see the phenotype difference. To
validate this hypothesis, we compared the response differences between Cuscuta infested and
uninfested susceptible H1706 with CC-NBS-LRR VGE (Figure 3E — F and H). Intriguingly, our
results showed the overexpression of CC-NBS-LRR only induced lignification upon C. campestris
attachment (Figure 3H), and these results suggest that direct or indirect perception of C. campestris
signals by this CC-NBS-LRR leads to lignification-based resistance. Thus, we named this gene

CuRLR1 (Cuscuta R-gene for Lignin-based Resistance 1).
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On the other hand, we are also aware that 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 (Pomar et
al., 2002; Cass et al., 2015). Therefore, we also conducted an acetyl bromide assay to determine
total lignin content, including different types of monolignols and lignin precursors. Consistent with
the aforementioned anatomical observations, the overexpression of SIMYB55 and LIF1 both
increased total lignin content compared with GUS mock controls in this assay (Figure 3l).
Surprisingly, the overexpression of CURLR1 also increased the total lignin content even without
Cuscuta signals. With Cuscuta signals, the total lignin content was much higher in CuRLR1
overexpressing plants (Figure 31). This difference indicates that the composition of induced lignin

might be different between CuRLR1 overexpressing plants with and without Cuscuta signals.

To further validate this hypothesis, we used high-performance liquid chromatography (HPLC) and
pyrolysis gas chromatography/mass spectrometry (Pyrolysis-GC-MS/PYRO-GC-MS) to analyze
the composition of induced lignin. Our HPLC results showed that p-coumarate and trans-ferulate
are both increased in CuURLR1 overexpressed plants, but the samples with Cuscuta signals have
much higher levels of these two precursors than the samples without Cuscuta signals
(Supplemental Figure 6). PYRO-GC-MS analysis showed that samples from CuRLR1
overexpressing plants without Cuscuta signals have the larger percentage of H-lignin and the larger
concentration of coumarate derivatives compared to VGE of GUS, LIF1, and CuRLR1 with
Cuscuta (Figure 3J). These results show that CuRLR1 overexpression alone leads to an increase in
the upstream steps of the lignin biosynthesis pathway and production of more lignin precursors
and H-type monolignols, while adding Cuscuta signals may actually up-regulate the final steps in

the biosynthesis pathway leading to more G-type and S-type monolignol formation (Figure 31 and
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J). Since H-lignin and coumarate are not incorporated into lignin as aldehydes, they are not
detected by phloroglucinol staining, which explains the difference that we observed between the
phloroglucinol staining data and acetyl bromide assay. This phenotype of induced lignin precursors
and H-lignin also indicates the CURLR1 overexpression alone has turned on the baseline of defense
mechanisms. Based on previous studies, 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 (Zhang et al., 2007; Moura et al., 2010;
Liu et al., 2018). This baseline of defense mechanisms can then be upgraded upon detecting
Cuscuta signals and start accumulating more G-type and S-type monolignols to reinforce a

stronger physical boundary.

Eventually, whether or not the overexpression of these candidate genes makes susceptible
tomatoes resistant to C. campestris is the central question when evaluating potential agricultural
applications. Therefore, we transiently overexpressed SIMYB55, LIF1, and CuRLR1 first and then
attached C. campestris strands to test their resistance status. Based on our results, VGE of SIMYB55,
LIF1, and CuRLR1 with C. campestris all induced lignin accumulation in the cortex and blocked
haustorium penetration, which made the susceptible tomato cultivar H1706 more resistant to C.

campestris (Figure 3K —N, Supplemental Figure 7, and Supplemental Data Set 4).

Regulatory mechanisms and networks leading to resistance responses

Since both H9492 and H9553 hybrid 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. Resistance-specific nucleotide polymorphisms (SNPs)
could contribute to the regulation or function of our candidate genes, so we specifically identified

SNPs that are common in H9553 and H9492 but different from H9775 (Supplemental Data Set 5).
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Unexpectedly, there were no resistance-specific SNPs in coding regions of our candidate genes
except one SNP located in a LIF1 exon. This resistance-specific SNP changes 251 Lysine (K, in
H1706) to 251 Glutamine (Q, in H9553). However, based on our protein domain prediction using
InterProScan (Jones et al., 2014; Mitchell et al., 2018) and protein structure analysis using Phyre2
(Kelley et al., 2015), this amino acid replacement is not located in any known protein domains or
structures. We also conducted PROVEAN (Protein Variation Effect Analyzer) analysis, and this
K251Q variant only has a 0.619 PROVEAN score, indicating that it is a neutral variant. Thus, we
conclude that there are no resistance-specific SNP in coding regions of our candidate genes that

might contribute to the regulation of resistance.

We, therefore, specifically focused on resistance-specific SNPs in the promoter regions of our
candidate genes (Supplemental Data Set 6). Our SNP analysis detected several resistance-specific
SNPs in the LIF1 promoter region, but no resistance-specific SNPs were detected in other
candidate gene promoter regions (within 5 kb upstream). One resistance-specific SNP was detected
in the CuRel promoter region (outside 5 kb upstream) located at a putative YABBY binding site.
However, this SNP is also located 1184bp upstream of ULP1 (Solyc089016275) and may regulate
expression of this neighboring gene instead of CuRel. Therefore, we focused on the LIF1 promoter

region for further analysis and conducted transcription factor (TF) binding site predictions.

Based on our phylogenetic network analysis (Sol-Lemus et al., 2017) using 500 kb around the
LIF1 resistance-specific SNP enriched region, these SNPs might be introgressed from wild tomato
species (likely coming from S. galapagense and/or S. pennellii, Supplemental Figure 8). One of
these resistance-specific SNPs is located right at a WRKY binding W-box cis-element (TTGACY -
core motif (Ciolkowski et al., 2008; Chen et al., 2019)) (Supplemental Figure 9 and Supplemental

Data Set 7). This SNP is predicted to interrupt WRKY binding, likely leading to LIF1 expression
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differences between resistant and susceptible cultivars upon C. campestris attachment. Hence, we

were also interested in searching for potential WRKY TFs in our selected gene lists.

To understand the relationships between the three candidate genes and their targets, to identify the
potential WRKY regulator, and to also investigate whether these newly discovered candidate genes
connect with previously identified CuRel-mediated resistance responses (Hegenauer et al., 2016),
we conducted DGE analysis with ANOVA and selected 10939 differentially expressed genes
(DEG) with FDR less than 0.1 (Supplemental Data Set 8). Next, we used Barnes-Hut t-distributed
stochastic neighbor embedding (BH-SNE) to generate gene clusters using RSMod (a pipeline
developed by us, script included in code availability) (Ranjan et al., 2016). In this analysis 5941
DEGs are clustered into 48 groups based on their gene expression patterns and 4998 DEGs are in
the noise group. Among the 48 gene clusters generated (Supplemental Data Set 9), five clusters
were selected based on their GO (Gene Ontology) enrichment terms and the candidate genes they
included (Figure 4A-B and Supplemental Data Set 9). The GO term of cluster 39 is “DNA binding”,
which includes potentially key resistance TFs, like MYB55. The GO term of cluster 11 is “lignin
biosynthetic and catabolic process”, which encapsulates the observed resistance phenotypes, and
includes Caffeoyl CoA 3-O-methyltransferase (CCOMT) and three Laccase (Lac) genes identified
in our model-based approach (Supplemental Data Set 2). Cluster 23 includes a Cinnamoyl-CoA
reductase gene (Solyc03g097170, CCR) and is enriched in the “xyloglucan:xyloglucosyl
transferase activity” GO term, which may indicate potential cell wall modifications. “Response to
biotic stimulus” is the GO term enriched in cluster 17, which also includes the previously identified

Cuscuta receptor, CuRel.

Additionally, with comprehensive RNA-Seq clustering and gene-coexpression analysis results, we

also noticed SIWRKY16 (Solyc079g056280) is always clustered with CuRel. SIWRKY16 was highly
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upregulated at 4 DPA in all four Heinz cultivars, an expression pattern similar to that for CuRel
(Figure 5A-B). Host tissues surrounding haustoria from the tomato M82 cultivar also show
upregulated expression of SIWRKY16 at 4 DPA in our time-course data with FDR < 0.1 and real-
time qPCR data (Supplemental Figure 10). Thus, SIWRKY16 is a commonly upregulated host
response gene across different cultivars and may play an important role in the transduction of C.
campestris signals upon host attachment. Furthermore, one of the resistance-specific SNPs in the
LIF1 promoter region mentioned above, is located at a WRKY transcription factor W-box
(TTGACY-core motif) binding site, which is also the predicted SIWRKY16 binding site based on
homologous genes in the phylogenetic tree of the WRKY domain at the Plant Transcription Factor
Database (Jin et al., 2016). Taking all these criteria together, we included SIWRKY16 in our

candidate genes for further analysis.

We focused on these 1676 genes in clusters 11, 17, 23, 39, 46 and included CuRLR1 (Figure 4A-
B and Supplemental Data Set 9) to construct gene co-expression networks (GCNs) for different
treatments and cultivars to identify central hub genes (Figure 4, Supplemental Figure 11) (script
included in code availability). Interestingly, CURLR1, SIWRKY16 and CuRel had few connections
or almost no connection with other genes in the GCN (with normal quantile cutoff = 0.997) in
susceptible cultivars with Cuscuta attachments (Figure 4C-D). On the other hand, CuRel and
SIWRKY16 became central hub genes in resistant cultivars only upon C. campestris attachments
and connected with CuRLRL1 (Figure 4E-F). However, based on our DNA-Seq analysis, we cannot
detect any resistance-specific SNPs in the promoter regions or coding regions of CuRel and
CuRLR1, and SIWRKY16 (Supplemental Data Set 5). This result indicates that the differential
expression of CuRel and CuRLR1, and SIWRKY16 may be controlled by trans-regulatory factors

or protein interactions. Based on our GCN analysis and DNA-Seq analysis results, we propose that
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all four Heinz tomato cultivars have fully functional CuRel, CuRLR1, and SIWRKY16. Among
them, SIWRKY16 is a key factor in the transduction of C. campestris signals upon attachment of
the parasite to the host. However, the differential expression patterns upon C. campestris attack
and the diverse regulatory connections of these three genes determine whether resistance responses

are triggered in these Heinz cultivars or not.

Functional characterization of SIWRKY16 by CRISPR/Cas9 knockouts and VGE

Since SIWRKY16 exists in all Heinz resistant and susceptible tomatoes and in the M82 tomato
cultivar, we bypassed the transformation limitation in Heinz tomatoes and generated mutant
tomato plants in the M82 background for further analysis. To validate the function of SIWRKY16
and its role in lignification-based resistance, we produced stable SIWRKY 16 edited M82 lines using
the CRISPR/Cas9 targeted gene knockout system (Pan et al., 2016). Our homozygous null mutants
were generally smaller than M82 wild type (Figure 5C and D) even though both wrky16 and M82
wild type show the same developmental progression (Figure 51). Intriguingly, wrky16 plants are
more resistant to C. campestris than M82 wild type (Figure 5E — H). Using Phloroglucinol staining,
we noticed that homozygous wrky16 lines continuously produce cortical lignin, which forms a
physical boundary and provides a strong resistance to C. campestris attachment compared to M82
wild type (Figure 5E — H and J). However, the phenotype of continuously accumulating cortical
lignin likely also limits cell growth and leads to the stunted growth phenotype in wrkyl16 plants.
These results indicate that SIWRKY16 may function as a negative regulator of the lignin-based

resistance response.

The hypothesis that SIWRKY16 may play a role in the lignin-based resistance response also
incorporates our previous SNP analysis and transcription factor binding site prediction results in

the LIF1 promoter region (Supplemental Figure 9). We proposed that the resistance-specific SNP
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located at a WRKY binding site in the LIF1 promoter region could interrupt SIWRKY 16 protein
binding, leading to LIF1 expression differences between resistant and susceptible cultivars upon
C. campestris attachment. Therefore, we conducted real-time qPCR to determine the expression
levels of LIF1 in both susceptible M82 wild type and resistant wrky16 tomatoes (M82 background).
We observed a mild increase in LIF1 expression in wrkyl6 tomatoes compared to M82 tomatoes
(Supplemental Figure 12A). Considering LIF1 is an AP2/B3-like transcription factor, any
elevation in LIF1 expression could potentially lead to large differences in the downstream gene

expression pathways.

To evaluate the interaction between SIWRKY16 and the other three candidate genes, we transiently
overexpressed LIF1, SIMYB55, CuRLR1, and GUS controls in the susceptible H1706, M82 wild
type, and resistant wrkyl16 tomatoes. In the GUS transient overexpression control group, we
observed that wrkyl6 plants accumulate much more lignin than H1706 and M82 wild type as
expected (Supplemental Figure 12B). Overexpression of LIF1 induced more lignification in
H1706, M82, and wrky16 plants. This result shows additive effects of loss of SIWRKY16 function
and overexpression of LIF1 in lignification responses (Supplemental Figure 12B), suggesting that
SIWRKY16 may not only regulate LIF1 expression at the transcriptional level, but also may
regulate LIF1 protein function by other mechanisms. Also, overexpression of MYB55 induced
more lignification in H1706 and wrky16 plants (M82 background) but not in M82 (Supplemental
Figure 12B), indicating that the loss of SIWRKY16 function in M82 allows more lignin
accumulation upon MYB55 overexpression. This result also suggests subtle differences in resistant
response between cultivars and that SIWRKY16 might act upstream of MYB55, but more details

remain to be elucidated in future research.
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On the other hand, overexpression of CuRLR1 with C. campestris infection was able to induce
more lignification in M82, but not in wrky16 tomatoes (Supplemental Figure 13). This epistatic
phenotype suggests that either CURLR1 and SIWRKY16 are in the same pathway with WRKY16
downstream of CuRLR1, or that CURLR1 and SIWRKY16 are in two independent pathway that
may influence each other. This hypothesis matches with the gene coexpression networks we built,
which show that CuRLR1 and SIWRKY16 are peripherally positioned in resistant cultivars in the
Cuscuta treated condition, with multiple layers of genes connecting them. In order to elucidate
other layers of regulation between these genes, we conducted protein-protein interaction

investigations.

Subcellular localization and interactions between the candidate proteins

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 (Padmanabhan et al., 2013; Padmanabhan and Dinesh-Kumar, 2014). Therefore, we
investigated the potential interactions between our candidates and their protein subcellular
localization to uncover potential regulatory mechanisms. Based on our results using translational
GFP fusions, LIF1 and SIWRKY 16 are located mainly in the nucleus (Figure 6A), while CURLR1
is located in both the nucleus and the cytosol. Bimolecular fluorescence complementation (BiFC)
experiments with split YFP using transient infiltration in N. benthamiana leaves show that the
LIF1 and SIWRKY 16 proteins interact and get localized to the cytoplasm (Figure 6B). Interactions
between other combinations, CURLR1-LIF1, CURLR1-SIWRKY16, or CURLR1-CuRel, were not

detected in our experiments (Figure 6B).

To further validate the interaction between LIF1 and SIWRKY 16 proteins, we used the GAL4

yeast two-hybrid (Y2H) assays with the yeast (Saccharomyces cerevisiae) strain AH109 for
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examination. Growth on SD/-Ade/—His/-Leu/~Trp/X-a-Gal medium plates and blue colony color
confirmed that LIF1 indeed interacted with SIWRKY16 (Figure 6C). To verify the interaction
between LIF1 and SIWRKY16 proteins and their subcellular localizations when they interact with
each other, we also co-expressed the fusion proteins LIF1-GFP and SIWRKY16-RFP. We found
that GFP and RFP signals are located mainly in the nucleus when we only overexpress LIF1-GFP
or SIWRKY16-RFP in separate N. benthamiana leaves (Figure 6D). However, when we co-
express LIF1-GFP and SIWRKY 16-RFP in the same leaves, GFP and RFP signals mostly overlap
in the cytoplasm (Figure 6D). These results not only further confirm that LIF1 and SIWRKY 16
proteins may interact with each other and become cytosol localized, but also validate our
hypothesis that SIWRKY 16 can regulate LIF1 expression at both the transcriptional and protein

interaction levels.

Analysis of the Cuscuta signal using Cuscuta extract injections

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 (Supplemental Figure 14). Untreated or filtered Cuscuta extract injections induced the
accumulation of lignin in the cortex region (Supplemental Figure 14B-C). On the other hand,
alteration of Cuscuta extract pH from 5.8 to 9 abolished lignin accumulation (Supplemental Figure
14D-E), suggesting either instability or sequestration of the Cuscuta signaling molecules in
alkaline conditions. In addition, heat-treated extract and protease-treated extract could not trigger
the lignification response (Supplemental Figure 14F-J). Moreover, Cuscuta extract injections also
induced lignin accumulation in H1706 with VGE overexpressing CURLR1, but not in H1706 with
GUS VGE (Supplemental Figure 15). This result indicates that CURLR1 may be able to either

sense some unknown factors in Cuscuta extract or some part of the response to these factors
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leading to lignin-based resistant responses. Furthermore, filtration of extracts through devices with
different molecular weight cutoffs indicates that fractions smaller than 30kD cannot trigger strong
lignification response (Supplemental Figure 16). 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 (Hegenauer et al., 2016; Hegenauer et al.,

2020).
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Discussion

Cuscuta spp. cause massive losses in infested tomato fields in the United States, so
understanding the resistance mechanism of these specific Heinz tomatoes will provide the potential
of developing crop protection systems. Notably, previous studies indicate that different Cuscuta
species can have diverse host-parasite interactions with the same host species (Ranjan et al., 2014;
Kaiser et al., 2015; Hegenauer et al., 2016). For example, although cultivated tomatoes (S.
lycopersicum) are generally resistant to Cuscuta reflexa (Sahm et al., 1995; Hegenauer et al., 2016),
most domesticated tomato cultivars are susceptible to C. campestris. Therefore, using the Heinz
tomato cultivars that have been bred for resistance to dodders helped us understand the
multilayered resistance mechanism to Cuscuta spp. and how this might aid in developing parasitic
plant-resistant crops. This study reveals the underlying resistance mechanism is a lignin-based

resistance response in these Heinz 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 (Ferrer et al., 2008). Accumulation of lignin in plant stems or roots has
been shown to reinforce plant resistance to invading herbivores, parasites and pathogens (Reimers
and Leach, 1991; Gayoso et al., 2010; Taheri and Tarighi, 2012; War et al., 2012;
Dhakshinamoorthy et al., 2014; Kumari et al., 2016; Zhang et al., 2019). Lignification at the host-
parasite interface in roots has been reported in plants that are resistant to root parasitic plants
(Goldwasser et al., 1999; PE Rez-De-Luque et al., 2005; CAMERON et al., 2006; Lozano-Baena
et al., 2007). However, for stem parasitic plants, most research has focused on hypersensitive
response or necrosis as the major mechanisms for host plant defense (LANE et al., 1993;

Hegenauer et al., 2016; Su et al., 2020). One previous report of incompatible reactions between
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tomato plants and Cuscuta reflexa characterized by a visible brownish plaque at infection sites,
suggested this might be due to suberized or lignified cell walls (Sahm et al., 1995). Here, we first
identified a strong lignin-based resistance response toward C. campestris attack in these specific
Heinz tomato cultivars, adding another layer on the previous reported hypersensitive-type response

mechanism.

This lignin-based resistance response is regulated by three key genes, LIF1, SIMYB55, and
CuRLR1. Of these, CuRLR1 responded to unknown Cuscuta signals and further reinforced lignin
deposition in the resistant cultivars. The Cuscuta signals that trigger the lignin-based defense
responses appear to be large heat-sensitive proteins (30 kDa - 100 kDa, Supplemental Figure 16),
and distinct from the previously identified small Cuscuta signal 11 kDa glycine-rich protein (GRP)
or its minimal peptide epitope Crip21 (Hegenauer et al., 2020) that is recognized by CuRel
(Hegenauer et al., 2016). It would be of interest to investigate interactions between these potential

Cuscuta signals or effectors that interact with the two different Cuscuta receptors.

In conclusion, we propose a new multilayered model for Cuscuta resistance response in
tomato (Figure 7). CuRLRL1 is a cytosolic factor, which either receives large signaling molecules
from C. campestris as a receptor or may be a novel factor which plays a role in downstream signal
transduction upon sensing Cuscuta signals, and triggers a lignin-based resistance response (Figure
7, red-labeled arrow). Based on previous studies, NBS-LRRs are usually located in the cytoplasm
and nucleus and likely to recognize pathogen effectors to induce effector-triggered immunity (ETI)
(Dodds and Rathjen, 2010). This matches where we observed CuRLR1 subcellular localization
(Figure 6) and might also explain why the Cuscuta signals that trigger the lignin-based defense

responses are in a different size range compared with the previously identified Cuscuta signal. Our
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research results shed light on a potential ETI pathway in parasitic plant resistance and provides the

foundation for future studies into how these various layers of resistance connect.

In our model, SIMYB55 and LIF1 were placed as positive regulators in the lignin
biosynthesis pathway (Figure 7, pink and yellow-labeled arrows) because transient overexpression
of SIMYB55 and LIF1 induced lignin accumulation in the cortex (Figure 3). Other yet undiscovered
Cuscuta receptors or factors may induce SIMYB55 and LIF1 expression upon Cuscuta attachment.
On the other hand, wrky16 plants showed lignin accumulation and stronger resistance to Cuscuta,
suggesting that SIWRKY16 is a negative regulator of this lignin-based resistance pathway (Figure
7, green-labeled arrow). Based on our DNA-Seq, BiFC, and subcellular localization data (Figure
6, Supplemental Figure 9), we propose that SIWRKY16 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 (Figure 7, yellow and green-labeled arrows). CuRel is reported to mediate
PAMP/MAMP-triggered immunity (PTI/MTI) (Hegenauer et al., 2016) (Figure 7, blue-labeled
arrow). GCN analysis indicates a coexpression connection between CuRel and SIWRKY16 (Figure
4A-D). CuRel and SIWRKY16 both became central hub genes in resistant cultivars upon Cuscuta
attachments (Figure 4D), suggesting the hypothesis that SIWRKY16 may act downstream of CuRel
(Figure 7, blue-labeled arrow). Thus, we envision crosstalk between different resistance pathways

that may be triggered together to enhance host defense responses.

We conclude from our work that the resistance in these specific Heinz tomato cultivars
relies on a lignin-based response. The systematic investigation of this resistance response in tomato
plants toward the stem parasitic plant C. campestris provides potential implications for enhancing
crop resistance to parasitic plants. Interestingly, none of the early-step lignin biosynthetic genes,

like PAL, C4H, 4CL, were in the model-based differentially expressed gene list. Changing the
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early steps in lignin biosynthetic genes can also change the phenylpropanoid pathway for the
biosynthesis of anthocyanins. This further confirms that lignin biosynthesis is specifically
triggered in the Heinz resistant cultivars. Notably, overexpression of the CURLR1 protein induced
upregulation of lignin precursors, but extensive lignin accumulation was only triggered by Cuscuta
extracts. Introducing CURLR1 protein could provide resistance to C. campestris without triggering
the crop to continuously spend a lot of resources producing a large amount of cortical lignin with
associated stunted growth. The identification of CURLR1 might provide a path forward to introduce
resistance into other important crops that are also attacked by C. campestris. In summary, CuRLR1,
SIWRKY16, LIF1, and SIMYB55 regulate a lignin-based response in the tomato stem cortex, which

prevents C. campestris strands from parasitizing these resistant Heinz cultivars.
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Materials and Methods

Plant materials used in the study

We obtained four different cultivars from Dr. Rich Ozminkowski at HeinzSeed, including the
Heinz hybrid cultivars 9492 and 9553 (H9492 and H9553), and the related susceptible Heinz
hybrid cultivar 9775 (H9775) and the sequenced susceptible Heinz cultivar 1706 (H1706). Our
Cuscuta was originally collected from tomato field in California, and we obtained seeds from W.
Thomas Lanini. This Cuscuta was previously identified as Cuscuta pentagona (Yaakov et al.,
2001), which is a closely related species to Cuscuta campestris (Costea et al., 2015b). To clear up
the confusion, we extract DNA to verify species by molecular phylogenetics. Based on
phylogenetic analysis of plastid trnL-F, rbcL sequences, and nrITS, nrLSU sequences (Stefanovi¢
etal., 2007; Garci et al., 2014; Costea et al., 2015b), we confirmed that our experimental species
is Cuscuta campestris (Supplemental Figure 17-21). According to our results, our Cuscuta
campestris isolate is most similar to Cuscuta campestris 201 voucher Rose 46281 WTU from USA,

CA (Supplemental Figure 21) that is published by Costea et al. in 2015 (Costea et al., 2015a).

Histology and Cell Wall-Specific Staining

For preparing the sections at the C. campestris attachment area and Agroinjection sites on tomato
stems, we hand-sectioned plants at 200 to 500 pum thickness using razor blades and kept these
sections in 4°C water before staining. For preparing the sections of haustoria attached to host, we
fixed samples in 7% Plant Tissue Culture Agar and used Lancer Vibratome Series 1000 to prepare

100 um sections and kept these sections in 4°C water.

For Phloroglucinol-HCI Staining, we followed the published protocols (Liljegren, 2010; Pradhan

Mitra and Loqué, 2014) with some modifications. To prevent plasmolysis during staining, we
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added an ethanol dehydration process before staining, which is described as follows: we removed
the water and then immersed sections in cold 30% ethanol and then 60% ethanol for 5 minutes
each. We prepared phloroglucinol-HCI stain (Ph-HCI) or Wiesner stain by preparing a 2:1 mixture
of 100% EtOH and concentrated HCI and dissolving powdered phloroglucinol into this solution at
a final concentration of 3% wi/v. After removing the 60% ethanol, we added phloroglucinol-HCI
solution dropwise to the Petri dishes, and let the sections sit in the stain for 5 minutes. The lignified
areas of the sections stain bright red within 30 seconds of immersion in the stain. After removing
the phloroglucinol-HCI and adding 60% ethanol back, we imaged the sections in the petri dish on
a white background using a Zeiss SteREO Discovery, V12 microscope and Nikon Eclipse E600

microscope.

For Toluidine Blue O Staining, we used a published protocol with some modifications (O'Brien et
al., 1964). We immersed the sections in the stain for 30 seconds, and then washed with water three
times for 30 seconds each. After removing the agar from around the sections using forceps, we

mounted the sections with water on a slide and imaged using a Nikon Eclipse E600 microscope.

Image analysis of stem and haustorium sections

To quantify the lignin content of each section, we analyzed images using the image processing
software ImageJ (Schneider et al., 2012). We added a Gaussian blur with a sigma radius of 2.00 to
reduce image noise. We set the color space of the image to L*a*b* to generate histograms that
measure lightness, green-red contrast, and blue-yellow contrast of the image. We adjusted the
lightness filter to allow histogram coordinates ranging from zero to the peak of the image
histogram, and the green-red filter to allow from the histogram peak to 255, and the blue-yellow
filter to allow all histogram coordinates. These coordinates filter for red areas on the image,

corresponding to lignified areas in the stem sections. We measured the total area of lignification,
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then selected areas corresponding to the lignified xylem of the stem and measured this area. We

subtracted the xylem area from the total lignin area to calculate the cortex lignin area.

DNA-seq library construction for resistant and susceptible Heinz cultivars

DNA was extracted from the leaves of three weeks old seedlings using GeneJET Plant Genomic
DNA Purification Mini Kit (Thermo Scientific, Waltham, MA, USA) DNA-Seq libraries were
prepared using an in-house protocol modified from Breath Adapter Directional sequencing (BrAD-
seq) (Townsley et al., 2015). First, 5 pg of genomic DNA was fragmented using a Covaris E220
(Covaris, Inc. Woburn, MA, USA) with the following settings: Peak Incident Power (W) 140;
Duty Factor 10%; Cycles per Burst 200 and Treatment Time (s) 90 to obtain an average fragment
size of 400 base pairs. Next, the fragmented DNA was end-repaired and A-tailed in a single
reaction using DNA End Repair Mix and Tag DNA polymerase (New England Biolabs). Y-type
adapters were ligated and an enrichment PCR was performed with as in BrAD-seq (Townsley et
al., 2015) using 7 cycles. Individual libraries were quantified by PCR and pooled to equaled
amounts. After a final library cleanup with AMPure beads (Beckman Coulter, Brea, CA, USA),
DNA-seq libraries were sequenced at the California Institute for Quantitative Biosciences (QB3)
at the University of California, Berkeley using the HiSeq 4000 platform at 150 Paired Read (PR).

(IMumina Inc. San Diego, CA, USA).

Resistant and susceptible Heinz cultivar DNA-seq SNP analysis, promoter binding site analysis,

and protein domain and structure prediction

For single nucleotide polymorphism (SNP) analysis, we mapped DNA-seq read data to sequenced
H1706 tomato genome itag 3.0 to identify SNPs using CLC Genomics Workbench 11 (QIAGEN,

https://www.giagenbioinformatics.com/). Next, we compared the SNPs across the resistant and
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susceptible tomato cultivars and focus on finding the SNPs that are common in H9553 and H9492
but different from H9775. In other words, we focus on the SNPs that exist in resistant cultivars
and named these SNPs as “resistant specific SNPs” (Supplemental Data Set 5). Among our 4
candidate genes, LIF1 was the only gene that has resistant specific SNPs in the promoter region
(Supplemental Data Set 6). In order to identify potential introgression regions, we conducted
phylogenetic network analysis using the PhyloNetworks package (Sols-Lemus et al., 2017) in the
Julia environment on XSEDE (Dahan et al., 2014) with 500 kb of sequence around the LIF1
resistance-specific SNP enriched region (Supplemental Figure 8). To identify potential
transcription factor binding sites in the LIF1 promoter region, we used PlantPAN 3.0

(http://PlantPAN.itps.ncku.edu.tw) (Chow et al., 2015; Chow et al., 2018) “TF/TFBS Search” and

“Promoter Analysis”. We also predicted the SIWRKY16 binding site based on the homologous
genes in the phylogenetic tree of WRKY domains on the Plant Transcription Factor Database

(PlantTFDB v5.0, http://planttfdb.gao-lab.org; Phylogenetic Tree for Solanum lycopersicum

WRKY Family: http://planttfdb.gao-lab.org/phylo_tree.php?sp=Sly&fam=WRKY) (Jin et al.,

2016). To determine the consequences of the K251Q amino acid replacement in the LIF1 protein,
we  predicted  potential protein  domains of  LIF1  using InterProScan

(https://www.ebi.ac.uk/interpro/search/sequence/) (Jones et al., 2014; Mitchell et al., 2018). We

conducted protein 3D structure prediction and analysis using Phyre2 (Protein Homology/analogY

Recognition Engine v 2.0, http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley et

al., 2015). We also predicted whether K251Q amino acid substitution is deleterious or neutral
using PROVEAN (Choi, 2012; Choi et al., 2012) (Protein Variation Effect Analyzer,

http://provean.jcvi.org/seq submit.php).

Timecourse RNA-Seq library construction and analysis
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We challenged H1706 tomato cultivars with strands of C. campestris and collected stem
tissues at 1, 2, 3, 4 days post attachment (DPA) and 0 DPA as negative controls. Following this,
we constructed strand-specific poly-A based libraries for RNA-seq (Townsley et al., 2015). We
conducted sequencing of these libraries on two lanes on Illumina HiSeq 2000 at 50bp Single Read

(SR).

We used using CLC Genomics Workbench 11 (QIAGEN) for following RNA-seq analysis. First,
we mapped resistant and susceptible cultivar RNA-seq read data to sequenced H1706 tomato
genome itag 3.0. To see the general pattern across libraries, we conducted principal component
analysis (PCA) of gene expression across different DPA. Next, we used ANOVA comparison with
DPA factors and cutoff FDR < 0.1 to select differentially expressed genes (DEG) list. Then, we
drew Venn diagrams of DEGs at different DPA libraries. 0 DPA libraries are without Cuscuta
treatments and serve as the negative control for comparisons. The cutoff of these DEGs are FDR
< 0.1 and fold change > 1.5. Following, we constructed a heat map of DEGs across different DPA
libraries. Euclidean distance and complete linkage are used for this clustering analysis

(Supplemental Figure 1).

Resistant and susceptible cultivar RNA-Seq library construction and interaction model-based

analysis

We challenged the resistant and susceptible tomato cultivars with strands of C. campestris and
collected stem tissues at 4 days post attachment (DPA). Following this, we constructed strand-
specific poly-A based libraries for RNA-seq from the four tomato cultivars, including the resistant
cultivars H9492 and H9553, and the susceptible cultivars H9775 and H1706. We conducted
sequencing of these libraries on two lanes on Illumina HiSeq 4000 at 100bp Single Read (SR). We

first mapped reads to sequenced H1706 tomato genome itag 2.4. To investigate gene expression
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changes across the resistant and susceptible cultivars in dodder infested versus uninfested plants,
we conducted a PCA with K-means clustering using the normalized read counts of sequences
mapped to the tomato transcriptome (Supplemental Figure 2). Next, we defined differentially
expressed genes with the Bioconductor package DESeq2 employing an interaction design (design
=~ Condition + Genotype + Condition: Genotype). Following this, we focused on these 113 genes
that display expression changes upon dodder infestation that are different in H9492 and H9553
compared to H1706 and H9775. Within these 113 genes, we picked our three candidate genes

based on gene annotation and functions.

Barnes-Hut clustering analysis and gene coexpression network analysis for resistant and

susceptible cultivar RNA-Seg

In order to get a more comprehensive differentially expressed gene (DEG) list, we mapped
resistant and susceptible cultivar RNA-seq read data to sequenced H1706 tomato genome itag 3.0
by using CLC Genomics Workbench 11 (QIAGEN). Next, we used ANOVA comparison with
both factors, all cultivars and with/without Cuscuta treatments, and cutoff FDR < 0.1 to select
DEG list. In these 10939 genes, we applied Barnes-Hut t-distributed stochastic neighbor
embedding (BH-SNE) using RSMod package (script included in code availability) generated 85
gene clusters based on their gene expression patterns. Based on their GO (Gene Ontology)
enrichment terms and their included candidate genes, five clusters were selected for further
analysis (Supplemental Data Set 9, yellow-labeled genes). We use these selected genes to build
gene coexpression networks by using the R script (script included in code availability) that was
modified from our previously published method (Ichihashi et al., 2014). We constructed gene
coexpression networks for different C. campestris treatments in susceptible and resistant cultivars

with normal quantile cutoff = 0.997.
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Virus-based Gene Expression (VGE) and virus-induced gene silencing (VIGS) in tomatoes

For preparing the binary vector for plant transient expression that carries the ToMoV DNA, we
used a modified pSP72-TAV (Gilbertson et al., 1993; Hou and Gilbertson, 1996) that is lacking
the capsid protein ORF (CP) and has a restriction enzyme multisite in which a Gateway® cassette
(Thermo Fischer Scientific) was cloned by In-Fusion (Takara) in the Ncol site. The whole replicon
fragment of TAV-GW was amplified from this vector and cloned into a binary vector to generate
a vector for Agrobacterium-mediated transient expression in plants (PMR315). Since the ToMoV
DNA-B (Carrying the viral movement protein (MP) and the CP are missing, this clone is not an
infectious clone and is only serves as a viral replicon by replicating via rolling circle mechanism
(Stenger et al., 1991). The gene cloned into this vector is driven by the CP promoter, which is in
the non-translated region between the end of the common region and the start codon of the CP

gene that was removed (Supplemental Figure 4).

For transiently overexpressing our candidate genes in the susceptible tomato cultivar H1706, we
used this Virus-based Gene Expression (VGE) vector pTAV (Supplemental Figure 4). We cloned
GUS, LIF1, SIMYB55 and CuRLR1 genes into pTAV and transformed these into thermo-competent
Agrobacterium tumefaciens by heat-shock-transformation. For culturing Agrobacterium and
preparing agroinjection, we followed the previously published protocol (Vel et al., 2009) with
some modifications. For each experiment, we started from growing transformed Agrobacterium
on Lysogeny broth (LB) agar plates with appropriate antibiotic selections at 30° C for 2 days.
Following this, we inoculated 10 mL liquid LB with transformed Agrobacteria (AGL1) and
incubated at 30° C for 16 hours with 200 r.p.m. shaking. We diluted the primary cultures 1:5 into
Induction Media (Vel et al., 2009) supplemented with appropriate antibiotic selections and 200

1M acetosyringone, and then incubated them at 30° C for 24 hours with 200 r.p.m. shaking. When
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the O.D. 600 of the culture was around 1, we harvested the transformed Agrobacteria by
centrifuging at 3000 x g for 10 minutes and then resuspended Agrobacteria in Inoculation Buffer
(10 mM 2-[N-Morpholino] ethane sulfonic acid (MES), 10 mM MgCl, 200 uM acetosyringone
and 0.5 mM dithiothreitol) to an O.D. 600 of 1 culture. Next, we injected this transformed
Agrobacterium culture into the first internode of tomato stems using a syringe equipped with a 0.8

mm X 38.1 mm MonoJect needle.

For virus-induced gene silencing (VIGS), we followed the published VIGS in tomato protocol and
tobacco rattle virus (TRV)-based vector system (Liu et al., 2002) with slight modifications. This
TRV-based VIGS contains TRV-RNA1 (pTRV1) and TRV-RNA2 (pTRV2), which includes
multiple cloning sites for building constructs for the genes of interest. Transformed pTRV1 and
pTRV2 Agrobacterium cultures were mixed in a 1: 1 ratio before infiltration. After about 3.5 hours
of incubation on the shaker at room temperature, mixed Agrobacterium cultures were infiltrated

onto the cotyledons of 9-day-old tomato plants using a 1 ml needleless syringe.

Preparation of C. campestris extracts and injection protocols

For one mL C. campestris extracts, we collected 100 mg of the stem tissue in microcentrifuge
tubes from C. campestris growing on H1706 tomato plants. We used the BioSpec Mini-Beadbeater
to grind the liquid nitrogen-frozen tissue with five 2.3 mm diameter BioSpec zirconia beads and
1.0 mm diameter BioSpec zirconia beads in the tubes for 1 minute, and then mixed with one mL
deionized water. To remove the plant tissue debris, we centrifuged extracts for 30 seconds at 5000
r.c.f., and used only the supernatant for untreated extract injections. For heat-treated extracts, we
heated at 95 °C for 5 minutes. For pH treated extracts, we adjusted the pH to 9 by adding 0.1M
NaOH. For filtered extracts, we filtered untreated extracts through a VWR 0.2 um sterile syringe

filter. We injected different treated extracts into the first internode of tomato stems using a syringe
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equipped with a 0.8 mm x 38.1 mm MonoJect needle. Furthermore, we used 3K, 10K, 30K, and
100K Amicon® Ultra Centrifugal Filter Devices to filter Cuscuta extracts. Then, we use flow

through extracts to do injection on H9553 stems to test the size of Cuscuta signals.

Protein interaction, subcellular localization and co-localization of fusion candidate proteins

For protein interaction assays, we performed in vivo using bimolecular fluorescence
complementation (BiFC) system (Kerppola, 2008). The plasmids were constructed by using the
Gateway-compatible BiFC vectors SPDK1794 (p35S::cCitrine) and SPDK1823 (p35S::nCitrine).
The leaves of four-week-old Nicotiana (N.) benthamiana were injected with different
combinations of Agrobacterium (A.) tumefaciens GV3101 containing the transient expression

vectors (Fang and Spector, 2010).

For subcellular localization and co-localization of fusion candidate proteins, we performed with
transient expression fluorescent fusion proteins in vivo. The plasmids were constructed by using
the Gateway-compatible vectors pGWB5 (p35S::GFP) and pGWB660 (p35S::TagRFP). The
leaves of four-week-old N. benthamiana were injected with the A. tumefaciens GV3101 strain
containing one of the plasmids (Sparkes et al., 2006). To verify the interaction between LIF1 and
SIWRKY16 proteins and determine their subcellular localizations when they interact with each
other, we also co-expressed the fusion proteins LIF1-GFP (p35S::LIF1-GFP) and SIWRKY 16-
RFP (p35S::SIWRKY16-TagRFP). To reduce gene-silencing and enhance transient expression of
our candidate proteins, we co-expressed the fusion proteins with p19 obtained from Professor Bo
Liu’s Lab at University of California, Davis. Three individual plants and three adult leaves of each
plant were used for each treatment. Fluorescence was observed 2 — 5 days after transfection by a

Confocal Laser Scanning Platform Zeiss LSM710 (Zeiss, Germany).
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Validation of protein-protein interaction by yeast two-hybrid analysis

To validate the predicted protein-protein interaction between two of our candidate TFs, AP2 and
WRKY16, we used the GAL4 yeast two-hybrid system (Clontech). AP2 and WRKY16
were cloned into pGADT7-GW (Addgene Plasmid #61702) and pGBKT7-GW (Addgene Plasmid
#61703) plasmids, which were obtained from Yuhai Cui (Lu et al., 2010). Empty pGADT7 (with
the GAL4 activation domain, AD) and pGBKT7 (with the GAL4 DNA-binding domain, BD)
plasmids were used as negative controls. We use the yeast (Saccharomyces cerevisiae) strain
AH109 in the MATCHMAKER GAL4 Two-Hybrid System (Clontech), in which HIS3, ADEZ2,
MEL1 and LacZ are under the control of GAL4 TF. The AD and BD plasmids were co-transformed
to yeast AH109 competent cells following Clontech’s user manual instructions of the polyethylene
glycol (PGE)/lithium acetate method and cultured in YPD Plus Medium for 90 minutes to promote
transformation efficiency. Transformed yeast cells were assayed by culturing in SD/-Leu/-Trp
medium to select for successful co-transformants and then assayed by culturing in SD/—Ade/—His/-
Leu/~Trp medium with 40 pg/ml X-a-Gal, which provides high-stringency selection. The positive
protein-protein interactions between two TFs are indicated by growth on SD/-Ade/-His/-Leu/-

Trp/X-a-Gal medium plates and blue colony color.

Lignin content and composition analysis

Tomato stem material from specified treatments was flash-frozen in liquid nitrogen and
lyophilized at -50°C and < 0.1 mbar for 48 hours in a 6L. FreeZone 6 Benchtop Freeze Dry System
(Labconco Corp., Kansas City, MO, USA). Lyophilized material was pulverized in a 2ml screw
top microcentrifuge tube with a glass bead for 10 minutes at a frequency of 20/s in a TissueLyser
(Retsch ballmill, Qiagen, Venlo, Netherlands). The material was AIR prepped and destarched

using protocols from Barnes and Anderson (Barnes and Anderson, 2017). Acetyl bromide analysis
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was carried out using the same protocol with one exception: samples were incubated at 50°C with
gentle swirling every 10 minutes for 2 hours to limit the degradation of xylan, which can lead to
the over quantification of lignin present in the sample. Lignin quantification reactions were
performed ina 10 mm light path quartz cuvette (VWR, Radnor, PA, USA, catalog number 414004-
062) and absorbance measurements were taken on a SPECTRAmax plus 384 (Molecular Devices,
San Jose, CA, USA). Acetyl Bromide Soluble Lignin (%ABSL), which indicates percent
absorbance of soluble lignin, was calculated using the extinction coefficient of 17.2 (Chen and
Dixon, 2007). Presently, no extinction coefficient is available for tomato stem lignin so the

extinction coefficient for tobacco stem lignin was used.

Cell wall-bound aromatics and HPLC analysis of liberated aromatics was performed as described
by Eudes et al. (Eudes et al., 2015). The remaining cell wall material post-aromatic extraction,
now enriched for lignin, was then washed with water 3 times and dried at 30°C overnight. The
chemical composition of the lignin enriched cell wall material was analyzed by pyrolysis-gas
chromatography (GC) /mass spectrometry (MS) using a previously described method with some
modifications (Eudes et al., 2015). Pyrolysis of biomass was performed with a Pyroprobe 6200
(CDS Analytical Inc., Oxford, PA, USA) connected with GC/MS (GCMS-QP2010 Ultra Gas
Chromatograph Mass Spectrometer, Shimadzu corp., Kyoto, Japan) equipped with an AgilentHP-
5MS column (30 m 9 0.25 mm i.d., 0.25 Im film thickness). The pyrolysis was carried out at 550
°C. The chromatograph was programmed from 50 °C (1 min) to 300 °C at a rate of 30 °C/min; the
final temperature was held for 10 min. Helium was used as the carrier gas at a constant flow rate
of 1 mL/min. The mass spectrometer was operated in scan mode and the ion source was maintained
at 300 °C. The compounds were identified by comparing their mass spectra with those of the NIST

library and those previously reported (Ralph and Hatfield, 1991; Gutiérrez et al., 2006). Peak molar
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areas were calculated for the lignin degradation products, and the summed areas were normalized

per sample.

Data availability

All data is available in the main text or the supplementary materials. All DNA-Seq and RNA-Seq

raw data are deposited on NCBI SRA PRINA550259.

Code availability

All R scripts and package for analysis are deposited on GitHub. R script for RNA-Seq interaction

model-based analysis deposited on GitHub (Link: https://github.com/MinYaoJhu/Moran-s-RNA-

Seg-analysis-script). R script and RSMod package for Barnes-Hut clustering analysis deposited on

GitHub (Link: https://github.com/sdrowland/RSMod). R script for RNA-Seq gene coexpression

network analysis deposited on GitHub (Link: https://github.com/Hokuto-GH/gene-coexpression-

network-script).

Acknowledgments

We are grateful to S. Dinesh-Kumar, A. B. Britt, S. Brady, and D. Runcie for their input on this
research, and S. Dinesh-Kumar, A. B. Britt, S. Brady, and E. D. Marable for editing suggestions.
We thank C. Wong, C. Ito, Z. Jaramillo, J. Tanurahardja and J. Lu for helping with some parts of
experiments or image analysis, and Axtell Lab and N. Johnson for providing information to help
with verifying Cuscuta species, and Liu Lab and Y. Lee for providing p19, pGWB5 and pGWB660
plasmid. We also thank R. Ozminkowski, Manager of Agricultural Research from HeinzSeed for

providing seeds of three Heinz cultivars, and the UC Davis Plant Transformation Facility for

147


https://github.com/MinYaoJhu/Moran-s-RNA-Seq-analysis-script
https://github.com/MinYaoJhu/Moran-s-RNA-Seq-analysis-script
https://github.com/sdrowland/RSMod
https://github.com/Hokuto-GH/gene-coexpression-network-script
https://github.com/Hokuto-GH/gene-coexpression-network-script

generating transgenic plants, and CyVerse for online data storage. This work used the Extreme
Science and Engineering Discovery Environment (XSEDE) on the Pittsburgh Supercomputing
Center (PSC) at the Regular Memory (Bridges) servers through allocation IBN200015. We thank
A. Eudes for his recommendations and guiding conversations in lignin analysis, and J. Ortega for
her technical support with the pyro-GC/MS instrument. Funding: This work was funded by
USDA-NIFA (2013-02345). M.-Y. J. was supported by Yen Chuang Taiwan Fellowship, Taiwan
Government Scholarship (GSSA), Elsie Taylor Stocking Memorial Fellowship, and Katherine
Esau Summer Graduate Fellowship program; M.F. was supported by United States-lsrael
Binational Agricultural Research and Development Fund (postdoctoral fellowship no. FI-463-12),
M.S.B. and P.M.S. were supported by the DOE Joint BioEnergy Institute (http://www.jbei.org)
supported by the U.S. Department of Energy, Office of Science, Office of Biological and
Environmental Research through contract DE-AC02-05CH11231 between Lawrence Berkeley

National Laboratory and the U.S. Department of Energy.

Competing interests: The authors declare that they have no competing interests.

148



Figures

I
1

w
|

—_
| -

Relative growth rate
S}
1

s

H1706 H9775 H9492 H9553
Resistant Cultivars

== H9492=C¢ _—

A e " ’_‘_, ke J
—__  HO775TFEEES .  H9492+Cc 2 H9553+Cc —
P Cultivars Q Cultivars
H1706 H9775 H9492 H9553 H1706 H9775 H9492 H9553
30 T *o; 30~
X 25 | 2257 .
€ 20- * | 201 .
515 . | 315 . :
£ 10 . = 104 1 . .
% & _§_i_4
0 B —‘- -‘ —— -mwe -t -t. 0 - — - .- * -
- + - + - + - + - + - + - + - +
Cuscuta Treatments Cuscuta Treatments

149



Figure 1 | The comparison of resistance 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 were assessed using pair-wise comparisons with Tukey test. P-values between “a” and “b”
are < 0.05; H1706, n=9; H9775, n =10, H9492, n = 10, H9553 n = 7. Data were collected at 45
days post attachment (DPA). (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. Red arrowhead indicates haustorial vascular connections. Cc indicates C.
campestris; Sl indicates S. lycopersicum. C, cortex; P, phloem; X, xylem. (D and F) Scale bar, 40
um. (E and G) Scale bar, 10 pm. (H-O) 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 and L), H9775 (1 and M), H9492 (J and N), and H9553 (K and O) without C. campestris
treatment (labeled with -Cc) and with C. campestris attached (labeled with +Cc). (P) 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. (Q) Cell death area percentage in
different cultivars. (P-Q) H1706-Cc, n = 20; H1706+Cc, n = 38; H9775-Cc, n = 19; H9775+Cc, n
= 40; H9492-Cc, n = 16; H9492+Cc, n = 38; H9553-Cc, n = 17; H9553+Cc, n = 30. Data were
collected at 14 DPA. The data points labeled with grey color indicate the sample that we show in

the section picture H-I.
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Figure 2 | Key candidate genes and lignin biosynthesis genes that display expression changes

upon C. campestris infestation. (A-C) The normalized expressions levels (CPM, counts per
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million) of genes in susceptible cultivar H9775 and in resistant hybrid cultivar H9553 and H9492
under C. campestris infestation. — and + indicates without or with C. campestris infection
treatments respectively. Biologically independent replicates: RNA-Seq libraries: H9775-Cc, n=5;
H9775+Cc, n = 7; H9492-Cc, n = 4; H9492+Cc, n = 4; H9553-Cc, n = 5; H9553+Cc, n =5.
Data are assessed using two-tailed t test. “*”: p-values < 0.04, “**”: p-values < 0.01, “***”: p-
values < 0.005. (D) The lignin biosynthesis pathway with key enzyme expression levels. Genes
that are differentially expressed were selected and the normalized expression values across three
cultivars were color coded according to z-score. + Cc indicates with C. campestris infection
treatments. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; TAL, tyrosine
ammonia-lyase; 4CL, 4-coumarate CoA ligase; HCT, hydroxycinnamoyl-CoA shikimate / Quinate
hydroxycinnamoyltransferase; C3H, p-coumarate 3-hydroxylase; CCoOAOMT, caffeoyl-CoA O-
methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; LAC,
laccase. 3D structure images of phenylalanine, tyrosine, cinnamic acid, p-coumaric acid, p-
coumaroyl shikimic acid, caffeoyl shikimic acid, p-coumaraldehyde, p-coumaryl alcohol, caffeyl
aldehyde, caffeyl alcohol, coniferaldehyde, coniferyl alcohol, sinapaldehyde, and sinapyl alcohol
are from PubChem (National Center for Biotechnology Information, 2021c, b, d, e, f, g, h, i, ], k,

I, m, n,a).
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Figure 3| Virus-based Gene Expression (VGE) in tomato H1706. (A-F) ~300 um stem sections
near injection sites, Phloroglucinol-HCI stains lignin red. VGE of GUS (A), LIF1 (B), SIMYB55
(C), and CuRLR1 (E) in stem without C. campestris. VGE of GUS (D) and CuRLR1 (F) with C.
campestris. (G) Cortex lignin area percentage in VGE of LIF1 and SIMYB55 (n = 12 each) and (H)
CuRLR1 with and without C. campestris (GUS-Cc, n = 18; GUS+Cc, n =28; CURLR1-Cc, n = 47;
CURLR1+Cc, n = 53). (G-H) Data were collected at 7 days post injection (DPI) and 14 days post
attachment (DPA). Data are assessed using Dunnett's test with GUS-Cc as negative control. “*”’:
p-values < 0.01. The data points labeled with grey color indicate the sample that we show in the
section picture A-F. (1) Acetyl bromide assay for lignin in VGE stems. Acetyl Bromide Soluble
Lignin (ABSL) indicates percent absorbance of soluble lignin. Samples were collected at 7 DPI
and 6 DPA. Data are assessed using Dunnett's test. “*”: p-values < 0.05, “**”: p-values < 0.01.
Biological replicates for GUS, n = 18; SIMYB55, n = 10; LIF1, n = 18, CuRLR1-Cc, n = 18;
CuRLR1+Cc, n = 18. Technical replicates for acetyl bromide assay; GUS, n = 11; SIMYB55, n =
3; LIF1, n = 13; CuRLR1-Cc, n =11; CuRLR1+Cc, n = 11. (J) PYRO-GC assay for monolignols
in CURLR1 VGE samples with and without C. campestris. Samples were collected at 7 DPI and 6
DPA. Biological replicates collected from first internodes; GUS, n = 8; LIF1, n =8, CuRLR1-Cc,
n = 18; CuRLR1+Cc, n = 18. PYRO-GC assay technical replicates; GUS, n = 3; LIF1, n = 3;
CURLR1-Cc, n = 5; CuRLR1+Cc, n = 5. (K-N) VGE of CuRLR1, LIF1 and SIMYB55 induces
cortical lignin making H1706 resistant to C. campestris. Scale bar, 30 pm. Samples were collected

at 7 DPI and 6 DPA. Cc indicates C. campestris; Sl indicates S. lycopersicum.
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Figure 4 | Barnes-Hut t-distributed stochastic neighbor embedding (BH-SNE) generated

gene clusters and gene co-expression network (GCN) analysis. (A) BH-SNE generated gene
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clusters based on their gene expression patterns. Total cluster (module) number was 48. (B) The
candidate genes that are included in the clusters are labeled with their corresponding colors. The
selected gene clusters for GCN are labeled in yellow (CuRel and WRKY 16 cluster, cluster 17),
red (CCOMT and LAC cluster, cluster 11), blue (MYB55 cluster, cluster 39), pink (LIF1 cluster,
cluster 46), green (CCR cluster, cluster 23) colors. CURLR1 is in the noise cluster, and is labeled
in grey color. Parameters used in this analysis: perplexity (perp) = 20, lying = 250, cutoff = 20,
seed = 2. (C-F) Gene co-expression networks (GCNs) of four different Heinz susceptible and
resistant cultivars upon C. campestris treatments. Based on BH-SNE analysis, 1676 genes in
cluster 11, 17, 23, 39, 46 and CuRLR1 were selected for building GCNs. +Cc indicates with C.
campestris infection treatments. The genes that are listed at the left of the GCN and not labeled in

the network are the genes that have no coexpression connections with all the other genes in the list.
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Figure 5| The role of SIWRKY16 in Cuscuta resistance using CRISPR/Cas9 gene knockouts.
(A-B) Normalized CuRel and SIWRKY16 expression level from RNA-Seq data (CPM, counts per
million) in different Heinz cultivars with/without Cuscuta treatments. Biologically independent
replicates: RNA-Seq libraries, H1706-Cc, n = 7; H1706+Cc, n =7; H9775-Cc, n=5; H9775+Cc,
n=7; H9492-Cc, n=5; H9492+Cc, n =4; H9553-Cc, n =5; H9553+Cc, n = 5. Data are assessed
using one-tailed t test. “*”: p-values < 0.05, “**”: p-values < 0.01, “***”: p-values < 0.005. (C-J)
Samples and data were collected at 7 DPA. (C-D) overall phenotype comparison between M82 and

homozygous SIWRKY16 CRISPR lines (wrky16). Scale bar, 2 cm. (E-F) C. campestris growing on
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M82 and wrkyl6. (G-H) ~300 pum hand sections of M82 and wrkyl6 stems near Cuscuta
attachment site stained with Phloroglucinol-HCI. Lignin is stained red. Cc indicates C. campestris.
() Leaf number of wrky16 and M82. Biological replicates, n = 18 for each. (J) Cortex lignin area
percentage in M82 and wrky16 stems. Data presented are assessed using student’s t-test. “***”

indicates p-value is less than 0.001. Replicates: M82, n = 33; wrkyl16, n = 34.
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Figure 6 | Subcellular localization of candidate genes and protein-protein interactions. (A)
Subcellular localizations of LIF1, SIWRKY 16, and CuRLR1 proteins. (B) Verification of protein-
protein interactions and locations of SIWRKY16 and LIF1 by Bimolecular Fluorescence
Complementation (BiFC). The gene with cCitrine fusion is listed before the “+” sign and the gene
with nCitrine fusion is listed after the “+” sign. (C) Yeast two-hybrid (Y2H) results for interaction
between LIF1 and SIWRKY 16. The plasmids with GAL4 activation domain (AD) and GAL4 DNA
binding domain (BD) were co-transformed to yeast AH109 competent cells. Transformed yeast
cells were screened on SD/-Leu/-Trp medium plates to select successful co-transformants and then
assayed by culturing on high-stringency SD/~Ade/-His/~Leu/~Trp medium plates with 40 pg/ml
X-a-Gal. The positive protein-protein interactions between LIF1 and SIWRKY 16 are indicated by
growth on SD/-Ade/—His/~Leu/~Trp/X-a-Gal medium plates and blue colony color. (D) Co-
expression of fusion protein LIF1-GFP and SIWRKY 16-RFP to observe subcellular localizations.

Yellow color in the merged panel indicates that GFP and RFP signals are overlapped.
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pathway: SIWRKY16 and LIFI mediated lignin-based resistant responses and with a potential
connection to CuRel. Blue-labeled pathway: previously identified CuRel mediated

PAMP/MAMP-triggered immunity (PTI/MTI) pathway.
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Supplemental Figure 1 | Analysis of time-course RNA-Seq data. (A) Principal component
analysis (PCA) of gene expression across different day post attachment (DPA). Library number, 0
PDA,n=6; 1 DPA, n=6; 2 DPA, n=4; 3 DPA, n=5; 4 DPA, n = 6. (B-C) Venn diagram of
differentially expressed genes (DEGs) at different DPA libraries. 0 DPA libraries are without
Cuscuta treatments and serve as the control for comparisons. The cutoff of these DEGs are FDR
< 0.1 and fold change > 1.5. (D) Heat map of DEGs across different DPA libraries. DEGs are
selected by ANOVA analysis with cutoff FDR < 0.1. Euclidean distance and complete linkage are

used for this clustering analysis.
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Supplemental Figure 2 | RNA-Seq analysis results of gene expression across resistant and
susceptible cultivars at 4 DPA. PCA of gene expression across resistant and susceptible cultivars
at 4 DPA. Different treatment conditions are represented by shapes: square dots indicate the
uninfested host stem tissue samples; circle dots indicate the infested host stem tissue samples.

Different cultivars are represented by different colors.
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Supplemental Figure 3 | Virus-induced gene silencing (VIGS) in resistant tomato H9553. Plot
shows the average C. campestris survival rates on different VIGS tomato plants. Survival rates =
(the number of C. campestris surviving by the end of the experiment/ the total number of C.
campestris at the beginning of experiment) * 100%. Each dot represents the average survival rate
for each experiment, which used 12-14 individual plants (biological replicates) for each VIGSed

gene. CCOAOMT, caffeoyl-CoA O-methyltransferase; LAC, laccase.
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Supplemental Figure 4 | Virus-based Gene Expression vectors (pTAV) map. (A) Full map of
pTAV plasmid. (B) Zoom-in view of the Gateway® cassette region. The gene cloned into this
vector is driven by the capsid protein promoter (CPpro), which is in the non-translated region

between the end of the common region and the start codon of the capsid protein gene that was
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removed. CmR indicates chloramphenicol acetyltransferase, which is the Chloramphenicol
resistance gene. SmR indicates aminoglycoside adenylyltransferase, which is the
Spectinomycin/Streptomycin resistance gene. pVS1 RepA indicates replication protein from the
Pseudomonas plasmid pVS1. pVS1 StaA indicates stability protein from the Pseudomonas

plasmid pVS1. Complete sequence of pTAV is attached in Datasets S1.
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Supplemental Figure 5 | Expression of candidate genes and Virus-based Gene Expression
(VGE) of GUS in tomato H1706. (A-C) The normalized expressions levels (CPM, counts per
million) of genes in susceptible cultivar H1706 under C. campestris infestation. — and + indicates
without or with C. campestris infection treatments respectively. Biologically independent
replicates: RNA-Seq libraries: H1706-Cc, n = 7; H1706+Cc, n = 7. Data are assessed using two-
tailed t test. “*”: p-values < 0.05, “**”: p-values < 0.01, “***”: p-values < 0.005. (D) Tomato
seedling showing first internode. Arrow points to injection site. (E) The first internode of stem
stained for GUS expression from VGE construct in susceptible cultivar H1706. (F) Hand section

(about 300 um) of stem near injection site stained for GUS expression.
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Supplemental Figure 6 | HPLC data for p-coumarate and trans-ferulate levels in different
VGE and C. campestris infection treatments. HPLC data for p-coumarate and trans-ferulate was
generated from ethyl acetate extract of de-starched AIR prepped stem tissue. The unit of this data
is g/L. —Cc and +Cc indicate without or with C. campestris infection treatments respectively.
Biological replicates collected from first internodes; GUS, n = 8; LIF1, n =8, CURLR1-Cc, n = 18;

CuRLR1+Cc, n = 18. HPLC assay technical replicate, n = 1.
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Supplemental Figure 7 | Haustorium infestation status ratio under different VGE treatments.
The numbers of haustoria in different infestation status are quantified by examining hand sections
and vibratome sections. The ratios are calculated by dividing the number of haustoria in each status
by the total number of haustoria on each section. The detailed haustorium number and ratio data
are presented in Supplemental Data Set 3. Data are analyzed using Dunnett's test. “*”: p-values <

0.05, “**”: p-values < 0.01.
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Supplemental Figure 8 | Phylogenetic network analysis using 500 kb sequence around the
LIF1 resistance-specific SNP enriched region. This phylogenetic network analysis was
conducted using PhyloNetworks in the Julia environment with 500 kb of sequence around the LIF1
resistance-specific SNP enriched region (SL3.0 ch02: 43800000 — 44300000). The species and
accessions relevant to this work are highlighted in bold front and darker lines. Blue lines indicate
potential hybridization events among these tomato cultivars, accessions, and species. Blue
percentage numbers represent the gene flow from each potential parent cultivar to the hybridization
event. Black numbers next to each node are bootstrap values. Green bold labeled cultivar H9775

is susceptible to C. campestris infection. Red bold labeled cultivars H9553 and H9492 are resistant
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to C. campestris infection. Black bold labeled species are potential tomato wild species

introgression sources contributing to the LIF1 resistance-specific SNP enriched region.
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Supplemental Figure 9 | LIF1 promoter region and transcription factors binding motifs. The
LIF1 promoter DNA sequence is labeled as a gray colored line. Transcription factors binding
motifs are labeled as white boxes on the DNA sequence, and the potential key WRKY binding site
is labeled as a yellow box. Resistance specific SNPs are labeled as blue lines on the DNA sequence.

The resistance specific SNP that is located on the key WRKY binding site is labeled in red color.
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Supplemental Figure 10 | SIWRKY16 expression level in different Cuscuta treatment

condition. Normalized SIWRKY16 expression level from gqPCR data in M82 tomatoes

with/without Cuscuta treatments. — and + indicates without or with C. campestris infection

treatments respectively. Biologically independent replicates: M82-Cc, n = 3; M82+Cc, n = 5. Data

presented are assessed using two-tailed t test. “*”: p-values < 0.01. Value of the t-statistic: 8.10;

degrees of freedom: 4.06.
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Supplemental Figure 11 | Gene co-expression network (GCN) analysis of identified key
regulators. Gene co-expression networks (GCNs) of four different Heinz susceptible and resistant
cultivars without C. campestris treatments. Based on BH-SNE analysis, 1676 genes in cluster 11,
17, 23, 39, 46 and CuRLR1 are selected for building GCNs. -Cc indicate without C. campestris
infection treatments. The genes that are listed at the left of the GCN and not labeled in the network

are the genes that have no coexpression connection with all the other genes in list.
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Supplemental Figure 12 | LIF1 expression levels in wrkyl6 and VGE overexpressing
SIMYBS55 and LIF1 in H1706, M82, and wrkyl6. (A) Normalized LIF1 expression level from
gPCR data in M82 and wrky16 tomatoes. Data presented are assessed using Student's t test and p-
value is labeled above the boxplot. Replicates: n = 10 for each plant genotype. (B) VGE
overexpressing SIMYBS55 and LIFI in both susceptible H1706 and M82 tomatoes, and resistant
wrky16. Data presented are assessed using Dunnett's test with H1706 as the control in each VGE
overexpressing group and p-values are labeled above the boxplot in black. Data presented are also
assessed using Dunnett's test with GUS as the negative control for each plant genotype. Each plant
genotype group is labeled in specific color (H1706 in blue, M82 in red, wrkyl6 in green) and p-
values are labeled above the boxplot in the corresponding color. Replicates: n = 18 for each

treatment.
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Supplemental Figure 13 | VGE overexpressing CuRLRI induced stem lignification in
susceptible M82 tomatoes but not in wrkyl6 tomatoes. (A) ~300 um sections of the haustoria
attachment sites stained with Phloroglucinol-HCI. Scale bar, 1 mm. (B) Cortex lignin area
percentage in both susceptible M82 tomatoes and wrky16 tomatoes. — and + indicates without or
with C. campestris infection treatments respectively. Data are assessed using Dunnett's test with

GUS-Cc as the negative control for each genotype. “*”: p-values < 0.01. Replicates: M82+GUS-
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Cc, n = 10; M82+GUS+Cc, n = 9; M82+CuRLR1-Cc, n = 16; M82+CuRLR1+Cc, n = 22;
wrkyl6+GUS-Cc, n = 9; wrkyl6+GUS+Cc, n = 15; wrkyl6+CuRLR1-Cc, n = 15;

wrky16+CuRLR1+Cc, n = 20. Samples were collected at 10 DPI and 7 DPA.

191



filtered

J . b
£ 40-
© 4 0 °
2 25
o 30 a a a a a a a
-E 1 :
2 20~
x i .
1) <
o L W ¥
U 1 . :. e "
0 -] * L — - = * *
¢ xo O & <o & & A
& X <@ ¢ 3> & Cl < X
& ‘6& ‘i‘\‘& ‘?‘éo q\§\ ¢ p o’@,b o@’b '\6Q
& &«

Extract Injection Treatments

Supplemental Figure 14 | C. campestris extract injections to detect Cuscuta signals. (A-I) ~300
um hand sections of resistant H9553 stems near injection sites stained with Phloroglucinol-HCI.
Lignin is stained red. Data were collected at 7 days post injection (DPI). The H9553 plants are

injected with (A) water, (B) untreated C. campestris extract, pH 5.8, (C) C. campestris extract
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filtered with 0.2 pum filter, (D) pH 9 water, and (E) pH 9 C. campestris 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. Replicates: water, n = 22; untreated extract, n =
13; filtered extract, n = 24; heat-treated extract, n = 12; pH 9 water, n = 11; pH 9 extract, n = 12;

Protease E-treated, n = 12; Protease K-treated, n = 12; Trypsin-treated, n = 12.
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Supplemental Figure 15 | VGE overexpressing CuRLRI in H1706 with or without Cuscuta
extract injections. These are ~300 pm sections of the haustoria attachment sites stained with
Phloroglucinol-HCI. Scale bar, 1 mm. VGE overexpressing GUS served as a negative control for

VGE. Water injection functions as a negative control for extract injections.
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Supplemental Figure 16 | Cuscuta signal size analysis by using Cuscuta extract injections.
Cortex lignin area percentage in H9553 cultivar with different size filtered Cuscuta extract
injection. The Cuscuta extracts that flow through 3kD, 10kD, 30kD, and 100kD Amicon® Ultra
Centrifugal Filter Devices are used to do injection on H9553 stems to test the size of Cuscuta
signals. Data were assessed using pair-wise comparisons with Tukey test. P-values between “a”

and “b” are < 0.05. Replicates: untreated extracts, n = 18; 100kD filtered extract, n = 18; 30kD

filtered extract, n = 18; 10kD filtered extract, n = 18; 3kD filtered extract, n = 18; water, n = 19.
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TTAATAAARAGGGCAATCCTGAGCCAAATCCTTTTTAGAATAAAAAAAAACTAAGGARAA
TTAATAAAAAGGGCAATCCTGAGCCAAATCCTTTTTAGAATAAAAAAAAACTAAGGAAA

121
121
121
118
118

TGCAGAGACTCAACGGAAGCTTTTCTAACCAATGTGAAAATATATTTTTTTACCAAGCT
GTGCAGAGACTCAACGGAAGCTTTTCTAACCAATGTGAAAATATATTTTTTTACCAAGCT
GTGCAGAGACTCAACGGAAGCTTTTCTAACCAATGTGAAAATATATTTTTTTACCAAGCT
GTGCAGAGACTCAACGGAAGCTTTTCTAACCAATGTGAAAATATATTTTTTTACCAAGCT
GTGCAGAGACTCAACGGAAGCTTTTCTAACCAATGTGAAAATATATTTTTTTACCAAGCT

181
181
181
178
178

ATTAAAGAATAAAGAGAGAGTCCGTTTCTACATGTCAATATGGACAGTAATGAAATTTT,
GATTAAAGAATAAAGAGAGAGTCCGTTTCTACATGTCAATATGGACAGTAATGAAATTTT,
GATTAAAGAATAAAGAGAGAGTCCGTTTCTACATGTCAATATGGACAGTAATGAAATTTT,
GATTAAAGAATAAAGAGAGAGTCCGTTTCTACATGTCAATATGGACAGTAATGAAATTTT,
GATTAAAGAATAAAGAGAGAGTCCGTTTCTACATGTCAATATGGACAGTAATGAAATTTT,

241
241
241
238
238

AGTAAGAAGAAAATCCGTCGATTTGAAAAATTGTGAGGGTTCAAGTCCCTCTATCCCCA
CAGTAAGAAGAAAATCCGTCGATTTGAAAAATTGTGAGGGTTCAAGTCCCTCTATCCCCR
CAGTAAGAAGAAAATCCGTCGATTTGAAAAATTGTGAGGGTTCAAGTCCCTCTATCCCCRA
CAGTAAGAAGAAAATCCGTCGATTTGAAAAATI®GTGAGGGTTCAAGTCCCTCTATCCCCR
CAGTAAGAAGAAAATCCGTCGATTTGAAAAAT®GTGAGGGTTCAAGTCCCTCTATCCCCRA

301
301
301
298
298

AGCCCAACAAACTACTCTCTGCTTGGTACTTT
AGCCCAACAAACTACTCTCTGCTTGGTACT T TRTGGCTCAACGTGCACTCCCCTTTAT,
AGCCCAACAAACTACTCTCTGCTTGGTACT T TRTGGCTCAACGTGCACTCCCCTTTAT,
AGCCCAACAAAC T ACTC T C T

TGGCTCAACGTGCACTCCCCTTTAT]

360
360
360
320
357

TGGTTTCATTTCCGTTCAATCTAATCTCGAATTTGAATCTACAGTGGGARATGGGTCGG
TGGTTTCATTTCCGTTCAATCTAATCTCGAATTTGAATCTACAGTGGGAAATGGGTCGG
TGGTTTCATTTCCGTTCAATCTAATCTCGAATTTGAATCTACAGTGGGAAATGGGTCGG

ECC TTCATTTCCSTTCAATCTAATCTINSAATTTGAATCT®CAGTGGGAAATGGGTCGG

420
420
420
359
417

ATAGCTCAGGCGGTAGAGCAGAGGACTGAAAATCCTCGTGT o \elerNeywier
ATAGCTCAGGCGGTAGAGCAGAGGACTGAAAATCCTCGTGT or \sler Neiyer.Y
ATAGCTCAGGCGGTAGAGCAGAGGACTGAAAATCCT
ATAGCTCAGICGGTAGAGCAGAGGACTGAAAATC
ATAGCTCAGISCGGTAGAGCAGAGGACTGAAAATCCTCGTGT]

Supplemental Figure 17 | Sequence alignment of plastid trnL-F intron/spacer region

sequences in our Cuscuta campestris isolate and published Cuscuta campestris and Cuscuta
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pentagona. The first sequence is from the Cuscuta campestris isolate we used in this research. The
other sequences are from previously published trnL-F sequences of Cuscuta campestris (Cc) and
Cuscuta pentagona (Cp) with GenBank accession numbers and following by DNA accession

numbers.
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Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_]  KJ436701 456

Cc_rbcL_Minyao
Cc_EU883476_411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_|  KJ436701 456

Cc_rbcL_Minyao
Cc E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_EU883476_411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] EUBB3476 411
Cp_| KJ436701 ~456

Cc_rbcL_Minyao
Cc_] 20883476 411
CP_KJ436701_456

Cc_rbcL_Minyao
Cc_EU883476_411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_]  KJ436701 456

Cc_rbcL_Minyao
Cc_EU883476_411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc_] E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Ce_| E0883476 411
Cp_KJ436701_456

Cc_rbcL_Minyao
Cc E0883476 411
Cp_| _KJ436701 456

CGGGGCTGCAGTCGCTGCGGAATCTTCTACTGGTACATGGACAACTGTGTGGACTGAT!
CGGGGCTGCAGTCGCTGCGGAATCTTCTACTGGTACATGGACAACTGTGTGGACTGAT!
CGGGGCEGCAGTCGCTGCGGAATCTTCTACTGGTACATGGACAACTGTGTGGACTGAT

ATTGACTAGCCTAGATCGGTACAAGGGTCGATGCTATCATATTGAGCGCGTGTTTGGA!
ATTGACTAGCCTAGATCGGTACAAGGGTCGATGCTATCATATTGAGCGCGTGTTTGGA!

121
121
121

181
181
181

241
241
241

361
361
361

421
421
421

481
481
481

541
541
541

601
601
601

661
661
661

781
781
781

841
841
841

901
901
901

961
961
961

S TTGACTAGCCTAGATCGGTACAAGGGTCGATGCTATCATATTGAGCGCGTGTTTGGA!

GATCAATATATTGCTTATGTAGCATACCCTTTAGACCTTTTTGAAGAAGGTTCA
GATCAATATATTGCTTATGTAGCATACCCTTTAGACCTTTTTGAAGAAGGTTCA!
GATCAATATATTGCTTATGTAGCATACCCTTTAGACCTTTTTGAAGAAGGTTCE

GACCAACATGTTTACTTCAATTGTGGGGAATGTATTTGGCTTTAAAGCCCTGCGAGCTT)
GACCAACATGTTTACTTCAATTGTGGGGAATGTATTTGGCTTTAAAGCCCTGCGAGCTT)
GACCAACATGTTTACTTCAATTGTGGGGAATGTIWTTTGGCTTTAAAGCCCTGCGAGCTT

ACGGCTAGAAGATCTACGAATACCTCCAGCTTATACTAAAACTTTTCAAGGCCCACCTC
ACGGCTAGAAGATCTACGAATACCTCCAGCTTATACTAAAACTTTTCAAGGCCCACCTC
ACGGCTEGAAGATCTACGIATACCTCCAGCTTATACTAAAACTTTTCAAGGCCCACCTC

ATGGCATCCAAGTTGAGAGAGATAAATTGAATAAATATGGCCGTCCTCTGTTGGGATGTA
ATGGCATCCAAGTTGAGAGAGATAAATTGAATAAATATGGCCGTCCTCTGTTGGGATGTA

ATGGCATCCAAGTTGAGAGAGATAAATTGAATAAATATGGCCGTCCTCTGTTGGGATGTA

TATTAAACCAAAATTGGGTTTATCAGCTAAAAATTATGGTAGAGCCGTTTATGAATGTC
TATTAAACCAAAATTGGGTTTATCAGCTAAAAATTATGGTAGAGCCGTTTATGAATGTC,
TATTAAACCAAAATTGGGTTTATCEGCTAAAAATTATGGTAGAGCCGTTTATGAATGTC

TCGTGGTGGACTTGATTTTACCAAGGATGATGAGAATGTAAACTCACAGCCCTTTATGC]
TCGTGGTGGACTTGATTTTACCAAGGATGATGAGAATGTAAACTCACAGCCCTTTATGC
TCGTGGTGGACTTGATTTTACCAAGGATGATGAGAATGTAAACTCACAGCCCTTTATGC]

TTGGAGAGACCGTTTCCTATTTTGTGCTGAAGCAATTTATAAATCCCAAGCTGAAACC
TTGGAGAGACCGTTTCCTATTTTGTGCTGAAGCAATTTATAAATCCCAAGCTGAAACC
TTGGAGAGACCGTTTCCTATTTTGTGCTGAAGCAATTTATAAATCCCAAGCTGAAACC

TGAAATAAAAGGACATTATTTAAATGCTACTGCAGGGACATGTGAAGAAATGCTAAGAC
TGAAATAAAAGGACATTATTTAAATGCTACTGCAGGGACATGTGAAGAAATGCTAAGAC
TGAAATAAAAGGACATTATTTAAATGCTACTGCAGGGACATGTGAAGAAATGCTAAGAC

AGCTTGTTTTGCTAAAGAATTGGGAGTTCCAATTATAATGCATGACTATTTAACAGGC
AGCTTGTTTTGCTAAAGAATTGGGAGTTCCAATTATAATGCATGACTATTTAACAGGC
AGCTTATTTTGCTAAAGAATTGGGAGTTCCAATTATAATGCATGACTATTTAACAGGC

ATTCACTGCAAATACTTCTTTGGCTCACTTTTGTCGAGAAAACGGGCTACTTCTTCATA
ATTCACTGCAAATACTTCTTTGGCTCACTTTTGTCGAGAAAACGGGCTACTTCTTCATA
ATTCACTGCAAATACTTCTTTGGCTCACTTETGTCGAGAAAACGGGCTACTTCTTCATA

TCACCGTGCAATGCATGCAGTTATTGATAGACAAAAGAATCATGGGATACATTTCCGT!
TCACCGTGCAATGCATGCAGTTATTGATAGACAAAAGAATCATGGGATACATTTCCGT

TCACCGTGCAATGCATGCAGTTATTGATAGACAAAAGAATCATGGGATACATTTCC

ACTAGCGAAGGCATTACGGTTATCTGGTGGCGATCATATTCATGCAGGTACTGTAGTA!
ACTAGCGAAGGCATTACGGTTATCTGGTGGCGATCATATTCATGCAGGTACTGTAGTA
ACTAGCGAAGGCATTACGGTTATCTGGTGGCGATCATATTCABGCAGGTACTGTAGTA!

AAAACTGGAAGGAGAACGGGAGATTACTTTGGGCTTTGTTGACTTATTACGAGATAATT)
AAAACTGGAAGGAGAACGGGAGATTACTTTGGGCTTTGTTGACTTATTACGAGATAATT

TGTTGAAAAAGACCGAAGTCGTGGGATCTATTTTACTCAAGATTGGGTTTCGTTACCC
TGTTGAAAAAGACCGAAGTCGTGGGATCTATTTTACTCAAGATTGGGTTTCGTTACCC
TGTTGAAAAAGACE\GAAGTCGTGGGATCTATTTTACTCAAGATTGGGTTTCGTTACCC
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Supplemental Figure 18 | Sequence alignment of plastid ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL) sequences in our Cuscuta campestris isolate and
published Cuscuta campestris and Cuscuta pentagona. The first sequence is from the Cuscuta
campestris isolate we used in this research. The other sequences are from previously published
rbcL sequences of Cuscuta campestris (Cc) and Cuscuta pentagona (Cp) with GenBank accession

numbers and following by DNA accession numbers.
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Cc_ITS_Minyao

Cc_| " KT383150 201
Cc_] " KT383160 _461
CP_EF194664_456
Cp_KT383248_ 1250

Cc_ITS Minyao

Cc_| . KT383150 _201
Cc_ " KT383160 461
Cp_EF194654_456
Cp_KT383248 1250

Cc_ITS Minyao

Cc_KT383150_201
Cc_KT383160_461
Cp_EF194664_ 456
Cp_KT383248_1250

Cc_ITS Minyao

Cc_KT383150_201
Cc_KT383160_461
Cp_EF194664_ 456
Cp_KT383248 1250

Cc_ITS Minyao

Cc_KT383150_201
Cc_KT383160_461
Cp_EF194664_ 456
Cp_KT383248_ 1250

Cc_ITS Minyao

Ce KT3B3150 201
Cc_| _KT383160 461
Cp_£F194664_456
Cp_KT383248 1250

Cc_ITS Minyao

Cc_] . KT383150 _201
Cc_] . KT383160 461
Cp_EF194664_456
Cp_KT383248 1250

Cc_ITS_Minyao

Ce KT383150 201
Cc_| KT383160 _461
Cp_EF194664_456
Cp_KT383248 1250

Cc_ITS Minyao

Cc_KT383150_201
Cc_KT383160_461
Cp_EF194664_ 456
Cp_KT383248_ 1250

ATTATTGATTCGAATGTCTGGGTGCCGTCTTTCTGATTRTGCCCACGACGAACAAAAACE

61
60
60
60
59

CCGGCGCAGCAGCGCCAAGGAATATAATAATGAGTGTGCAACCTCGCAGAGCTTGGTTAT,)
CCGGCGCAGCAGCGCCAAGGAATATAATAATGAGTGTGCAACCTCGCAGAGCTTGGTTAT)
CCGGCGCAGCAGCGCCAAGGAATATAATAATGAGTGTGCAACCTCGCAGAGCTTGGTTAT)
CCGGCGCAGCAGCGCCAAGGAATATAATAATGAGTGTGCAACCTIWGCAGAGCT &ART TAT)
CCGGCGCAGCAGCGCCAAGGAATATAATAATGAGTGTGCAACCTIsGCAGAGCTSAATTAT

121
120
120
120
119

GCTGCCTGTGAGCTTTGCATCCTTTCAATAAAAATGACTCTCGGCAATGGATATCTCGGC
GCTGCCTGTGAGCTTTGCATCCTTTCAATAAAAATGACTCTCGGCAATGGATATCTCGGC
GCTGCCTGTGAGCTTTGCATCCTTTCAATAAAAATGACTCTCGGCAATGGATATCTCGGC
IWTGCCTGTGAGCTTTGCATCCTTTINAATAAAAATGACTCTCGGCAATGGATATCTCGGC
GITGCCTGTGAGCTT®GCATCCTT T AATAAARATGACTCTCGGCAATGGATATCTCGGC

181
180
180
180
179

TCTTGCATCGATGAAGAACGTAGCGAAATGCGATACGTGGTGTGAATTGCAGAATCCCGC
TCTTGCATCGATGAAGAACGTAGCGAAATGCGATACGTGGTGTGAATTGCAGAATCCCGC
TCTTGCATCGATGAAGAACGTAGCGAAATGCGATACGTGGTGTGAATTGCAGAATCCCGC
TCTTGCAECGATGAAGAACGTAGCGAAATGCGATACTTGGTGTGAATTGCAGAATCCC
TCTTGCATCGATGAAGAACGTAGCGAAATGCGATACITGGTGTGAATTGCAGAATCCCGH,

FEYGAACCATCGAAACTTTGAACGCAAGTTGCGCCTCAAGCCATTCGGTTGAGGGCACGTAT
FY{VIGAACCATCGAAACTTTGAACGCAAGTTGCGCCTCAAGCCATTCGGTTGAGGGCACGTAT
240 GAACCATCGAAACTgTGAACGCAAGTTGCGCCTCAAGCCATTCGGTTGAGGGCACGTAT
L UVIGAACCATCGAAACTTTGAACGCAAGTTGCGCCTCAAGCCATT[EGGTTGAGGGCACGTST
PP GCAACCATCGAAACTTTGAACGCAAGTTGCGCCTCAAGCCATT,

Kl CTTGGGTGTCATGCATTATGTCTCCCCTCTCGTGTGTGGAGTGGGAATAGATCCTGGCCT
KV CTTGGGTGTCATGCATTATGTCTCCCCTCTCGTGTGTGGAGTGGGAATAGATCCTGGCCT
300 CTTGGGTGTCATGCATTATGTCTCCCCTCTCGTGEGTGGAGTGGGAAT.GATCCTGGCCT
KNV VICTTGGGTGTCATGCASMTATGTCTCCCCTCTCGTGTGTGGAGTGGGAATAGATCCTGGCCT)
FEERCTTGGGTGTCATGCASTATGTCTCCCCTCTCGTGTGTGGAGTGGGAATAGATCCTGGCCT

KIS NBCCTGGGCCCTTCCTTGGGCGTGGTTGGCCGAAAATGTTGTCCTTGATTTTGTTGATGTCT,
K VICCTGGGCCCTTCCTTGGGCGTGGTTGGCCGARAAATGTTGTCCTTGATTTTGTTGATGTCT,
K VICCTGGGCCCTTCCTTGGGCGTGGTTGGCCGAAAATGTTGTCCTTGATTTTGTTGATGTCT)
EIVICCTGGGCCCTTCCTTGGGCGTGGTTGGCCGAAAATGTTGTCCTEGATTTTGTTGATGTCT,
KL BICCTGGGCCCTTCCTTGGGCGTGGTTGGCCGAARATGTTGTCCTEGATTTTGTTGATGTCT)

LYANTGGTGTGCGGTGGATGCGCCAGGTGTGCATAGTTGCCAGCCTTGCTCGGCTTCATTGTG
LYV TGGTGTGCGGTGGATGCGCCAGGTGTGCATAGTTGCCAGCCTTGCTCGGCTTCATTGTG!
LYDVVITGCGTGTGCGGTGGATGCGCCAGGTGTGCATAGTTGCCAGCCTTGCTCGGCTTCATTGTG
LYV TGGTGTGCGGTGGATGCGCCAGGTGTGCATAGTTGCCAGCCTTGCTCGGCTTCATTGTG!

L NCGGCGGGATCCTATGAAGCTGCCGGTTTT
Y-V ICGGCGGGATCCTATGAAGCTGCCGGTTTT
- VICGGCGGGATCCTATGAAGCTGCCGGTTTT
480 CGGCGGGATCCTATGAAGCTGCCGGT@TT
479 s GGGATCCTATGAAGCTGCCGGTTTT
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Supplemental Figure 19 | Sequence alignment of nuclear internal transcribed spacer (nrITS)
sequences in our Cuscuta campestris isolate and published Cuscuta campestris and Cuscuta
pentagona. The first sequence is from the Cuscuta campestris isolate we used in this research. The
other sequences are from previously published nrITS sequences of Cuscuta campestris (Cc) and
Cuscuta pentagona (Cp) with GenBank accession numbers and following by DNA accession

numbers.
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Cc_nrLSU Minyao
Cec_| EU883527 411
Cp_|  KJ400152 456

Cc_nrLSU Minyao
Cc_] . EU883527 411
Cp_|  KJ400152 456

Cc_nrLSU Minyao
Cec_] " EU883527 _411
Cp_  KJ400152 456

Cc_nrLSU Minyac
Cc ] . EU883527 _411
Cp_KJ400152_A56

Ce_nrLSU Minyao
Cc_EU883527_411
Cp_KJ400152_456

Ce_nrLSU Minyao
Cc_] _EUS83527 411
Cp_KJ400152_456

Cc_nrLSU Minyao
Cc_EU883527 411
Cp_KJ400152_456

Cc_nrLSU_Minyao
Cc_| " EU883527 411
Cp_KJ400152_456

Cc_nrLSU Minyao
Cc_EU883527_411
Cp_KJ400152_456

Cc_nrLSU Minyao
Cc_EU883527_411
Cp_KJ400152_456

Cc_nrLSU_ Minyao
Cc_| EU883527 411
Cp_|  KJ400152 456

Cc_nrLSU Minyao
Cc_EU883527_411
Cp_KJ400152_456

Cc_nrLSU Minyac
Cc_| . EU883527 _411
Cp_]  KJ400152 456

AGCGTCCTTAGCGGCGGACTGGGCCCAAGTCCCCTGGAAAGGGGCGCCGGAGAGGGTGA
AGCGTCCTTAGCGGCGGACTGGGCCCAAGTCCCCTGGAAAGGGGCGCCGGAGAGGGTGA
AGCGTCCTTAGCGGCGGACTGGGCCCAAGTCCCCTGGAAAGGGGCGCCGGAGAGGGTGA!

AGCCCCGTCGGGCCTAGACCCTGTCGCACCACGAGGTGCTGTCTTAGAGTCGGGTTGTTT]
AGCCCCGTCGGGCCTAGACCCTGTCGCACCACGAGGTGCTGTCTTAGAGTCGGGTTGTTT

121
121
121

181
181
181

241
241
241

301
301
301

361
361
361

421
421
421

481
481
481

541
541
541

600
600
600

660
660
660

720
720
720

AGCCCCGTCGGGCCTAGACCCTGTCGCACCACGAGGTGCTGTCTTAGAGTCGGGTTGTTT)

GGGAATGCAGCCCAAATTTGGTGGTGAATTCCGTCCAAGGCTAAATACAGGTGAGAGCCC
GGGAATGCAGCCCAAAETTGGTGGTGAATTCCGTCCAAGGCTAAATACAGGEGAGAGCCC
GGGAATGCAGCCCAAATTTGGTGGTGAATTCCGTCCAAGGCTAAATACAGGTGAGAGCCC

GATAGCGAACAAGTACCGCGAGGGAAAGATGAAAAGAACTTTGAAAAAAGAGCCAAAGA
GATAGCGAACAAGTACCGCGAGGGAAAGATGAAAAGAACTTTGAAAAAAGAGCCAAAGA
GATAGCGAACAAGTACCGCGAGGGAAAGATGAAAAGAACTTTGAAAAAAGAGCCAAAGA

TGCTTGAAATTGTCGAGAGGGAAGCGGATGGAGACCGGCGATAGGCCCAGGTTGGATGT
TGCTTGAAATTGTCGAGAGGGAAGCGGATGGAGACCGGCGATAGGCCCAGGTTGGATGT
TGCTTGAAATTGTCGAGAGGGAAGCGGATGGAGACCGGCGATAGGCCCAGGTTGGATGT

GAACGGTGGTTAGCCGGTCTGCTGATAGGCTCTGGGTGTGGATCAGCGAGAATTCAGGT
GAACGGTGGTTAGCCGGTCTGCTGATAGGCTCTGGGTGTGGATCAGCGAGAATTCAGGT
GAACGGTGGTTAGCCGGTCTGCTGATAGGCTCTGGGTGTGGATCAGCGAGAATTCAGGT

GCGGTTGAAGCTTGGGCATTTGATATGCTAGGGGAATGCCGTCTCTTGTATTGTGGGAA
GCGGTTGAAGCTTGGGCATTTGATATGCTAGGGGAATGCCGTCTCTTGTATTGTGGGAA
GCGGTTGAAGCTTGGGCATTTGATATGCTAGGGGAATGCCGTCTCTTGTATTGTGGGAA

TAGTGCGCGCCCCGCGTGTGCTTCGGCACCTGCGTACTCAGGTCGTTGACTTGTGGGCTC
TAGTGCGCGCCCCGCGTGTGCTTCGGCACCTGCGTACTCAGGTCGTTGACTTGTGGGCTC
TAGTGCGCGCCCCGCGTGTGCTTCGGCACCTGCGTACTCAGGTCGTTGACTTGTGGGCTC

TCCATTCGACCCGTCTTGAAACACGGACCAAGGAGTCTGACATGTGTGCGAGTTGGCGA
TCCATTCGACCCGTCTTGAAACACGGACCAAGGAGTCTGACATGTGTGCGAGTTGGCGA
TCCATTCGACCCGTCTTGAAACACGGACCAAGGAGTCTGACATGTGTGCGAGTTGGCGA

*'GGAAGCTGATTGGCGGGATCCCTCTTEGGGGTGCACC
GGAAGCTGATTGGCGGGATCCCTCTTTGGGGTGCACC

I CGACCGACCTTGATCTTTTGAGAAGGGTTTGAGTGTGAGCA
CGACCGACCTTGATCTTTTGAGAAGGGTTTGAGTGTGAGCA
®CGACCGACCTTGATCTTTTGAGAAGGGTTTGAGTGTGAGCRA

ACCTGTTGGGACCCGA
ACCTGTTGGGACCCGR
WACCTGTTGGGACCCGR

AGATGGTGAACTATGCCTGAGCGGGGTGAAGCCAGAGGAAACTCTGGTGGAAGCCCGCA
AGATGGTGAACTATGCCTGAGCGGGGTGAAGCCAGAGGAAACTCTGGTGGAAGCCCGCA
AGATGGTGAACTATGCCTGAGCGGGGTGAAGCCAGAGGAAACTCTGGTGGAAGCCCGCA

GCGATACTGACGTGCAAATCGTTCGTCTGACTT,
GCGATACTGACGTGCAAATCGTTCGTCTGACTT
GCGATACTGACGTGCAAATCGTTCGTCTGACTT,
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Supplemental Figure 20 | Sequence alignment of nuclear large-subunit ribosomal DNA
(nrLSU) sequences in our Cuscuta campestris isolate and published Cuscuta campestris and
Cuscuta pentagona. The first sequence is from the Cuscuta campestris isolate we used in this
research. The other sequences are from previously published nrLSU sequences of Cuscuta
campestris (Cc) and Cuscuta pentagona (Cp) with GenBank accession numbers and following by

DNA accession numbers.
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| Cc_TrnF _Jhu_et al.
Cc_KT371721 201
\Cc_KT371722 461

Cp_EF194465_456
|Cp_KT371737_1250

Cs_EF194473

0.008

B 1Cc_rbclL_Jhu_et_al.
. o s
S__
Cp_KJ436701_456

0.004

Cc_ITS Jhu_et_al.
Cc_KT383150_201
—— Cc_KT383160_461
—Cp_EF194664_456
Cp_KT383248_ 1250

Cs_EF194687

0.03

Cc_nrLSU_Jhu_et_al.
Cc_EU883527 411
Cp_KJ400152_ 456
Cs_KJ400171

0.02

Supplemental Figure 21 | Phylogenetic relationships among our Cuscuta campestris isolate
and published Cuscuta campestris and Cuscuta pentagona by Maximum-Likelihood
Phylogenies. The first sequence of each tree is from the Cuscuta campestris isolate we used in this
research. The other sequences are from previously published (A) TrnL-F (B) rbcL (C) nrITS (D)
nrLSU sequences of Cuscuta campestris (Cc) and Cuscuta pentagona (Cp) with GenBank

accession numbers and following by DNA accession numbers. These trees are rooted using C.
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stenolepis (Cs) as functional outgroup. The number on the scale represents the percentage of

genetic variation.
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All Supplemental Tables are available on the bioRxiv Website. Please directly access them

all at: https://www.biorxiv.org/content/10.1101/706861v3.supplementary-material.

Supplemental Data Set 1. DEG list of time-course RNA-Seq data.

Supplemental Data Set 2. DEG list of resistant and susceptible host response to C. campestris by

using an interaction design model.

Supplemental Data Set 3. Vector pTAV (pMR315_pTAV-GW binary) sequence.

Supplemental Data Set 4. Haustorium infestation status quantification.

Supplemental Data Set 5. Resistant specific SNPs in all chromosome.

Supplemental Data Set 6. Resistant specific SNPs in LIF1 promoter region.

Supplemental Data Set 7. Predicted transcription factor binding sites in LIF1 promoter region.

Supplemental Data Set 8. DEG list of four different Heinz tomato cultivars response to C.

campestris by ANOVA analysis.

Supplemental Data_Set 9. Gene list in the Barnes-Hut t-distributed stochastic neighbor

embedding (BH-SNE) generated clusters.
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Chapter 4: Investigating host and parasitic plant interaction by tissue-specific gene analyses

on tomato and dodder interface at three haustorial developmental stages

Abstract

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 U.S., 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
surrounding 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, SIPR1, SICuRel-like, and SINLR, 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
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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.

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; Garcia 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% vyield
reductions (Yaakov et al., 2001). In California, over 12,000 hectares of land are affected by
Cuscuta (Lanini, 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
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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. 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. On the other hand, host plants deploy
various defense strategies to counteract this infestation and prevent vascular connections.
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 CcERFlas 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, SIPR1, SICuRel-like, and SINLR, in tomatoes that may be involved in perceiving
signals from the parasites, and two of them were further characterized with CRISPR knockout

mutants.
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Results

Transcriptomes at the host-parasite interface using laser-capture microdissection (LCM)

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 (Figure 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
(Figure 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 (GCNs) across three developmental

stages of C. campestris haustoria
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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 (Supplemental Figure S1). We conducted a principal component
analysis (PCA) analysis and coupled it with clustering analysis using self-organizing maps (SOM)
to visualize the expression profile of each gene (Figure 2, Supplemental Table S1). 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.

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 SOMS5, 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 (Fig. 3A-C,
Supplemental Table S2) 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” (Supplemental

Table S5). This result indicates the genes contained in module 1 are likely involved in the
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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 3B). Based on previous reports, AtHB7 is a negative regulator of ABA response
(Pehlivan, 2019) and modulates abscisic acid 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 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 3D). 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 3E, Supplemental Table S3). Using
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GO enrichment analysis, we noticed that the SOM3 module 2 has enriched biological process GO
terms including “root radial pattern formation” (Supplemental Table S5). 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 3F). 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 SOM®6, which is enriched with genes that are highly expressed in
the early and mature haustorial stage (Figure 3G). The SOM6 GCN is composed of four major
modules based on the GCN community structure (Figure 3H, Supplemental Table S4). CcLBD25
is located in module 2, which does not have any significantly enriched biological process GO terms
(Supplemental Table S5). 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.
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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 31). 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 3I). 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 C. campestris genes by host-induced gene silencing

(HIGS)

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 mMRNAs, miRNAs and siRNAs

between C. campestris and their hosts through haustoria vascular connections is common (Kim et

214



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, CcHB?7,
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.

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
um-thick fresh haustorium sections and subsequently stained them with Toluidine Blue O (O'Brien
etal., 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
(Figure 4A-C). However, we observed that many haustoria growing on CcHB7 RNA. (Figure 4D-
F), CcPMEI RNAI (Figure 4G-I), and CcERF1 RNAI (Figure 4J-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 (Figure 4D-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 3). Several previous studies indicate that the interaction between
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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 (Figure 4D-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 41). 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 (Supplemental Figure S2A-
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 (Supplemental Figure S2D). 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 (GCNs) across three developmental

stages of host tissues surrounding C. 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
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to the tomato genome ITAGA4.0 (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
(Supplemental Figure S3). We also conducted a PCA coupled with SOM clustering analysis to
visualize the expression profile of each gene (Figure 5, Supplemental Table S6). 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.

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 (ET]I) 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 SOMS8, 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 SIWRKY16 (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, Supplemental Table S7). SIWRKY16 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 (Supplemental Table S9). However, one of the

previously identified CuRel homologs (CuRel-like, Solyc08g016210) (Furst et al., 2016), which
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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 the
defense response was successfully triggered upon Cuscuta reflexa infestation (Hegenauer et al.,
2016; Hegenauer et al., 2020). In addition to the CuRel-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 CuRel-like might play a role in sensing
unknown Cuscuta signals, so we generated CRISPR-Cas9 edited Curel-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 pattern are found in SOM3 (Figure
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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, Supplemental Table S8). 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
(Supplemental Table S9). 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
(Solyc079056200 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
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candidate genes, SIPR1, SICuRel-like, SINLR, and then produced transgenic tomato plants in the
M82 background with CRISPR/Cas9 targeted candidate gene knockout mutations. We selected
the TO transgenic plants that had biallelic insertion or deletion or substitution mutations for further
T1 plants analysis (Supplemental Figure S5). 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 SICuRel-like CRISPR TO 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 SICuRel-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, due to low seed set we were unable to phenotype these CRISPR tomato lines, so SICuRel-

like phenotyping is excluded from our current analysis.

When compared with wild-type M82 tomato plants (Figure 7A-B), SIPR1 CRISPR T1
tomato plants (Figure 7E-F) and SINLR CRISPR T1 tomato plants (Figure 71-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 (Figure 7C-D).

In contrast, SIPR1 CRISPR tomato plants seem to be more susceptible to C.

campestris attack and have hypertrophy symptoms, which is abnormal plant outgrowth caused by
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cell enlargement, at the haustorium attachment sites (Figure 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 SINLR 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 (Figure 7K-L). This phenotype also indicates that

SINLR 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 SIPR1 and SINLR CRISPR transgenic plants
have stunted growth after being parasitized by C. campestris (Supplemental Figure S4). The
CRISPR transgenic plants with C. campestris infestation are much shorter than wild-type M82
with C. campestris infestation. Notably, the SIPR1 and SINLR CRISPR transgenic plants
without C. campestris infestation have no significant height difference comparing to wild-type
M82 (Supplemental Figure S4C). This result indicates that the CRISPR-mediated mutations do
not lead to the stunted growth phenotype directly; however, the SIPR1 and SINLR 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
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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

(Figure 3A-C and 3G-1). Our GCN analysis is not only consistent with previous findings but also
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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 4). 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 (Figure 4D-L). Therefore,
loosening the host plant cell wall should be precisely regulated during the parasitism process.
Several highly expressed PMElIs are found in the SOM3 GCN at the mature stage, verifying this
hypothesis (Figure 3D-F). Furthermore, in SOM6 module 1 (Figure 3G-l), tight connections
between 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
(Benkova 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
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al., 2005; Ishida et al., 2016), which adopted the root morphogenesis program into haustorium
development (Yoshida et al., 2016). Our SOM5 and SOM6 GCNss also included several genes that
are auxin transporters or auxin-responsive proteins at the early stage of haustorium development
(Figure 3). 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 parasitic

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 3C) and ERF1 as one of the central hub
genes in our SOM6 GCN (Figure 31) 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 (ABA) in host responses upon C. 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 etal., 2007; Liuetal., 2013; Tintor et al., 2013; Béhm 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
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element-binding factor (Vieira 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 reflex infestation (Hegenauer et al., 2016; Hegenauer et al., 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) suggesting
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 hours after C. pentagona infestation and
continued to accumulate through 120 hours (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
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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-Jargensen, 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 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).
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 (Figure 7, Supplemental Figure S4).

Investigating the connection between PR1 and hypertrophy would be of interest for future research
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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 C. 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 (CuRel) 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; Hegenauer et al., 2020).

However, the host plants that lack CuRel are still fully resistant to C. reflexa, indicating
that CuRel 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 CuRel-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
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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 again 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.
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Materials and Methods

Cuscuta campestris materials

The dodder materials used in this study were generous gifts from W. Thomas Lanini, who
collected dodder seeds from tomato fields in California. By using molecular phylogenetics of
plastid DNA, and nuclear large-subunit ribosomal DNA (nrLSU) sequences (Stefanovi¢ et al.,
2007; Garch et al., 2014; Costea et al., 2015), we have verified that this dodder isolate is the same
as Cuscuta campestris 201, Rose 46281 (WTU) from USA, 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%, 100%
ethanol) and proceeded through xylene in ethanol series for two hours each (25%, 50%, 75%,
100%, 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 three days at 55°C.
Finally, these stem sections were embedded in paraffin (Paraplast X-TRA, Thermo Fisher
Scientific). 10 um 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.
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Laser-capture microdissection (LCM) 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
etal., 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® -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 um thickness each were cut from each slide, and three to four

slides were used per library preparation.

LCM 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
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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-Seqg 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.

MDS and PCA with SOM 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.
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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 Supplemental Table S1 and S2, 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 (GCNSs)

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 cutoff. 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 cutoff. The SOM3 GCN cutoff = 0.80. The SOM8 GCN cutoff = 0.90.
These networks were then 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 (Supplemental Table S2, 3, 4, 7, 8).
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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.

HIGS 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. The sequences that are used in HIGS RNAI constructs are listed in
Supplemental Table S10. 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 pTKO?2 to generate a final expression clone. The final plasmids were verified

by Sanger sequencing and introduced into A. tumefaciens EHA105.
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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 Supplemental Table S11. One of these two gRNAs was cloned
into pPDONR_L1R5_U6gRNA and another was cloned into pDONR_L5L2_AtU6-26gRNA. Both
plasmids were digested with Bbsl, which places gRNAs under a U6 promoter. Using the in
vitro CRISPR assay, we verified that the selected gRNAs are functional by expressing gRNAS
froma 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-sitt GATEWAY LR cloning into binary plant transformation vector pMR290,
in which an Arabidopsis codon-optimized Streptococcus pyogenes Cas9 is placed under the
control of 2x35S 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 TO 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
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between the two gRNAs targets were amplified by PCR and sequenced. The sequence results and

the mutations generated by CRISPR are shown in Supplemental Figure S5 for each candidate gene.
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Figures

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

um. (B), (D), (E), and (F), scale bars = 100 pum.
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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 indicate their corresponding SOM groups. Each dot represents a gene. (B) Loading
values of PC1 and PC2. PC1 separates the mature stage-specific genes from the early and
intermediate stages-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
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line represents the SOM group it belongs to. The 95 percent confidence interval is indicated by the
shaded area around the lines. (D) A code plot of SOM clustering showing which developmental
phases 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.
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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 SOM5, which includes genes that are highly expressed in the early stage. (B) A GCN of genes

in SOMS5. This SOM5 GCN is composed of four major modules. Magenta indicates genes in
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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. 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. (1) 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

Supplemental Table SX.
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Figure 4. 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-1), on ERF1 RNAI transgenic tomato plants (J-L). (A, D, G, 1, J) Scale bars =1
mm. (B, C, E, F, H, K, L) Scale bars =200 um. (A-L) 100 um 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.
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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.
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"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 group of genes are
dominant in each SOM group based on sector size. Each sector represents the host tissues
surrounding C. campestris haustoria at a developmental stage and is colored according to the types

it represents.
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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 SOMS8, 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 WRKY 16 is enlarged and labeled in cyan as
other genes in Module 2. PR1 is enlarged and labeled in yellow. CuRel-like receptor (CuRel-L)
is enlarged and labeled in light yellow. (C) GCN of genes that are classified in SOM8 Module 2.

CuRel-L, CuRel-like receptor. LRR, Leucine-rich repeat receptor-like protein kinase. ABA,
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Abscisic acid stress ripening 5. E, ethylene-responsive transcription factor. (D) A heatmap of gene
expression profiles in z-scores for SOMS3, 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 Supplemental Table SX.
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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). (A, C, E, G, I, K) Scale bars =1 mm. (B, D, F, H, J,
L) Scale bars = 200 um. (A-L) 100 um 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.
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Supplemental Figure S1. 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.
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Supplemental Figure S2. 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 RNAIi transgenic plants. (C) C. campestris growing on wild-type H1706
tomatoes and T1 CcERF1 RNA. transgenic plants. (D) 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). Data presented are assessed using Dunnett's

test with wild-type H1706 as control. “*” p-value < 0.0005. “**” p-value < 0.0001.
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Supplemental Figure S3. 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.
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Supplemental Figure S4. Phenotypes of wild-types and CRISPR transgenic plants with C.
campestris infestation. (A) Wild-type M82 tomatoes and T1 SIPR1 CRISPR transgenic plants
with C. campestris infestation. (B) Wild-type M82 tomatoes and T1 SINLR 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

MS2 as control. “*” p-value < 0.05.
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Supplemental Figure S5. 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 SgRNAL, indicating a biallelic
mutation. T1 plant #4 and #6 both have a 14 base pair (bp) deletion and a 6 bp deletion next to the
two gRNAs. T1 plant #6 also has a 20 bp insertion. T1 plant #5 has a 33 bp deletion, a 14 bp
insertion and a 20 bp insertion. (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 mutation. T1 plant #2 also has a 44 bp deletion and a 42 bp insertion. T1 plant
#6 also has a 23 bp deletion and a 26 bp insertion. T1 plant #4 has a large section of deletion (>150
bp) next to the two gRNAs. T1 plant #9 has 1 bp deletion next to the sRNAL. T1 plant #10 has a
107 bp deletion and a 292 bp insertion. (A-B) The dark red line indicates the sequencing result.
The section filled with dark red color indicates regions of perfect sequence match; the empty boxes

indicate regions of sequence mismatch. The gRNAs are labeled as blue arrows. The gRNA
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sequences that were used in these CRISPR constructs are listed in Supplemental Table S11. The

protospacer adjacent motif (PAM) sites are labeled as small red boxes that are right next to gRNAs.

263



All Supplemental Tables are available in the Supplemental Data Excel files.

Supplemental Table S1. The SOM clustering gene list in C. campestris haustorial tissue LCM
RNA-Seq data and results of PCA analysis and multilevel SOM clustering using selected genes in
the upper 50% quartile of coefficient of variation.

Supplemental Table S2. The gene list of SOM5 GCN modules from C. campestris haustorial
tissue LCM RNA-Seq data.

Supplemental Table S3. The gene list of SOM3 GCN modules from C. campestris haustorial
tissue LCM RNA-Seq data.

Supplemental Table S4. The gene list of SOM6 GCN modules from C. campestris haustorial
tissue LCM RNA-Seq data.

Supplemental Table S5. The GO enrichment results and statistics of SOM3, 5, 6 GCN target
modules from C. campestris haustorial tissue LCM RNA-Seq data.

Supplemental Table S6. The SOM clustering gene list in tomato host tissue LCM RNA-Seq data
and results of PCA analysis and multilevel SOM clustering using selected genes in the upper 60%
quartile of coefficient of variation.

Supplemental Table S7. The gene list of SOM8 GCN modules from tomato host tissue LCM
RNA-Seq data.

Supplemental Table S8. The gene list of SOM3 GCN modules from tomato host tissue LCM
RNA-Seq data.

Supplemental Table S9. The GO enrichment results and statistics of SOM3, 8 GCN target

modules from tomato host tissue LCM RNA-Seq data.
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Supplemental Table S10. The sequences that are used in HIGS RNAI constructs for C. campestris
candidate genes.
Supplemental Table S11. The gRNA sequences that are used in CRISPR constructs for tomato

candidate genes.
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Chapter 5: Conclusions

Parasitic plants have a unique heterotrophic lifestyle, which makes them a perfect system
to study plant-plant interactions. However, the tight physiological connections between hosts and
parasitic plants also makes them difficult to eradicate using traditional herbicides and control
methods, including management of soil fertility, hand weeding, and sanitation, leading to serious
agricultural issues. Developing potential biocontrol approaches to contain the damage that
parasitic plants cause will be much more efficient and environmental-friendly. Understanding the
mechanisms involved in haustorium development and host-parasitic plant interaction is necessary

for deployment of these control strategies.

The first chapter of this dissertation looked at the current knowledge of how host plants
detect stem and root parasitic plants, followed by how diverse host pre-attachment and post-
attachment resistance responses defend against these parasites. This chapter also summarized
existing knowledge and examples of cross-organ parasitism reported but not well-reviewed. Most
current research overlooks the importance of organ specialization in resistance responses.
Understanding if host plants use similar defense mechanisms to resist both major organ parasitism

and cross-organ parasitism might reveal new information about host-parasite relationships.

The second chapter of this dissertation investigated the mechanism of haustorium
organogenesis in the stem parasitic plant C. campestris. With the transcriptome of six C.
campestris tissues and detailed transcriptome analyses, LATERAL ORGAN BOUNDARIES
DOMAIN 25 (CcLBD25) was identified as a critical regulator of haustorium development. The
discovery of this research supports the hypothesis that stem parasitic plants, like root parasitic

plants, also adapted the lateral root formation program into haustorium development. This finding
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also opens a new potential path for generating parasitic weed-resistant crops that can prevent both

stem and root parasitic plant attacks.

The third chapter of this dissertation investigated mechanisms underlying the resistance of
hybrid Heinz tomato cultivars to C. campestris attacks. These cultivars trigger post-attachment
lignification in the stem cortex upon C. campestris infection. The genes that encode key regulators
involved in the lignin-based defense response were found using comprehensive RNA-Seq and
DNA-Seq analyses. Two transcription factors, SIMYB55 and LIF1 (Lignin induction Factor 1,
an AP2-like protein), were identified as crucial factors conferring host resistance by regulating
lignin biosynthesis positively. One transcription factor, SIWRKY16 is upregulated upon C.
campestris infestation and acts as a negative regulator of LIF1 function. CURLR1 (Cuscuta R-gene
for Lignin-based Resistance 1, a CC-NBS-LRR) may play a role in signaling or function as a
receptor for receiving Cuscuta signals or effectors. The identification of these four regulators in
the lignin-based resistance response lays the groundwork for further research on multilayer

resistance against Cuscuta species.

The fourth chapter of this dissertation focused on the haustorial interface between tomato
hosts and C. campestris. C. campestris haustorial tissue and their surrounding tomato host tissue
were collected by laser-capture microdissection (LCM) for tissue-resolution RNA-Seq analyses.
Based on RNA-Seq analysis and gene co-expression networks (GCNs) module membership,
network properties and associated predicted function, CcHB7 (homeobox 7 transcription
factor), CcPMEI (pectin methyl esterase inhibitor), and CCERF1 (ethylene-responsive element
binding factor 1) were identified as likely important regulators engaged inC.
campestris haustorium organogenesis. Gene function was validated by host-induced gene

silencing (HIGS). SIPR1 (Pathogenesis-related protein 1), SICuRel-like (a CuRel homolog),
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and SINLR (nucleotide-binding domain leucine-rich repeat, NBS-LRR) are three possible
regulators in tomatoes that are involved in receiving parasite signals, and SIPR1 and SINLR were
further characterized with CRISPR knockout mutants. These findings demonstrate a complex
tissue-resolution gene regulation system at the parasitic plant-host interface and uncover critical

parasitism regulators in C. campestris and important resistance regulators in tomato hosts.

In conclusion, to stop parasitic plants from hampering crop growth and causing food
shortages in many regions around the world, an understanding of the mechanisms involved in
parasitic plant haustoria development and host plant defense responses is essential and critical.
These are also the top priorities in setting future parasitic plant research directions. | hope the
knowledge presented in this dissertation provides a foundation for developing parasitic plant-

resistant systems in crops to eliminate agricultural losses and solve food security issues.
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