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ABSTRACT

Cotton (Gossypium spp.) is an economically important crop that provides much of
the world’s supply of fiber, feed, foodstuff, oil, and biofuel products. However, several
fungal diseases represent expanding threats to cotton production. Fusarium wilt of cotton,
caused by Fusarium oxysporum f. sp. vasinfectum (Fov), is a major destructive disease of
cotton. The conventional biological and chemical controls are not efficient against newly
emerging Fov isolates. Thus, understanding the genetic basis of Fusarium wilt and cotton
interactions could provide insights to control the disease. To respond to pathogen attacks,
plants have evolved a sophisticated immune system. To date, a large number of plant
immune receptors conferring resistance to fungal pathogens belong to the plasma
membrane-localized receptor-like proteins (RLPs) with an extracellular domain that
recognizes specific pathogen signatures. Upon perception of pathogen signatures, RLPs
induce a series of defense responses, including massive transcriptional re-programming,
in fending off pathogen attacks. In this study, | used an integrative genomic and molecular
approach to identify and understand the functions of cotton RLPs in response to Fov
infections at the whole genome level. Based on the in-silico prediction of RLP candidates
in different cotton genomes, | systemically silenced 39 RLPs in upland cotton (G.
hirsutum) with virus-induced gene silencing (VIGS). Seven of these showed reduced
resistance to Fov infections, whereas silencing of one showed reduced susceptibility to
Fov infections, suggesting that RLPs could play both positive and negative roles in cotton

response to Fov. Silencing of two RLPs displayed reduced immune responses, including



mitogen-activated protein kinase (MAPK) phosphorylation, reactive oxygen species
(ROS) burst and ethylene biosynthesis, to the conserved pathogen-associated molecular
patterns (PAMPs), supporting a molecular mechanism of these RLPs in cotton resistance
to Fov.

Plant immunity is triggered by recognition of pathogen signatures or PAMPS. |
isolated the cell wall components of different Fusarium oxysporum isolates (FOCWES)
and tested their ability to trigger immune responses in both cotton and the model plant
Arabidopsis. Significantly, FOCWE triggers MAPK activation, ROS burst, ethylene
biosynthesis, growth inhibition, and stomatal closure in cotton and Arabidopsis. In
addition, FOCWE protects cotton seeds against infections by virulent isolates of Fov, and
Arabidopsis plants against Pseudomonas syringae pv tomato DC3000. The data indicate
that FOCWE is a classical PAMP that is potentially recognized by a conserved pattern
recognition receptor (PRR) in different plant species. Analysis of available PRR mutants
in Arabidopsis indicates that FOCWE is perceived by a potential novel PRR. Further
characterization of the eliciting component within FOCWE demonstrated that it is a heat-
stable and water-soluble PAMP.

In summary, these findings shed light on the molecular basis of cotton-Fov
interactions, and provide evidence that RLPs are key genes that can be used in breeding
and genetic engineering of cotton resistance to fungal wilt pathogens. In addition, my data
indicate that FOCWE can be used as a biocontrol agent to protect cotton against Fov
infections. To conclude, my work provides new tools to develop different strategies to

control Fusarium wilt of cotton.
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1. INTRODUCTION AND LITERATURE REVIEW*

1.1. Mechanisms of Plant Pattern-Triggered Immunity

Over evolutionary time, plants have developed a series of sophisticated defense
mechanisms to defend against their associated pathogens. One of the inducible defense
responses is triggered upon recognition of pathogen/microbe-associated molecular
patterns (PAMP/MAMP) by specific plant pattern-recognition receptors (PRRS) on the
cell surface. This recognition induces a series of host immune responses and leads to
PAMP-triggered immunity (PTI) (Bigeard et al., 2015). PRRs can be divided into two
major groups: Receptor-like kinases (RLKSs) and Receptor-like Proteins (RLPs). The
extracellular domains (ECD) of PRRs are responsible for the perception of different
MAMPs, including peptides, peptidoglycan (PGN), lipopolysaccharide (LPS), chitin,
among others (Afzal et al., 2008; Gish and Clark, 2011; Newman et al., 2013). The
downstream responses of PRRs include the activation of protein kinases, callose
deposition, reactive oxygen species (ROS) bursts, ethylene biosynthesis, root inhibition,
defense gene transcription, and others (Boller and Felix, 2009; Li et al., 2016a; Macho and
Zipfel, 2014). RLP- and RLK-mediated PTI is important for plant basal defense to a broad
spectrum of pathogens and some RLPs and RLKs have been classified as “Resistance”
(R) genes, which are thought to have coevolved to defend against specific pathogen races

as defined in the “gene-for-gene” hypothesis (van der Does and Rep, 2007).

*Part of this chapter is reprinted from “Return of old foes — recurrence of bacterial blight and Fusarium
wilt of cotton” by Kevin L. Cox Jr., Kevin Babilonia, Terry Wheeler, Ping He, and Libo Shan, 2019. Current
Opinion in Plant Biology, 50, 95-103, Copyright 2019 by Elsevier Ltd.
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1.1.1. Structural domains of RLKs and RLPs

In plants, RLKSs are transmembrane kinases similar to the tyrosine kinases (RTKS)
in animals, structurally containing a ligand-binding extracellular domain, a single-
transmembrane domain, and a cytoplasmic kinase domain (Shiu and Bleecker, 2001). The
structure of an RLP is essentially that of an RLK without the cytoplasmic domain, which
resembles the Toll-like receptors in animals (Medzhitov et al., 1997). The ECD of RLKs
and RLPs are highly variable and can recognize a wide range of ligands to confer
resistance to bacterial, viral, fungal, oomycete, nematode, or insect attack (Dangl and
Jones, 2001; Tang et al., 2017). The majority of RLPs and RLKs possess extracellular
leucine-rich repeat domains (LRR), but other ECDs include lysine motifs (LysM), lectin
domain, and epidermal growth factor (EGF)-like domain (Couto and Zipfel, 2016). The
genome of Arabidopsis contains more than 200 LRR-RLKs and 57 LRR-RLPs with a

range of 3-34 LRR repeats per RLP/RLK (Belkhadir et al., 2014; Jamieson et al., 2018).

1.1.2. RLKSs in plant immunity

Many RLKs have been shown to function in plant immunity, but the cognate
ligands have been only identified for a few RLKs. Two well studied LRR-RLKSs include
the bacterial flagellin receptor FLAGELLIN-SENSITIVE 2 (FLS2) and the bacterial
elongation factor Tu (EF-Tu) receptor EFR, which recognize a conserved 22-amino-acid
peptide (flg22) of flagellin and an 18-amino-acid peptide (elf18) of EF-Tu, respectively

(Li et al., 2016a). Following ligand perception, both FLS2 and EFR heterodimerize with

2



the LRR-RLK family co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1)
(Ma et al., 2016). After the formation of these heteromeric PRR complexes, interaction
with receptor-like cytoplasmic kinases (RLCKSs) occurs to initiate intracellular signaling
and defense responses. Other RLKs perceive damage-associated molecular patterns
(DAMPs) released into the extracellular space upon pathogen infection with the goal of
triggering immune responses on nearby cells (Yamada et al., 2016). For example, the
Arabidopsis PEP RECEPTOR1 (PEPR1) and PEPR2 perceive proteinaceous DAMPs
from a small family of pro-peptides called PROPEPs (Yamaguchi et al., 2010).
Furthermore, other non-LRR RLK are known for their importance in plant immune
signaling. For instance, the Arabidopsis LysM-RLKs CHITIN ELICITOR RECEPTOR
KINASE1 (CERK1), LysM-CONTAINING RECEPTOR KINASE4 (LYK4), and LYKS5,
are required for the perception of chitin, a component of the fungal cell wall (Petutschnig
et al., 2014). Other examples of RLKs in plant defense include the tomato FLAGELLIN-
SENSING 3 (FLS3), which recognizes a second epitope of flagellin termed flgll-28
(Clarke et al., 2013; Hind et al., 2016), the rice XA21, which recognize a tyrosine-sulfated
protein from a Gram-negative bacterium (Pruitt et al., 2015; Shimizu et al., 2010), and the
Arabidopsis LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION

(LORE), which recognizes LPS (Ranf et al., 2015).

1.1.3. RLPs in plant immunity
Many RLPs are also important in immunity. Interestingly, several RLPs play a

major role in plant defense against fungal pathogens, including Fusarium, in different
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plant species. The Arabidopsis RLP23 binds and recognizes the conserved peptide nlp20
from NECROSIS AND ETHYLENE-INDUCING PEPTIDE1 (NEP1)-LIKE PROTEINS
(NLPs), which are widespread proteins among diverse groups of microbes, including
Fusarium oxysporum f. sp erythroxyli, that can induce cell death and ethylene
accumulation in plants (Albert et al., 2015). Importantly, RLPs I-1 and I-7 in tomato confer
resistance to F. oxysporum f.sp. lycopersici (De Wit, 2016), and the Arabidopsis
RESISTANCE TO FUSARIUM OXYSPORUM 2 (RLP3/RFO2) confers resistance to
multiple species of Fusarium (Diener and Ausubel, 2005; Shen and Diener, 2013). Other
Arabidopsis RLPs include ReMAX, which recognizes a proteinaceous MAMP from
Xanthomonas (Jehle et al., 2013), RLP30, which confers resistance against the bacterial
pathogen Pseudomonas syringae pv phaseolicola (Wang et al., 2008), RLP42/RBPG1,
which is essential for the recognition of fungal endopolygalacturonases (Zhang et al.,
2014), RLP51/SNC2, which is required for basal resistance against the bacterial pathogen
P. syringae pv tomato DC3000 (Zhang et al., 2010), and RLP52, which provides resistance
against the powdery mildew pathogen Erysiphe cichoracearum (Ramonell et al., 2005).
Furthermore, the Arabidopsis LysM-RLPs LysM DOMAIN-CONTAINING GPI-
ANCHORED PROTEIN 1 (LYM1) and LYM3 are required for response to bacterial PGN
(Willmann et al., 2011). In rice, chitin is perceived by the LysM-RLPs OsCERK1 and
CHITIN OLIGOSACCHARIDE ELICITOR BINDING PROTEIN (CEBIP) (Shimizu et
al., 2010). In tomato, several RLPs provide resistance against fungal pathogens, including
Cf-4 and Cf-9, which recognize avirulence effector proteins from Cladosporium fulvum

(Postma et al., 2016; Rivas and Thomas, 2005; Stergiopoulos and de Wit, 2009), Vel and
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Ve2, which confer race-specific resistance against Verticillium (Kawchuk et al., 2001),
and Eix1 and Eix2, which recognize the fungal protein ethylene-inducing xylanase (EIX)
(Ron and Avni, 2004). Other examples include the apple Vfal and Vfa2, which are
important against the apple fungal pathogen Venturia inaequalis, the causal agent of
apple-scab disease (Malnoy et al., 2008), the rapeseed LepR3, Lm1 and RLM2, which
confer resistance to the fungal pathogen Leptosphaeria maculans, the causal agent of
blackleg disease (Larkan et al., 2013; Larkan et al., 2015), and the potato ELICITIN
RESPONSE (ELR), which mediates extracellular recognition of the PAMP elicitin from

Phytophthora species (Du et al., 2015).

1.1.4. RLPs in plant growth and development

Several RLPs in Arabidopsis have been shown to regulate growth and
development by recognizing endogenous hormones or peptides (He et al., 2018). For
instance, the Arabidopsis LRR-RLP TOO MANY MOUTHS (TMM) is involved in the
regulation of stomata patterning as seen in the disrupted patterning and asymmetric cell
division in the leaves, and no stomata in the stem in the tmm mutant (Nadeau and Sack,
2002; Shpak et al., 2005). Moreover, AtCLAVATA2 (CLV2) controls shoot apical
meristem development and recent evidence suggest its involvement in other physiological
roles involving root meristem maintenance, regulation of protoxylem formation, root
development, and plant-microbe interactions (Ogawa et al., 2008; Pan et al., 2016). The
AtCLV2 maize ortholog FASCIATED EAR2 (FEA2) also regulates shoot meristem

proliferation (Taguchi-Shiobara et al., 2001). In addition, the Arabidopsis RLP44 is
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involved in the brassinosteroid hormone signaling pathway and is required for normal

growth and stress responses (Wolf et al., 2014).

1.1.5. RLPs need adapter kinases for functionality

Because RLPs lack a cytoplasmic kinase domain, they interact with RLKs or
adapter kinases to activate downstream signaling in a similar manner to their RLK
counterparts (Gust and Felix, 2014). For instance, the Arabidopsis LRR-RLK
SUPPRESSOR OF BIR1-1 (SOBIR1) was found in complex with multiple LRR-RLPs
involved in plant immunity or growth and development such as Cf-4, Vel, LepR3, RIm2,
AtRLP1, AtRLP23, AtRLP30, and AtRLP42 (Liebrand et al., 2013; Lv et al., 2016). Also,
AtTMM forms complexes with the LRR-RLKs ERECTA and ERECTA-LIKE 1 (ERL1)
to recognize the peptides EPIDERMAL PATTERNING FACTOR 1 (EPF1) and EPF2 to
regulate stomatal development and patterning (Lee etal., 2012; Linetal., 2017). Similarly,
AtCLV?2 interacts with the membrane-associated receptor kinase CORYNE (CRN) to

perceive CLV3 signal (Bleckmann et al., 2010; Zhu et al., 2010).

1.2. Mechanisms of Cotton Resistance and Susceptibility to Fusarium Wilt
1.2.1. Cotton genomics

As an economically important crop, cotton (Gossypium spp.) supplies the world a
significant source of fiber, feed, foodstuff, oil, and biofuel products. In particular, upland
cotton (Gossypium hirsutum) provides nearly 95% of those cotton resources. The United

States currently ranks as the second largest exporter of upland cotton in the world with

6



approximately $7.5 billion dollars in its export value in 2017, which is equivalent to 20
million bales of cotton (Workman, 2018). The business revenue stimulated by cotton per
year is approximately $120 billion.

In addition to upland cotton (2n = 4x = 52; AADD genome), other cultivated
species are G. barbadense, G. arboretum and G. herbaceum. Phylogenetic analysis
indicates that upland cotton is the progeny of the diploid species G. arboreum (2n =2x =
26; AA genome) and G. raimondii (DD genome), which can be used as references to study
the tetraploid genome (Flagel et al., 2012; Yoo and Wendel, 2014). It is believed that the
five tetraploid species that we have today diversified from upland cotton. The remaining
45 species are diploids that can be classified into 8 sub-genomes (AA, BB, CC, DD, EE,

FF, GG, KK) (Zhai et al., 2015).

1.2.2. Fusarium wilt of cotton

Fusarium wilt of cotton, caused by Fusarium oxysporum f. sp. vasinfectum (Fov),
was first identified in the U.S. in 1892 (Atkinson, 1892). The typical symptoms of
fusarium wilt in infected plants include brown discoloration of the vascular system, plant
stunting and wilting, and eventually necrosis and death (Figures 1A, B, C & D). This
pathogen is particularly difficult to control in cotton as the hyphae reside in the woody
vascular tissues and produce chlamydospores, which may allow for long-term survival in
soil (Cianchetta and Davis, 2015; Sanogo and Zhang, 2016). This fungus is also associated

with organic matter and plant residues (Cianchetta and Davis, 2015; Sanogo and Zhang,



2016). The spores spread through soil, plant debris, and seeds, and cannot be eradicated

from infested fields.

1.2.3. Different Fov races

Fov has been classified into at least eight races initially based on their
pathogenicity in cotton and other plant species, but later by sequence differences in genes
encoding putative translational elongation factor (EF-1a), phosphate permease-like
protein (PHO), mitochondrial small subunit IDNA (mtSSU), nitrate reductase (NIR), -
tubulin (BT), and intergenic spacer (IGS) regions (Appel and Gordon, 1996; O'Donnell et
al., 2009). Among them, race 1 (Fovl) is often detected with root-knot nematode
infections in the field and appears to be predominant in the U.S. (Kim et al., 2005; Wang
et al.,, 2018). Race 4 (Fov4), a highly virulent isolate that does not require root-knot
nematode to cause significant diseases in the field, was initially identified in California
and was reported in a pima cotton field east of El Paso in Texas in 2017 (Halpern et al.,

2017; Kim et al., 2005).

1.2.4. Occurrences of Fusarium wilt in the U.S.

The occurrences of Fusarium wilt were managed at relatively low levels until
2014. One possible factor contributing to this may be the planting of specific Deltapine
cotton varieties that carry resistance to root-knot nematodes. These varieties (DP
1454NRB2RF, DP 1558NRB2RF, and DP 1747NRB2XF) were introduced from 2014 to

2017. However, these Deltapine cotton varieties were highly susceptible to Fovl,
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increasing the frequency of this disease (T. Wheeler, personal observations). In regard to
Fov4, in 2017 it was identified outside of California for the first time since 2001. Since
Fov4 is highly virulent on most upland cotton, there is concern that it could spread to other
cotton growing states if proper disease management practices are not implemented. While
it is still unclear how Fov4 spread to Texas, one potential contributing factor is the transfer
of infected seeds. Since it can take several years after Fov is introduced in field to observe
disease symptoms on cotton plants, it is possible that Fov-contaminated seeds were
harvested from plants grown in Fov-infected fields and transferred to the cotton field in
El Paso, Texas. Therefore, it is likely that Fusarium wilt has resurged in the U.S. due to
the planting of different cultivars and transferring contaminated seeds. In addition, it
remains elusive whether the composition and identity of the Fov isolates detected in
California and Texas are the same at the whole genome level. There remain open questions

whether a genetic virulence shift of these Fov isolates contributed to the recurrence.

1.2.5. Genetic basis of Fusarium wilt of cotton

Most of the upland cotton germplasms are susceptible to Fov4, though with
variable symptoms, indicating a complex and gquantitative genetic response (Wang et al.,
2018). In addition, the postulated pathogenicity mechanisms and the inheritance of Fov
resistance significantly differ among Fov races for cotton genotypes (Wang et al., 2018).
Phenotypic analyses indicated that resistance to Fov was determined by one or two major
genes with complete to incomplete dominance, and additional minor genes (Ulloa et al.,

2013Db; Ulloa et al., 2011; Wang and Roberts, 2006). Some strategies used to decrease



fusarium wilt of cotton include controlling the nematode population and the use of
cultivars tolerant to Fov, although the latest has been achieved more efficiently in Egyptian

Pima cotton (G. barbadense) than upland cotton (Ogallo et al., 1997).

1.2.6. Molecular mechanisms of Fov infection and plant resistance

The molecular mechanism of Fov infection in cotton remains largely elusive
(Figures 1E & F). F. oxysporum f. sp. lycopersici (Fol), the causal agent of tomato wilt,
can secrete a number of virulence effectors, known as Secreted In Xylem (SIX), in the
xylem sap of tomato plants to facilitate disease progression (Gawehns et al., 2015;
Houterman et al., 2007; Lievens et al., 2009; Ma et al., 2015; Rep et al., 2005). In addition,
resistance genes against Fol have been identified in tomato (Table 1). Resistance proteins
convey plant resistance by direct or indirect interaction with avirulence proteins secreted
by pathogens. Although the typical resistance genes encode cytoplasmic Nucleotide-
Binding Leucine-Rich Repeat (NB-LRR) proteins, cell surface-resident receptors such as
RLPs and RLKs also play an important role in plant disease resistance (Jones and Dangl,
2006). So far, both NB-LRR and RLK/RLP proteins have been identified to confer
resistance against Fol in tomato (Table 1). Notably, putative SIX orthologs have been
identified in Fov (Chakrabarti et al., 2011) and the orthologs of some of the resistance
genes exist in cotton. It is possible that a similar mechanism partly contributes to the Fov-
cotton interaction (Figure 1F). Systematical examination of the repertoire and functions
of resistance genes in cotton by targeted capture sequencing and expression profiling in

diverse cotton species/cultivars with differential Fov responses provides a promising
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approach to develop markers and identify resistance genes associated with fusarium wilt
diseases. Furthermore, F. oxysporum was reported to hijack the plant defense hormone
jasmonic acid (JA)-signaling pathway in Arabidopsis to cause wilting, however, the role
of JA in tomato response to fusarium wilt was not observed (Di et al., 2017; Thatcher et

al., 2009).
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Figure 1. The battleground between Fusarium and cotton plants. (Cox et al., 2019;
reprinted)

The typical symptoms of Fusarium wilt in infected cotton include plant stunting, leaf
chlorosis and necrosis (a), seedling wilting (b), brown discoloration of the vascular system
(c) and root rot (d). The wilting symptom may occur due to Fov occupying the xylem
vessels or plant tylose, callose or gels produced as a defense mechanism to prevent the
pathogen from spreading, thereby obstructing the water and nutrient flow of the host (e).
At the cellular level, pathogens secrete apoplastic or intracellular effectors or toxins to
cause disease, whereas plants use cell surface or intracellular immune receptors to
recognize these effectors or other elicitors to induce defense responses (f).
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Table 1. Resistance genes against Fusarium species (Cox et al., 2019; reprinted)

Resistance
gene

I-1

RFO1

RFO2

RFO3

FOV1

FOV4

Gene
identity

Unknown

CC-NBS-
LRR

Receptor-
like kinase

Receptor-
like protein

Receptor-
like kinase

Receptor-
like protein

Receptor-
like kinase

Unknown

Unknown

Host

Tomato

Tomato

Tomato

Tomato

Arabidopsis

Arabidopsis

Arabidopsis

Gossypium
barbadense
Pima S-7

Gossypium
barbadense
Pima S-6

1.2.7. Fov infection process

Fusarium wilt in cotton results in blackened vascular tissue at the later stages of
infections (Davis et al., 2006). However, the cause of the blackening remains unknown
and it appears that the infected plants suffer from alteration of water transports in vascular
tissues via either dehydration or excessive water (Yadeta and Thomma, 2013). For Fov4
infection, the severity of blackening (brown vs. black) of the root necrosis depends on

different cotton cultivars and possibly different inoculum densities. Fov tends to rapidly

Cognate
avirulence
gene

SIX4

SIX3, SIX5

SIX1

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

12

Fusarium species

F. oxysporum f.
sp. lycopercisi

F. oxysporum f.
sp. lycopercisi

F. oxysporum f.
sp. lycopercisi

F. oxysporum f.
sp. lycopercisi

F. oxysporum f.
sp. matthioli

F. oxysporum f.
sp. matthioli

F. oxysporum f.
sp. matthioli

F. oxysporum f.
sp. vasinfectum race 1

F. oxysporum f.
sp. vasinfectum race 4

Reference

(Bohn and
Tucker, 1939;
Houterman et
al., 2008)

(Maetal.,,
2015)

(Catanzariti et
al., 2015)

(Gonzalez-
Cendales et al.,
2016)

(Diener and
Ausubel, 2005)

(Shen and
Diener, 2013)

(Cole and
Diener, 2013)

(Ulloa et al.,
2011; Wang
and Roberts,
2006)

(Ulloa et al.,
2013b)



establish and accumulate in the xylem once entering the plant root, and microconidia can
disseminate with xylem sap movements (Yadeta and Thomma, 2013). At the later stages
of infection, a fungal mat can develop within the xylem, causing parts of the vascular
tissue to blacken in the stem. It is speculated that the fungus remains in the xylem to feed
on secondary nitrogen sources and sugars released by degradation of cell wall components
(Divonetal., 2006). The “wilting” symptom likely occurs due to Fov occupying the xylem
vessels, thereby obstructing the water and nutrient flow of the host (Yadeta and Thomma,
2013). Alternatively, the “wilting” symptom could be a lethal side effect of the plant
activating a defense response to Fov. In an attempted effort to prevent the pathogen from
spreading to adjacent xylem vessels, plants produce tyloses, callose, gums, and gels to seal
off the pathogen (Beattie, 2011; Yadeta and Thomma, 2013). However, this can also cause

the host to be more susceptible to drought stress, which results in wilting (Beattie, 2011).

1.2.8. Elevated humidity and temperature accelerate disease progression.

The disease triangle model remains a core principal of plant pathology as it
describes the complex interactions among the environment, the pathogen, and the plant,
and explains the seasonal dynamics of disease variabilities in the field. An optimal
environment is essential for a virulent pathogen to cause disease in a susceptible plant.
Global climate changes with a trend of warming and unstable weather conditions, such as
flooding, are playing an increasing role in disease epidemics. Notably, fusarium wilt has
historically been more destructive to cotton fields in climates with an elevated temperature

and humidity (Scott et al., 2010). Additionally, high humidity is an important factor for
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spore germination in Fusarium spp. and increased conidia counts are present under
constant humid conditions (Gracia-Garza and Fravel, 1998). Increased soil moistures with
heavy rainfalls, particularly in the early planting season, foster an optimal environment
for fusarium wilt to develop and spread rapidly. Studying the effects of environmental
factors on the virulence of this pathogen will help further describe its molecular
mechanisms of infection, progression, and direct effective disease management in the

field.

1.2.9. Strategies to manage Fusarium wilt and improve resistance in cotton
Fusarium wilt in much of the U.S. was managed primarily by applying the
nematicide aldicarb at planting, and later by utilizing partial resistance to root-knot
nematode (primarily with certain Stoneville varieties) since some Fov races require root-
knot nematode to enhance disease. Management of Fusarium wilt races that do not require
root-knot nematode has been more difficult historically because of the few cultivars that
were truly effective (Cianchetta and Davis, 2015). In 2017, Fusarium wilt of cotton caused
ayield loss of about $25 million U.S. dollars. The increasing yield loss in each subsequent
year has generated a pressing need to understand the pathological and molecular
mechanisms of the disease in order to develop new strategies for biological control.
Disease control of fusarium wilt in cotton is challenging because this pathogen
resides in the woody vascular tissues as well as seeds. Crop rotation and use of fungicides
are generally not successful for control of fusarium wilt. For Fov races that require root-

knot nematodes to cause significant disease in the field, control of the nematode can be
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effective. However, the link between nematode resistant cultivars and Fov management
was broken with several root-knot nematode resistant cultivars that were introduced
starting in 2014 (DP 1454NRB2RF, DP 1558NRB2RF, and DP 1747NRB2XF). These
cultivars had heightened sensitivity to Fov and were more susceptible than “normal”
susceptible cultivars. There are no effective resistant cultivars available for upland cottons
against Fov4 which does not require nematodes to cause disease in the field. A strong
source of resistance was initially found against Fov4 in Pima cotton PHY 800, which
originated from Pima S-6 (Ulloa et al., 2013a). The mechanisms mediating this resistance
have not been determined, although it does reduce the fungal biomass in the stem and the
plants are not significantly affected by high soil inoculum density of the fungus (Hao et
al., 2009).

Resistance (R) genes provide a robust counter attack against pathogens (Kourelis
and van der Hoorn, 2018). However, R genes have not been well-characterized in cotton,
especially against Fov. This may be partly due to the complexity of the tetraploid genome
of upland cotton. Resistance to Fov is mainly controlled by quantitative trait loci (QTLS).
Two cotton lines of G. barbadense, Pima S-6 and S-7, carry QTLs against Fov4 and Fovl,
respectively (Ulloa et al., 2013b; Ulloa et al., 2011). In addition, there appears to be
additional QTLs in G. hirsutum and G. barbadense mediating resistance to Fov (Wang et
al., 2018). In the Fov pathosystem, there are cotton cultivars that are resistant against a
specific race but are still susceptible to other races. For example, Pima S-7 is resistant to
Fovl but susceptible to Fov4 (Wang et al., 2018). Similarly, the G. hirsutum cultivar Acala

NemX, a nematode resistant cultivar, is more tolerant to Fov4 but susceptible to Fovl
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(Hao et al., 2009; Ulloa et al., 2013b; Ulloa et al., 2011; Wang and Roberts, 2006).
However, none of the genes or QTLs has been identified or functionally characterized,

and the mechanisms of resistance in these tolerant cotton lines remain unknown.

1.3. Fusarium Elicitors

To date, many elicitors have been isolated and identified from various organisms
including bacteria, fungi, oomycete and viruses. These elicitors include proteins, peptides,
lipids and oligosaccharides (Chen et al., 2012). It has been reported that a cell wall
preparation from Fusarium oxysporum f.sp. matthioli race 1 functions as an elicitor that
can induce ROS production in Arabidopsis, although the identity of the elicitor is unknown
(Davies et al., 2006). Similarly, the protein elicitor PeFOC1 from Fusarium oxysporum f.
sp. cubense (FOC), which infects banana, can trigger defense responses in tobacco (Li et
al., 2019). Furthermore, an oligochitosan elicitor from Fusarium sambucinum, one of the
causal agents of potato dry rot, induces defense responses in Zanthoxylum simulans

(Rutaceae) (Li et al., 2016b).

1.4. Objective and Importance for the Study

Cotton losses due to fungal infections have an enormous impact on the economy
and societal stability. To date, the use of cultivars with tolerance to Fov has been one of
the most successful strategies to control the disease, however, the mechanism and genetic
identity of cotton resistance to this devastating disease remain elusive. In plants, RLPs

play a major role in resistance to different fungal pathogens, including Fusarium, as
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discussed earlier. These findings point toward the significance of RLPs not only in cotton
resistance to Fov, but also broad-spectrum resistance against different fungal pathogens.
In this work, I aim to elucidate the genetic and molecular basis of cotton response
to Fov infections, and to utilize genetic resources to control the disease. In particular, |
focus on the role of RLPs due to their contributions in plant defense against fungal
pathogens in different plant species. By combining bioinformatic analysis, molecular and
biochemical characterization, and high-throughput virus-induced gene silencing (VIGS)-
based functional genomics, | aim to understand RLP-mediated cotton resistance to Fov.
Furthermore, | aim to identify and characterize components in Fusarium that can trigger
immune response in cotton and Arabidopsis. These findings can provide effective tools to
control Fusarium wilt of cotton through breeding and genetic engineering of Fov resistant

cotton varieties.
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2. COMPUTATIONAL, FUNCTIONAL AND BIOCHEMICAL GENOMICS OF
RECEPTOR-LIKE PROTEIN (RLP)-MEDIATED DEFENSE IN FUSARIUM WILT

OF COTTON

2.1. Summary

Fusarium wilt of cotton, caused by Fusarium oxysporum f. sp. vasinfectum (Fov),
is a major destructive disease which represents a major threat to cotton industry. Because
the conventional biological and chemical controls are not efficient against newly emerging
Fov isolates, understanding the genetic basis of Fusarium wilt and cotton interactions
could provide insights to control the disease. To respond to pathogen attacks, plants have
evolved a sophisticated immune system. To date, a large number of plant immune
receptors conferring resistance to fungal pathogens belong to the plasma membrane-
localized receptor-like proteins (RLPs) with an extracellular domain that recognizes
specific pathogen signatures. Upon perception of pathogen signatures, RLPs induce a
series of defense responses, including massive transcriptional re-programming, in fending
off pathogen attacks. In this study, | used an integrative genomic and molecular approach
to identify and understand the functions of cotton RLPs in response to Fov infections at
the whole genome level. Based on the in-silico prediction of potential RLP candidates in
different cotton genomes, | systemically silenced 39 RLPs in upland cotton (Gossypium
hirsutum L.) with virus-induced gene silencing (VIGS). Among them, silencing of seven
in cotton showed reduced resistance to Fov infections, whereas silencing of one showed

reduced susceptibility to Fov infections, suggesting that RLPs could play both positive
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and negative roles in cotton response to Fov. Silencing of two RLPs showed reduced
immune responses, including mitogen-activated protein kinase (MAPK) phosphorylation,
reactive oxygen species (ROS) burst and ethylene biosynthesis, to the conserved
pathogen-associated molecular patterns (PAMPS), supporting a molecular mechanism of

these several RLPs in cotton resistance to Fov.

2.2. Introduction

Cotton is an economically important crop that supplies the world a significant
source of fiber, feed, foodstuff, oil, and biofuel products. The majority of cotton lint is
produced by the tetraploid species Gossypium hirsutum (Upland) and Gossypium
barbadense (Pima), although G. hirsutum provides nearly 95% of all cotton resources
(Cox et al., 2019). Unfortunately, several fungal diseases represent expanding threats to
cotton production. In particular, Fusarium oxysporum f. sp. vasinfectum (Fov), the causal
agent of Fusarium wilt, is of concern to growers due to the severe economic losses
attributed to it (Cianchetta and Davis, 2015; Sanogo and Zhang, 2016). The typical
symptoms of fusarium wilt in infected plants include brown discoloration of the vascular
system, plant stunting and wilting, and eventually necrosis and death. This pathogen is
particularly difficult to control in cotton due to the hyphae residing in the woody vascular
tissues, its long-term survival in soil, and its association with organic matter (Cianchetta
and Davis, 2015; Sanogo and Zhang, 2016).

Plants defend against their associated pathogens by sensing the presence of

pathogen/microbe-associated molecular patterns (PAMP/MAMP) through the cell

19



surface-localized pattern recognition receptors (PRRs). Well-studied PAMPs include the
22-amino-acid peptide flg22 which corresponds to a region near the amino-terminus of
flagellin, the bacterial elongation factor EF-Tu, and the fungal cell wall component chitin
(Afzal et al., 2008; Boller and Felix, 2009; Gish and Clark, 2011; Newman et al., 2013).
Plant PRRs can be divided in receptor-like kinases (RLKS) and receptor-like proteins
(RLPs). RLKs are transmembrane kinases similar to the tyrosine kinases (RTKS) in
animals, structurally containing a ligand-binding extracellular domain (ECB), a single-
transmembrane domain, and a cytoplasmic kinase domain (Shiu and Bleecker, 2001). The
structure of an RLP is essentially that of an RLK without the cytoplasmic domain, and
resembles the Toll-like receptors in animals (Medzhitov et al., 1997). The majority of
RLPs and RLKs possess extracellular leucine-rich repeat (LRR) domains in the ECD
region which can recognize a wide range of ligands (Dangl and Jones, 2001; Tang et al.,
2017). The downstream responses of PRRs lead to pattern-triggered immunity (PTI),
including the activation of protein kinases, callose deposition, reactive oxygen species
(ROS) bursts, ethylene biosynthesis, root inhibition, callus deposition, defense gene
transcription, and others (Boller and Felix, 2009; Li et al., 2016a; Macho and Zipfel, 2014;
Zeidler et al., 2004; Zipfel et al., 2004).

RLP- and RLK-mediated PTI is important for plant basal defense to a broad
spectrum of pathogens and some RLPs and RLKs have been classified as “Resistance”
(R) genes, which are thought to have coevolved to defend against specific pathogen races
as defined in the “gene-for-gene” hypothesis (van der Does and Rep, 2007). Interestingly,

several LRR-RLPs play a major role in plant defense against fungal pathogens, including
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Fusarium, in different plant species. For instance, the Arabidopsis RLP23 binds and
recognizes the conserved amino acid peptide nlp20 from NECROSIS AND ETHYLENE-
INDUCING PEPTIDE1 (NEP1)-LIKE PROTEINS (NLPs) which is conserved among
Fusarium oxysporum isolates and other microbes (Albert et al., 2015). Furthermore, RLPs
I-1 and I-7 in tomato confer resistance to F. oxysporum f.sp. lycopersici (De Wit, 2016),
and the Arabidopsis RESISTANCE TO FUSARIUM OXYSPORUM 2 (RLP3/RFO2)
confers resistance to multiple species of Fusarium (Diener and Ausubel, 2005; Shen and
Diener, 2013). Other LRR-RLPs important in fungal resistance include the Arabidopsis
ReMAX, RLP30, RLP42/RBPG1, RLP51/SNC2, and RLP52 (Jehle et al., 2013;
Ramonell et al., 2005; Wang et al., 2008; Zhang et al., 2014; Zhang et al., 2010), the
tomato Cf-4/9, Vel/2, and Eix1/2 (Kawchuk et al., 2001; Postma et al., 2016; Rivas and
Thomas, 2005; Ron and Avni, 2004; Stergiopoulos and de Wit, 2009), the apple Vfal/2
(Malnoy et al., 2008), the rapeseed LepR3, Lm1 and RLM2 (Larkan et al., 2013; Larkan
et al., 2015), and the potato ELR (Du et al., 2015).

In addition to their role in immunity, RLPs also regulate growth and development.
The Arabidopsis LRR-RLP TOO MANY MOUTHS (TMM) is involved in the regulation
of stomal patterning as shown in the disrupted patterning and asymmetric cell division in
the leaves of the tmm mutant (Nadeau and Sack, 2002; Shpak et al., 2005). Moreover, the
Arabidopsis RLP44 is involved in the brassinosteroid (BR) hormone signaling pathway
and is required for normal growth and stress responses (Wolf et al., 2014). In addition, the

Arabidopsis CLAVATA2 (CLV2) and its maize counterpart regulate the shoot apical
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meristem proliferation and other physiological responses (Ogawa et al., 2008; Pan et al.,
2016; Taguchi-Shiobara et al., 2001).

The increasing yield loss of cotton due to Fusarium wilt has generated a pressing
need to understand the pathological and molecular mechanisms of the disease to develop
new strategies for biological control. It is known that R genes provide a robust counter
attack against pathogens (Kourelis and van der Hoorn, 2018). However, R genes have not
been well-characterized in cotton, especially against Fov. In this work, we aimed to
elucidate the genetic and molecular basis of cotton response to Fov infections by
combining bioinformatic analysis, high-throughput virus-induced gene silencing (VIGS),
and functional analysis to study RLPs. We identified 55 and 31 LRR-RLPs in the D-
subgenome and A-subgenome of G. hirsutum, respectively. Our reverse genetics screens
identified seven positive regulators of defense against Fov infections, two of which play
an important role in PAMP-induced PTI responses. We also report GhRLP2 as an
AtRLP44 ortholog and demonstrate that these genes may have similar functions in
immunity. These findings can provide effective tools to control Fusarium wilt of cotton

through breeding and genetic engineering efforts to produce Fov resistant cotton varieties.

2.3. Material and Methods
2.3.1. Plant materials and growth conditions

Arabidopsis accession Col-0 (WT) and the rlp44 mutant used in this study were
grown in soil (Metro Mix 366) in a growth room at 23°C, 60% relative humidity, 70

pmoles m?s? light with a 12-hr light/12-hr dark photoperiod for four weeks. The rlp44
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mutant (CS825413) was obtained from the Arabidopsis Biological Resource Center
(ABRC) and confirmed by PCR. Seedlings were grown on agar plates containing half-
strength Murashige and Skoog medium (*2MS) with 0.5% sucrose, 0.8% agar and 2.5 mM
MES at pH 5.7, in a growth chamber at 23°C, 70 uE m2s? light with a 12-hr light/12-hr
dark photoperiod. Gossypium hirsutum cv CA 4002 (Pl 665226) was grown in 3.5-inch
square pots containing soil (Jolly Gardener PRO-LINE C/25) in a controlled growth
chamber at 23°C, 30% relative humidity and 100 pmol m™2 s™* light with a 12-h light/12-
hr dark photoperiod. One-week-old cotton plants were used for Agrobacterium-mediated

VIGS assay or protoplast isolation.

2.3.2. Agrobacterium tumefaciens-mediated VIGS

The VIGS system is an RNAi-based gene silencing process. A fragment of the
gene to be silenced is inserted into a vector which also encodes a coat protein (pTRV-
RNA2). The Agrobacterium carrying the pTRV-RNA2 constructs is co-inoculated into
the plants together with an Agrobacterium carrying the pTRV-RNAL construct, which
encodes replicase and movement proteins. Fragments (300-500bp) of GhRLPs were
amplified by PCR from cDNA with primers described in Table 5 and inserted into the
pYL156 (pTRV-RNAZ2) vector with restriction sites EcoRI and Kpnl. The agrobacterial
cultures carrying pTRV-RNA1 and the above pTRV-RNA2 constructs were resuspended
in infiltration buffer (10 mM MES, pH 5.7, 10 mM MgCl2, 200 uM acetosyringone). A.
tumefaciens pTRV-RNAL was mixed with pTRV-RNAZ2 at a 1:1 ratio to a final ODeoo of

0.75 each and hand infiltrated into two fully expanded cotyledons of one-week-old soil-
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grown plants (Gao et al., 2011; Gao et al., 2013). At least 12 plants were inoculated for
each construct. The pYL156-GhClal construct was included as a visual marker for VIGS

efficiency. The silencing of the gene of interest was confirmed by RT-PCR.

2.3.3. MAPK assay

Three leaf discs from individual 3-week-old cotton plants were ground in 100 ul
1x SDS buffer (62.5 mM Tris-HCI, pH 6.8, 1% SDS, 0.025% bromophenol blue, 10%
glycerol, 1x protease inhibitor, 2 ul 1 M NaF and 2 pl 1 M Na3VO4 for 1 ml of buffer),
heated at 95°C for 5 min, and centrifuged to collect the supernatant. For Arabidopsis, 10-
day-old seedlings germinated on ¥2MS plate were transferred to 2 ml H2O in a 12-well
plate overnight for recovery, and treated with 1 mg/ml FovCWE, 1x107/ml Fo47 spores,
100nM flg22, or 100 mg/ml chitin. The seedlings were ground in IP buffer (10 mM
HEPES (pH 7.5), 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1% protease inhibitor
cocktail), centrifuged, and the cleared lysate was mixed with SDS buffer. For protoplasts,
100 pl of the 1x SDS buffer were added to lysed cells, boiled at 95°C for 5 min, and
centrifuged to collect the supernatant. Proteins were separated in a 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gel and activated MAPKs were
detected by immunoblotting with phosphorylated Extracellular Regulated protein Kinases

(a-pERK1/2) antibodies (Cell Signaling, USA).
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2.3.4. ROS analyses

ROS burst was determined by a luminol-based assay. 24 leaves of three-week-old
cotton plants were excised into leaf discs of 0.25 cm?, cut into five strips with a razor
blade, and incubated in a 96-well plate with 100 pl of H.O for recovery. H2O was then
replaced by 100 ul of a reaction solution containing 50 UM luminol, 10 pug/ml horseradish
peroxidase (Sigma, USA), and 0.1 mg/ml chitin. The measurements were conducted
immediately in a luminometer (Perkin Elmer, 2030 Multilabel Reader, Victor X3) after
adding the solution. Each sample was measured 30 times with a 1 min interval between
reads. The measurement values for ROS production from 24 leaf discs were indicated as

means of Relative Light Units (RLU).

2.3.5. Ethylene biosynthesis

Twelve leaves of four-week-old Arabidopsis plants or 3-week-old cotton plants
were excised into leaf discs of 0.25 or 0.50 cm?, respectively, followed by overnight
incubation in a 25 ml glass vial with 1ml of H2O for recovery. The H2O was then replaced
by 1ml of FovCWE (1 mg/ml) or chitin (0.1 mg/ml) and the vials were capped
immediately with a rubber stopper and incubated at room temperature with gentle
agitation. One ml of the vial headspace was injected into a PhotoVac 10sPlus Gas

Chromatography with photoionization detector (PID) at the indicated time points.
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2.3.6. Measurements of Stomatal Aperture

Stomatal aperture was measured on epidermal peels excised from the abaxial side
of leaves of three-week-old cotton plants as described in (Rodrigues et al., 2017).
Epidermal peels from three independent plants were first incubated for 30 min in darkness
in a bathing solution containing 30 mM KCI and 10 mM MES/Tris pH 6.0, followed by
exposure to white light in a growth chamber (120umoles m™ s*) for 180 min to induce
maximal stomatal opening. FovCWE (1 mg/ml) was added to the bathing solution and
stomatal aperture was monitored during the next 180 min in >60 stomata for each
independent repetition. Average inner stomatal aperture was measured using Image J

(http://rsb.info.nih.gov/ij/).

2.3.7. Pathogen assays

Fusarium oxysporum f. sp. vasinfectum race 1 (CA10/Fov1) was cultured for four
days in Potato Dextrose Broth (Difco) and the spores were collected by culture filtration
using two layers of cheese cloth. Spores were centrifuged and resuspended in H;O at a
concentration of 1x107/ml. Four-week-old cotton plants were inoculated with Fov (1 x 107
conidia/ml) using the root dipping technique by submerging the roots in the spore solution
for five min. Plants were transferred back to the 3.5-inch square pots with soil and left at
room temperature overnight before moving them to a growth chamber at 28°C, 50%
humidity and 100 uE m™2s™! light with a 12h photoperiod. At least 12 plants were
inoculated per treatment. The disease ratio was calculated as the percentage of wilting

plants to the total infected plants. The disease levels among all the plants per treatment
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were calculated at the last time point. For Arabidopsis infections, four-weeks-old plants
were root dipped with Fusarium oxysporum 5178 (1 x 107 conidia/ml) for five min. Plants
were transferred back to soil in a growth room at 23 °C, 60% relative humidity, and 75
nEm2s? light with a 12 hr photoperiod. Pseudomonas syringae pv. tomato (Pst) DC3000
hrcC was cultured overnight at 28°C in King’s B medium with 50 pg/ml rifampicin.
Bacteria were harvested by centrifugation, washed, and adjusted to ODsoo=1x10" with 10
mM MgCl.. Leaves of four-week-old plants were inoculated with Pst DC3000 hrcC using
a 1-ml needleless syringe. To measure bacterial growth, two leaf discs were ground in 100
pl dH20 and serial dilutions were plated on TSA medium (1% Bacto tryptone, 1% sucrose,
0.1% glutamic acid, 1.5% agar) with appropriate antibiotics. Bacterial colony forming
units (CFU) were counted two days after incubation at 28°C. Each data point is the average

of three replicates.

2.3.8. RNA isolation and RT-PCR

RNA was extracted from leaves of four-week-old plants using TRIzol reagent
(Life Technologies, USA) and quantified with a NanoDrop spectrophotometer. The RNA
was treated with RQ1 RNase-free DNase | (Promega, USA) for 30 min at 37°C, and then
reverse transcribed with M-MuLV Reverse Transcriptase (NEB, USA). Real-time RT-
PCR was carried out using iTag Universal SYBR Green Supermix (Bio-Rad, USA) on a
7900HT Fast Real-Time PCR System (Applied Biosystems, USA). The primers used to

detect specific transcript by real-time RT-PCR are listed in Table 5.
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2.3.9. Protoplast isolation

Cotton protoplasts were isolated from cotyledons of one-week-old seedlings.
Detached cotyledons were cut with a razor blade and digested in an enzyme solution (1.5%
cellulose R10, 0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCI, 20 mM MES pH 5.7)
supplemented with 2% sucrose for 0.5 hr under vacuum. Arabidopsis protoplasts were
isolated from leaves of four-week-old plants. Detached leaves were cut with a razor blade
and digested in the above enzyme solution without sucrose for 0.5 hr under vacuum.
Subsequently, the enzyme solutions were incubated without vacuum at room temperature
for 3-6 hr. Protoplasts were released by filtering through a 30 um-nylon mesh, then washed
with W5 solution (154 mM NacCl, 125 mM CaCl2, 5 mM KCI, 2 mM MES pH 5.7), and
diluted in MMG solution (0.4 M mannitol, 15 mM MgCI2,4 mM MES pH 5.7) to a density
of 2x10° cells/ml (Gao et al. 2011). An aliquot of 200 ul of protoplasts for each sample

was used for MAPK treatment.

2.3.10. Protoplast transfection and reporter assay

The GhRLP2 gene was amplified from G. hirsutum (CA 4002) with primers
containing BamHI at N-terminus and Stul at C-terminus (Table 5), and ligated into a plant
protoplast expression vector pHBT with a CaMV 35S promoter at N-terminus and Flag
epitope-tag at C-terminus. Protoplast transient expression were carried out as reported
previously (He et al., 2006). Arabidopsis protoplasts were transfected with Flag-tagged
GhRLP2 and pFRK1::LUC, followed by PAMP treatment for another four hours. UBQ10-

GUS was always co-transfected with FRK1::LUC as an internal control, and the promoter
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activity was presented as LUC/GUS ratio. Protoplasts transfected with plasmid DNA
without GhRLP2 were used as controls. For MAPK, Arabidopsis and cotton protoplasts
were transfected with Flag-tagged GhRLP2 and incubated for 7 hr. 200ul of protoplasts
were treated with PAMPs for 15 and 30 min, and proteins were isolated with 2 x SDS

loading buffer and subjected to immunoblot analysis.

2.3.11. Bioinformatic analysis

RLP amino acid sequences were aligned using MUSCLE and the resulting
alignment was used to produce the evolutionary history using the Maximum Likelihood
method and JTT matrix-based model. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model, and then selecting the topology with superior log

likelihood value. These analyses were conducted using MEGA X.

2.4. Results
2.4.1. Bioinformatic prediction of cotton LRR-RLPs

To date, several RLPs have been identified as key players in plant fungal defense
(Albert et al., 2015; Diener and Ausubel, 2005; Gijzen and Nurnberger, 2006; Kawchuk
etal., 2001; Oome and Van den Ackerveken, 2014; Postma et al., 2016; Shen and Diener,
2013). In order to understand the importance of cotton RLPs in Fusarium wilt of cotton,
we conducted a genome-wide bioinformatic search of LRR-RLPs in G. hirsutum. The set

of 57 known LRR-RLPs in Arabidopsis were used as a query dataset for a BLASTp search
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(NBI dataset; https://www.cottongen.org/). From the resulting hits, genes which contained
a kinase domain of any kind as predicted by InterProScan HMM-based domain prediction
software were removed. Next, genes without an extracellular LRR domain were also
removed, and “Transmembrane Helices; Hidden Markov Model” (TMHMM) was used to
confirm the correct protein topology in the resulting dataset. This analysis was repeated in
the genome sequences of G. arboreum and G. raimondii (NBI dataset;
https://www.cottongen.org/). We identified 55 and 31 RLPs in the D-subgenome and A-
subgenome of G. hirsutum, respectively, 40 RLPs in G. arboreum, and 55 in G. raimondii.
The tetraploid G. hirsutum originated from interspecific hybridization between the diploid
species G. arboreum (A-genome) and G. raimondii (D-genome) (Xiang et al., 2017).
Because G. raimondii is more resistant to fungal pathogens than G. arboretum (Xiang et
al., 2017; Yingfan et al., 2009), and because there are more LRR-RLPs in the G. hirsutum
D-subgenome than the A-subgenome, we decided to focus on the D-subgenome of G.
hirsutum for further analysis. When constructing a phylogenetic tree using GhRLPs from
the D-subgenome of G. hirsutum (black) and Arabidopsis (green), we can observe that
AtRLPs with a known function interleave with their corresponding cotton orthologs on
the northside part of the tree (Figure 2). However, the majority of the cotton and
Arabidopsis RLPs have radiated and expanded their own gene families in directions which

are not convergent for the most part.
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Figure 2. Phylogenetic tree depicting relatedness of Arabidopsis and G. hirsutum

LRR-RLPs.

GhRLPs (black) can be seen to interleave with their probable Arabidopsis orthologs

(green).
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2.4.2. LRR-RLP gene family evolution is asymmetrical between G. hirsutum
subgenomes

We detected the numbers of LRR in the RLPs by using LRRsearch (Bej et al.,
2014), LRRfinder (Offord et al., 2010), and CDD: NCBI's conserved domain database
(Marchler-Bauer et al., 2015). Arabidopsis and cotton LRR-RLPs show a similar
distribution in ectodomain repeat content (Figure 3). However, cotton has more LRR-

RLPs in the 4-10 repeat length range than Arabidopsis (Figure 3B,C).

2.4.3. Homeologous connections between G. raimondii and G. hirsutum D-
subgenome

A circos plot was constructed (Yu et al., 2018) by finding the RLPs in both G.
raimondii and G. hirsutum D-subgenomes that shared the most identity with each other
with a minimum of 75% identity (Figure 4). The chromosome names are from the
numbering used in NCBI and cottongen (https://www.cottongen.org/). We can observe
that RLPs often cluster to sub-telomeric regions of the chromosomes they are in, and that
the RLPs that are close to the centromere often contain a homeolog that is also close to
the centromere. Also, sub-telomeric RLPs often come in clusters, suggesting that their

position facilitates the generation of paralogs.
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Figure 4. Circos plot depicting position and homeology of LRR-RLPs in G. hirsutum
D-subgenome and G. raimondii.

LRR-RLPs are represented as lines on the inner face of the circular fragments that depict
chromosomes from each species. Each chromosome is annotated with 10MB tick marks
along its outer edge to represent length. For the LRR-RLPs in the G. hirsutum D-
subgenome for which a homeolog could be inferred, a curved line was drawn between this
LRR-RLP and its corresponding G. raimondii homeolog. Inferences of homology were
based on inferred evolutionary distances visualized using a phylogenetic tree constructed
in the same manner as Figure 1 using G. raimondii LRR-RLPs and G. hirsutum LRR-
RLPs.

34



2.4.4. GhRLP19, RLP20, RLP22, RLP25, and RLP31 are positive regulators in
cotton defense against Fusarium infections

A functional genomics approach in cotton (G. hirsutum CA 4002) was used by
silencing 39 of the putative RLPs in the D-subgenome using virus-induced gene silencing
(VIGS), and subjecting the silenced cotton plants to Fusarium oxysporum f. sp.
vasinfectum racel (Fovl; CA10) infection to test if any RLP plays an important role in
this interaction. When using this approach, A-subgenome copies of the RLPs are also
silenced due to the high sequence homology between the two subgenomes. We used Fovl
because it showed high pathogenicity levels in CA 4002 compared to other isolates (not
shown). The summary of the Fov infections in the VIGSed population can be found in
Table 2. The disease index of Fov-infected plants was calculated at several time points
(Table 3) and the percentages of disease levels were calculated on the last time point

(Table 4).
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Table 2. Summary of Fov infections in cotton plants with silenced RLPs.

More Slightly more No disease Less
RLEH Gene 1D F repeats susceptible susceptible phenotype susceptible

RLP1 Gh_D01G0393 1 1

RLP2 Gh_D12G0745 2 1 1
RLP3 Gh_D04G1293 3 1 2

RLP4 Gh_D07G1774 1 1

RLP5 Gh_D06G2016 2 1 1

RLP6 Gh_D07G1953 1 1

RLP7 Gh_D01G0772 2 1 1

RLP9 Gh_D05G3670 2 1 1
RLP11 | Gh_D11G2056 2 1 1

RLP12 | Gh_D10G1381 2 1 1

RLP13 | Gh_D09G1576 2 2

RLP14 | Gh_D08G0203 2 1 1

RLP17 | Gh_D08G0250 3 1 2

RLP18 | Gh_D13G1586 3 1 2

RLP19 | Gh_D10G1222 4 3 1

RLP20 | Gh_D10G1221 5 5

RLP21 | Gh_D09G0711 2 1 1

RLP22 | Gh_D03G0283 6 1 2 3

RLP25 | Gh_D04G1454 6 3 1 2

RLP27 | Gh_D02G0259 2 2

RLP29 | Gh_D05G3622 2 1 1
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Table 2. Continued

More Slightly more No disease Less
# repeats
RLP # Gene ID susceptible susceptible phenotype susceptible
RLP31 | Gh_D07G0874 3 2 1
RLP32 | Gh_D13G0548 4 1 1 2
RLP33 | Gh_D03G0505 3 2 1
RLP35 | Gh_D01G2320 2 2
RLP36 | Gh_D11G3383 3 1 1 1
RLP37 | Gh_D05G3892 2 2
RLP38 | Gh_D04G0212 2 2
RLP39 | Gh_D10G1575 3 1 1 1
RLP41 | Gh_D12G0745 2 2
RLP43 | Gh_D02G1328 2 1 1
RLP44 | Gh_D01G2187 2 2
RLP45 | Gh_D01G2188 2 1 1
RLP46 | Gh_D11G3000 2 1 1
RLP52 | Gh_D11G0740 3 2 1
RLP53 | Gh_D07G0286 2 1 1
RLP54 | Gh_D05G3192 1 1
TMM Gh_D05G1174 2 2
SOBIR1 | Gh_D03G0968/ 2 2

Gh_D12G1850
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Table 3. Disease index at different time points.

RLP# | Repeats | 7 | 8 | 9 |10 |11 |12 |13 |14 |16 | 17 | 18 | 19 | 21 | 22 | 23 | Batch#
1 9 26 50 1
2 19 47 60 2
3 5 50 75 3
4 2 20 54 71 4
5 9 9 30 34 5
6 16 34 50 66 68 6
7 25 31 7
8 20 32 44 60 8
9 11 46 71 77 9
10 18 34 42 56 62 10
Ctrl 11 10 16 28 44 54 11
12 13 25 47 55 70 12
13 22 27 44 13
14 27 28 53 14
15 13 28 55 72 74 15
16 16 38 58 64 64 16
17 24 58 73 73 17
18 9 47 60 64 18
19 35 52 70 19
20 12 38 58 75 20
21 18 49 55 73 21
RLP 1 1 23 25 40 14
1 11 11 31 31 5
2 13 28 23 43 | 40 6
RLP2
3 13 20 60 60 8
4 11 40 54 66 9
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Table 3. Continued

RLP# | Repeats | 7 | 8 | 9 |10 |11 |12 |13 |14 |16 | 17 | 18 | 19 | 21 | 22 | 23 | Batch#
1 26 26 51 13
RLP3
2 31 44 62 14
RLP4 1 28 46 66 70 74 16
1 18 39 52 61 68 6
RLPS
2 25 38 62 77 80 12
RLP6 1 17 46 60 68 71 16
1 14 38 61 75 77 6
RLP7
2 25 25 30 13
1 8 10 31 13
RLP9
2 21 30 39 14
1 7 12 20 31 50 11
RLP11
2 18 33 80 80 86 12
1 8 16 34 42 68 11
RLP12
2 9 16 29 55 67 12
1 12 30 58 1
RLP13
2 8 48 53 68 75 6
1 13 26 57 1
RLP14
2 15 35 46 52 55 6
1 22 55 2
RLP17 2 0 12 50 4
3 25 39 59 80 84 6
1 7 36 62 1
RLP18 2 9 41 70 88 4
3 23 41 61 65 68 6
1 23 42 60 1
RLP19 2 8 35 66 83 4
3 8 13 25 25 5
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Table 3. Continued

RLP# | Repeats | 7 | 8 | 9 |10 |11 |12 |13 |14 |16 | 17 | 18 | 19 | 21 | 22 | 23 | Batch#
RLP19 4 16 34 45 75 82 6
1 16 20 55 1
2 21 50 92 100 4
RLP20 3 0 11 39 75 5
4 23 50 68 82 84 6
5 30 50 62 76 76 10
1 16 26 32 37 48 11
RLP21
2 22 38 53 73 7 12
1 33 48 54 2
2 20 55 85 3
RLP22 3 14 18 21 46 5
4 28 44 64 69 73 6
5 18 47 53 56 65 10
1 22 34 53 2
2 50 92 100 3
3 16 19 41 66 5
RLP25
4 22 41 53 69 69 6
5 13 23 25 60 60 10
6 9 44 62 69 18
1 15 20 40 13
RLP27
2 24 31 50 14
1 17 67 92 3
RLP29
2 16 33 33 39 44 6
RLP30 1 26 52 52 70 17
1 6 6 55 61 5
RLP31 2 78 88 7
3 18 42 52 64 64 10
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Table 3. Continued

RLP# |Repeats | 7 | 8 | 9 |10 |11 [12[13 [ 14 [ 16| 17 | 18 | 19 | 21 | 22 | 23 | Batch#

1 21 38 50 54 5

2 28 41 7
RLP32

3 24 27 40 44 51 10

4 52 57 58 14

1 |15 20 32 58 66 11
RLP33 2 22 22 38 13

3 |48 86 86 86 17

1 |12 20 28 58 62 11
RLP35

2 20 23 32 13

1 6 22 31 44 5
RLP36 2 44 50 7

3 |16 16 12 22 22 11

1 9 25 44 53 5
RLP37

2 25 41 7

1 3 11 33 39 5
RLP38

2 34 47 7

1 0 13 38 61 5
RLP39 2 50 63 7

3 |48 66 68 78 17

1 17 38 58 67 77| 15
RLP41

2 11 35 49 55 55| 16

1 13 35 57 67 63| 15
RLP43

2 14 29 45 51 52| 16

1 16 29 43 64 74 15
RLP44

2 18 42 56 64 60 | 16

1 19 39 56 66 66 | 15
RLP45

2 18 55 75 77 78| 16
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Table 3. Continued

RLP# | Repeats | 7 | 8 | 9 |10 |11 |12 |13 |14 |16 | 17 | 18 | 19 | 21 | 22 | 23 | Batch#
1 18 55 71 75 77 15
RLP46
2 14 37 59 64 64 16
1 35 43 53 13
RLP52 2 60 61 71 14
3 50 76 76 78 17
1 6 50 69 3
RLP53
2 8 22 28 35 62 12
RLP54 1 27 28 52 14
1 22 58 75 83 83 15
TMM
2 37 63 70 83 21
1 27 46 60 71 20
SOBR1
2 47 67 73 87 21
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Table 4. Levels of disease on the last time point

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #
1 19 13 6 63 1
2 0 17 83 0 2
3 20 20 0 60 3
4 21 21 7 50 4
5 27 45 18 9 5
6 27 18 0 55 6
7 43 29 14 14 7
8 0 40 20 40 8
9 14 0 0 86 9
10 9 27 27 36 10

Ctrl 11 0 20 10 70 11
12 0 17 17 67 12
13 14 36 43 7 13
14 0 33 50 17 14
15 15 0 0 85 15
16 27 0 18 55 16
17 9 9 0 82 17
18 11 22 0 67 18
19 0 15 25 60 19
20 8 0 17 75 20
21 0 13 25 63 21
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Table 4. Continued

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #
RLP 1 1 15 46 31 8 14

1 0 33 44 22 5

2 40 20 0 30 6
RLP2

3 17 17 33 33 8

4 0 29 14 57 9

1 23 15 46 15 13
RLP3

2 0 23 38 38 14
RLP4 1 0 10 20 70 16

1 0 36 9 55 6
RLPS5

2 0 8 8 83 12
RLP6 1 15 0 15 69 16

1 18 9 0 73 6
RLP7

2 33 50 17 0 13

1 36 45 18 0 13
RLP9

2 7 57 29 7 14

1 0 25 25 50 11
RLP11

2 0 0 0 100 12

1 0 10 20 70 11
RLP12

2 0 18 27 55 12
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Table 4. Continued

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #
1 0 23 0 77 1
RLP13
2 20 10 0 70 6
1 0 9 0 91 1
RLP14
2 25 25 0 50 6
1 13 13 75 0 2
RLP17 2 15 31 8 46 4
3 9 9 0 82 6
1 21 7 0 71 1
RLP18 2 10 10 0 80 4
3 18 18 0 64 6
1 9 0 9 82 1
2 17 0 17 67 4
RLP19
3 17 33 33 17 5
4 9 18 0 73 6
1 0 0 0 100 1
2 0 0 0 100 4
RLP20 3 25 13 0 63 5
4 9 9 9 73 6
5 0 10 10 80 10
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Table 4. Continued

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #
1 0 40 20 40 11
RLP21
2 0 8 8 83 12
1 14 14 71 0 2
2 20 0 0 80 3
RLP22 3 29 0 0 71 5
4 13 13 25 50 6
5 9 36 0 55 10
1 17 17 67 0 2
2 0 0 0 100 3
3 13 0 25 63 5
RLP25
4 13 13 13 63 6
5 0 43 0 57 10
6 0 22 11 67 18
1 27 36 27 9 13
RLP27
2 14 29 36 21 14
1 0 0 33 67 3
RLP29
2 56 0 22 22 6
RLP30 1 10 10 10 70 17
1 11 11 11 67 5
RLP31 2 0 0 13 88 7
3 13 25 13 50 10
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Table 4. Continued

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #
1 0 17 17 67 5
2 40 0 20 40 7
RLP32
3 33 33 0 33 10
4 0 33 25 42 14
1 0 8 33 58 11
RLP33 2 9 55 36 0 13
3 0 0 0 100 17
1 0 11 22 67 11
RLP35
2 30 50 20 0 13
1 13 38 13 38 5
RLP36 2 43 0 0 57 7
3 20 70 10 0 11
1 13 25 13 50 5
RLP37
2 20 20 0 60 7
1 20 30 0 50 5
RLP38
2 33 0 17 50 7
1 17 17 0 67 5
RLP39 2 17 0 0 83 7
3 8 0 0 92 17
1 8 0 8 83 15
RLP41
2 8 38 0 54 16

47




Table 4. Continued

RLP # Repeats | level 1 | level 2 | level 3 | level 4 | Batch #

1 17 17 0 67 15
RLP43

2 17 33 8 42 16

1 7 0 21 71 15
RLP44

2 18 18 9 55 16

1 14 14 0 71 15
RLP45

2 0 8 0 92 16

1 0 8 8 85 15
RLP46

2 21 7 7 64 16

1 8 33 25 33 13
RLP52 2 0 7 36 57 14

3 10 0 0 90 17

1 25 25 0 50 3
RLP53

2 0 25 33 42 12
RLP54 1 17 17 58 8 14

1 0 0 0 100 15
TMM

2 0 0 17 83 21

1 0 14 29 57 20
SOBR1

2 0 0 33 67 21
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Silencing of five GhRLPs, RLP19 (Gh_D10G1222), RLP20 (Gh_D10G1221),
RLP22 (Gh_D03G0283), RLP25 (Gh_D04G1454), and RLP31 (Gh_D07G0874), resulted
in enhanced susceptibility to Fov (Figure 5A). Silencing of GhRLP20 and GhRLP31 also
resulted in enhanced susceptibility to the soilborne pathogen Verticillium dahliae (Ve)
King isolate (Figure 5B). However, we did not observe an enhanced susceptibility to Ve
when silencing RLP19, RLP22, and RLP25 (not shown). The disease level scores were
given based on visual observations as follows: 0- non-infected plants, 1- lightly infected,
2- moderately infected, 3- severely infected, 4- dead plants (Figure 5C). These results
suggest that RLP20 and RLP31 are involved in the broad-spectrum resistance to

pathogens, while RLP19, RLP22, and RLP25 may be specific to Fov.
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Figure 5. GhRLP19, RLP20, RLP22, RLP25, and RLP3L1 are positive regulators in
defense against Fusarium infections.

(A) Fusarium oxysporum f. sp. vasinfectum (Fov) infection in cotton plants with silenced
RLP19, 20, 22, 25, and 31. Four-week-old cotton plants were inoculated with Fov (1 x 10’
conidia/ml) using the root dipping technique. At least 12 plants were inoculated per
treatment. The disease ratio was calculated as the percentage of wilting plants to the total
infected plants. The disease levels among all the plants per treatment were calculated on
the last time point. (B) Cotton plants with silenced RLP20 and RLP31 are more susceptible
to Verticillium dalhiae (Ve). Four-week-old cotton plants were inoculated with Ve (1 x
108 conidia/ml) using the root dipping technique. At least 12 plants were inoculated per

treatment. Photos were taken on the last time point and are a representative of all the plants
per treatment.
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2.4.5. GhRLP20 and GhRLP31 are required for PTI responses

The downstream responses of PRRs include the activation of protein kinases,
reactive oxygen species (ROS) bursts, ethylene biosynthesis, defense gene transcription,
stomatal closing, and others (Boller and Felix, 2009; Li et al., 2016a; Macho and Zipfel,
2014). To determine if the RLPs identified in our VIGS screen are involved in the
perception of Fov patterns or other PAMPs, we also measured some of the downstream
PTI responses in these plants treated with FovCWE, an elicitor from Fov cell wall extracts
that induces PTI responses in cotton and Arabidopsis (chapter Il1), and chitin, a well-
known PAMP found in fungal cell walls (Petutschnig et al., 2014). Silencing of GhRLP31
compromised the chitin-induced ROS burst (Figure 6A), ethylene biosynthesis induced by
chitin and FovCWE (Figure 6B,C), and MAPK activation induced by chitin, but not
FovCWE (Figure 6D,E). We also observed reduced basal levels of ethylene when
silencing GhRLP31 (Figure 6B). Silencing of GhRLP20 compromised the chitin-induced
ROS burst (Figure 6A) and ethylene biosynthesis induced by chitin and FovCWE (Figure
6B,C), but the plants showed normal MAPK activation (Figure 6D,E). In addition,
silencing of GhRLP19 did not affect PTI responses, while silencing of GhRLP22 and
GhRLP25 only compromised the chitin-induced ROS burst (Figure 6A). Silencing of
another GhRLP, RLP2, resulted in higher MAPK activation (Figure 6E, top). Taken
together, GhRLP19, GhRLP20, GhRLP22, GhRLP25, and GhRLP31 are positive
regulators in defense against Fov infections, and GhRLP20 and GhRLP31 may also
function as PRRs or regulate chitin receptor complex to trigger PTI responses upon

recognition of conserved PAMPs.
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Figure 6. GhRLP20 and RLP31 are required for basal PTI responses.

(A) Chitin-induced ROS burst. Leaf disks from four-week-old cotton leaves were assayed
for ROS production by measuring the relative light units (RLU) in a luminometer upon
chitin (0.1 mg/ml) treatment. The data are shown as means + SE (n = 12). (B) GhRLP20
and GhRLP31 are required for chitin-induced ethylene biosynthesis. Leaf disks from four-
week-old cotton plants were assayed for ethylene production during a course of four hours
upon chitin (0.1 mg/ml) treatment. Data shown as mean + SE from three independent
repeats. * indicates a significant difference with a Student’s t-test (p<0.05) when compared
to Ctrl. (C) GhRLP20 and GhRLP31 are required for FovCWE-induced ethylene
biosynthesis. Data shown as means + SE from three independent repeats. * indicates a
significant difference with a Student’s t-test (p<0.05) when compared to Ctrl. (D)
FovCWE-induced MAPK activation. Leaf disks from four-week-old cotton true leaves
were treated with FovCWE (1 mg/ml) for 15 and 30 min. The MAPK activation was
analyzed by immunoblot with a-pERK antibodies (top panel). The protein loading is
shown using Ponceau S staining for RuBisCo (RBC) (bottom panel). (E) Chitin-induced
MAPK activation. Leaf disks from four-week-old cotton true leaves were treated with
chitin (0.1 mg/ml) for 15 and 30 min.
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2.4.6. GhTMM mediates Fov resistance through regulation of stomatal closure.

The Arabidopsis LRR-RLP TOO MANY MOUTHS (TMM) is important for
normal stomata patterning (Nadeau and Sack, 2002; Shpak et al., 2005). We used AtTMM
as the query for a BLASTp search and found cotton ortholog (Gh_D05G1174). As shown
in Figure 7A, cotton plants with silenced TMM were highly susceptible to Fusarium wilt
from an early infection time point when compared to control. However, PTI responses
such as ethylene biosynthesis and MAPK activation induced by chitin and FovCWE were
not affected in plants with silenced GhTMM (Figure 7B,C). PAMP treatment induces
stomatal closure as a defense strategy to prevent subsequent infections (Melotto et al.,
2006). Interestingly, we did not observe stomatal closure induced by FovCWE in plants
with silenced GhTMM when compared to WT (Figure 7D). These results indicate that

GhTMM may regulate stomatal movements.
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Figure 7. GhTMM may have different stomata regulation functions compared to its
Arabidopsis ortholog.

(A) Enhanced susceptibility to Fov in cotton plants with silenced GhTMM. Four-week-old
cotton plants were inoculated with Fov (1 x 107 conidia/ml) using the root dipping
technique. At least 12 plants were inoculated per treatment. The disease ratio was
calculated as the percentage of wilting plants to the total infected plants. The disease levels
among all the plants per treatment was calculated on the last time point. Picture was taken
on the last time point. (B) FovCWE-induced ethylene biosynthesis in cotton plants with
silenced GhTMM. Leaf disks from four-week-old cotton plants were assayed for ethylene
production during a course of four hours upon FovCWE (1 mg/ml) treatment. Data shown
as mean + SE from three independent repeats. (C) GhTMM is not required for chitin- and
FovCWE-induced MAPK activation. Leaf disks from four-week-old cotton true leaves
were treated with FovCWE (1 mg/ml) or chitin (0.1 mg/ml) for 15 and 30 min. The MAPK
activation was analyzed by immunoblot with a-pERK antibodies (top panel). The protein
loading is shown using Ponceau S staining for RuBisCo (RBC) (bottom panel). (D)
FovCWE-induced stomatal closure in cotton plants with silenced GhTMM. Epidermal
cells were incubated in a bathing solution under light and treated with FovCWE (1mg/ml).
Data shown as mean + SE from three independent plant cultures, each with 60 stomata per
genotype.
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2.4.7. GhSOBIRL is a positive regulator in defense against Fusarium wilt infections

The Arabidopsis LRR-RLK SUPPRESSOR OF BIR1-1 (SOBIR1) has been found
in complex with multiple LRR-RLPs involved in defense against fungal pathogens and is
therefore a key player in immunity (Liebrand et al., 2013; Lv et al., 2016). The cotton
genome has two AtSOBIRL1 orthologs (GhSOBIR1-1: Gh_A03G0563/Gh_D03G0968;
GhSOBIR1-2: Gh_A12G1689/ Gh_D12G1850). We therefore designed a VIGS construct
to silence both GhSOBIR1 orthologs and tested the silenced plants against Fov infections
(Figure 8A). Cotton plants with silenced GhSOBIR1 were more susceptible to Fov (Figure
8A). However, its silencing did not affect MAPK activation and ethylene biosynthesis

(Figure 8B,C).
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Figure 8. GhSOBIRL is a positive regulator in defense against Fusarium wilt
infections.

(A) Fusarium oxysporum f. sp. vasinfectum (Fov) infection in cotton plants with silenced
GhSOBIR1. Four-weeks-old cotton plants were inoculated with Fov (1 x 107 conidia/ml)
using the root dipping technique. At least 12 plants were inoculated per treatment. The
disease ratio was calculated as the percentage of wilting plants to the total infected plants.
The disease levels among all the plants per treatment were calculated on the last time
point. (B) Chitin- and FovCWE-induced MAPK activation in cotton plants with silenced
GhSOBIRI. Leaf disks from four-week-old cotton true leaves were treated with FovCWE
(2 mg/ml) or chitin (0.1 mg/ml) for 15 and 30 min. The MAPK activation was analyzed
by immunoblot with a-pERK antibodies (top panel). The protein loading is shown using
Ponceau S staining for RuBisCo (RBC) (bottom panel). (C) FovCWE-induced ethylene
biosynthesis in cotton plants with silenced GhSOBIR1. Leaf disks from four-week-old
cotton plants were assayed for ethylene production during a course of four hours upon
FovCWE (1 mg/ml) treatment. Data shown as mean + SE from three independent repeats.
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2.4.8. GhRLP2 is a negative regulator of MAPK

Silencing of GhRLP2 decreased plant susceptibility to Fov infections in the first
two experiments, but we did not observe the phenotype in subsequent infections (not
shown). However, we consistently observed enhanced MAPK activation induced by
several PAMPs in plants with silenced GhRLP2 (Figure 9A). The ethylene biosynthesis
and ROS burst in these plants were not altered (not shown). We hypothesized that
GhRLP2 negatively regulates at least MAPK activation, and that its over-expression can
suppress it. When over-expressed in cotton protoplasts, GhRLP2 with a FLAG epitope tag
could suppress the MAPK activation induced by chitin and FovCWE (Figure 9B). PAMP
perception also triggers profound gene transcriptional reprograming in Arabidopsis and
induces the expression of a large group of immune-related genes, including Flg22-induced
Receptor-like Kinase 1 (FRK1) (Li et al., 2016a). We expressed GhRLP2 in Arabidopsis
protoplasts together with a firefly LUCIFERASE (LUC) gene under the control of the
FRK1 promoter (pFRK1::LUC) to test if GhRLP2 can suppress the expression of FRKL.
Notably, GhRLP2 could suppress the pFRK1::LUC activity induced by flg22, chitin and
FovCWE after 4 hours post-treatment, and the level of suppression was similar to the P.
syringae avirulence effector AvrPto which is known to inhibit PTI in plants (Figure
9C)(Aime et al., 2013). Similarly, we observed less MAPK activation after chitin,
FovCWE and flg22 treatment in Arabidopsis protoplasts over-expressing GhRLP2 (Figure
9D). The expression of GhRLP2 in cotton and Arabidopsis protoplasts was detected by

immuno-blots using the a-Flag antibodies (Figure 9B,C).
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Further, we generated transgenic Arabidopsis plants expressing GhRLP2 without
an epitope tag and performed RT-PCR to confirm GhRLP2 expression (Figure 9E). We
chose a line with low GhRLP2 expression levels (GhRLP2-2) and a line with high
expression levels (GhRLP2-4) for subsequent experiments. Both lines showed reduced
flg22- and FovCWE-induced MAPK activation, although GhRLP2-4 showed a higher
reduction than GhRLP2-2 (Figure 9F). Moreover, GhRLP2-4 showed less chitin-induced
MAPK activation but we did not observe a reduction in GhRLP2-2 possibly due to the
low GhRLP2 expression in this line (Figure 9F). Taken together, these results show that

GhRLP2 is a negative regulator of MAPK, and that it may function in other PTI responses.
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Figure 9. GhRLP2 is a negative regulator of MAPK.

(A) PAMP-induced MAPK activation in cotton plants with silenced GhRLP2. Leaf disks
from four-week-old cotton true leaves were treated with FovCWE (1 mg/ml), chitin (0.1
mg/ml), and flg22 (100 mM) for 15 and 30 min. The MAPK activation was analyzed by
immunoblot with a-pERK antibodies (top panel). The protein loading is shown using
Ponceau S staining for RuBisCo (RBC) (bottom panel). (B) Reduced chitin- and
FovCWE-induced MAPK activation in cotton protoplasts over-expressing GhRLP2.
Cotton protoplasts isolated from four-week-old cotton true leaves were transfected with
GhRLP2 and treated with FovCWE (1 mg/ml) and chitin (0.1 mg/ml) for 15 and 30 min.
The GhRLP2 expression was analyzed by immunoblot with a-Flag antibodies (right
panel). (C) Reduced PAMP-induced pFRK1::LUC activity in Arabidopsis protoplasts
over-expressing GhRLP2. Arabidopsis protoplasts isolated from four-week old plants
were transfected with GhRLP2 and pFRK1::LUC, incubated for six hours, and treated
with H20, flg22 (100nM), chitin (0.1 mg/ml), and FovCWE (1 mg/ml). The pFRK1::LUC
activity was measured with a luminometer at the indicated time points. * indicates a
significant difference with a Student’s t-test (p<0.05) when compared to Ctrl. (D) Reduced
PAMP-induced MAPK activation in Arabidopsis protoplasts over-expressing GhRLP2.
Arabidopsis protoplasts isolated from four-week old plants were transfected with GhRLP2
and treated with FovCWE (1 mg/ml), chitin (0.1 mg/ml), and flg22 (100 mM) for 15 and
30 min. (E) RT-PCR of Arabidopsis GhRLP2 transgenic lines. (F) Reduced PAMP-
induced MAPK activation in Arabidopsis GhRLP2 transgenic lines. Ten-day-old
seedlings grown on ¥2MS plates were treated with FovCWE (1 mg/ml), chitin (0.1 mg/ml),
and flg22 (100 mM) for 15 and 30 min.
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2.4.9. The Arabidopsis GhRLP2 ortholog, AtRLP44, has similar functions in
immunity

AtRLP44 (AT3G49750) is a GhRLP2 ortholog according to a pBLAST search
(TAIR; Identities = 67%, Positives 75%). Both AtRLP44 and GhRLP2 proteins have six
LRRs, and their protein lengths differ by only seven amino acids (Figure 10A). AtRLP44
is required for normal growth and abiotic stresses responses, and it is believed to interact
with BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) to regulate brassinosteroid
signaling (Wolf et al., 2014). As reported (Wolf et al., 2014), the Arabidopsis rlp44 mutant
showed a reduced size (Figure 10B). However, cotton plants silenced with GhRLP2
showed a normal growth phenotype (not shown). We then examined whether AtRLP44
has a similar function to GhRLP2 in immunity. Interestingly, the rlp44 mutant displayed
enhanced resistance to the non-pathogenic bacterium Pseudomonas syringae pv. tomato
(Pst) DC3000 hrcC defective in type 111 secretion of effectors (Figure 10C). We did not
observe enhanced resistance when infecting the plants with the pathogenic pst DC3000
(not shown). Furthermore, rlp44 showed higher MAPK activation triggered by FovCWE,
chitin, and flg22 (Figure 9D), similar to cotton plants with silenced GhRLP2 (Figure 9A).
When infected with Fusarium oxysporum isolate 5176 (F05176), which is virulent in
Arabidopsis (Thatcher et al., 2012), rlp44 showed slightly less susceptibility (Figure 10E).
However, F05176 did not show high virulence in our experiments. Taken together, these
results indicate that in addition to its role in BR signaling, AtRLP44 may be a negative

regulator of defense responses.
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Figure 10. AtRLP44 is a negative regulator in plant immunity.

(A) Domain structure of GhRLP2 and AtRLP44. (B) Growth phenotype of rlp44 mutant.
(C) Enhanced resistance to pst DC3000 hrcC in rlp44. Leaves of four-week-old
Arabidopsis plants were inoculated with Pst DC3000 hrcC (OD=0.00001). Bacterial
colony forming units (CFU) were counted 0 and 3 days after pathogen inoculation. Data
shown as mean + SE from three independent repeats. * indicates a significant difference
with a Student’s t-test (p<0.05) when compared to Ctrl. (D) Reduced PAMP-induced
MAPK activation in rlp44. Ten-day-old seedlings grown on %2MS plates were treated with
FovCWE (1mg/ml), chitin (0.1mg/ml), and flg22 (100mM) for 15 and 30 min. (E)
Reduced susceptibility to Fusarium oxysporum in rlp44. Four-week old plants were
inoculated with F05176 (1 x 107 conidia/ml) using the root dipping technique. Pictures
taken at three (top) and six (bottom) weeks post inoculation.
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Table 5. Primers used in this study.

Cloning primers for VIGS.

Gene Forward primer (5’ to 3”) Reverse primer (5’ to 3”)

RLP1 | CGGAATTCCAGCATCTCTCGG | CCGCTCGAGATTGGAATTGCTT
AAACCTC GCACTGG

RLP2 | CGGAATTCCCTTTCCAACTGCT | GGGGTACCTCAACATGGGTCA
CCTCTG GGTTCAG

RLP3 | CGGAATTCGTTCCCAATAGGC | GGGGTACC
CATTTCC CCACTTTGGAAATGAAAGG

RLP4 | CGGAATTCGGCTGGTTCCATG | GGGGTACCCCAAGGAACTCGG
AAAGTTG GAATTTG

RLP5 | CGGAATTCTTGTTTCAATGGCA | GGGGTACCGTTCCTGCTCACAT
GCATTC CCAATG

RLP6 | CGGAATTCACCTTTGGTTCCAA | GGGGTACCGGTAGCCCACCAG
GATTCC ACAATTG

RLP7 | CGGAATTCTGGGATACCATTC | GGGGTACCGCTTGAAAGCCAA
GCCTACC TGAGATC

RLP9 | CGGAATTCCATACATGGGTGT | GGGGTACCTTGTTTTCCTTGAG
GCAAGATG GGATGC

RLP11 | CGGAATTCTTTACTCACTGGCC | GGGGTACCTCAGGCATAGGGT

AGATTCC

GACTCATC
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Table 5. Continued

Gene Forward primer (5’ to 3”) Reverse primer (5’ to 3”)

RLP13 CGGAATTCACGCGATATTGGT | GGGGTACCGGCTCCTCTCTG
GACTTCC AACAATGC

RLP14 CGGAATTCTTGGCAAGATCCC | GGGGTACCAAATGGCCACAG
TGACTC TCTTCGTC

RLP17 CGGAATTCTTTTCCGGTTGGT | GGGGTACCGAAATTGAGCAT
TAGCTTC TTGCAAGG

RLP18 CGGAATTCGGATCACTGCCTC | GGGGTACCTGGCTGTTAAGA
GATCATTG TAGCCAAGG

RLP19 CGGAATTCTTGAGAGCATAA | GGGGTACCGAGCAGGTAAAG
GGAGTTTCC CGTCATTTAG

RLP20 CGGAATTCACTGGAATTGTTG | GGGGTACCAAGTGGACCGAC
CCGACAC GATTGAAG

RLP21 CGGAATTCTAATGCAACGGC | GGGGTACCTCAGGATTACAC
ACCAAGTC CTCTACCC

RLP22 CGGAATTCTCGCCTTGAAGGA | GGGGTACCCAGGCATGAACT
GAGATCC GACCAATC

RLP25 CGGAATTCAGGGAACATTCCT | GGGGTACCCCCGAGCATTTC
CCTTGCC CTTTGTAG

RLP27 CGGAATTCGCAAATCTTAGTC | GGGGTACCTTTACGTTCGAC
ACCTGGTG AGCGTCAG
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Table 5. Continued

Gene Forward primer (5’ to 37) Reverse primer (5 to 37)

RLP29 CGGAATTCTTGAAGGGGGTA | GGGGTACCATCAACACCACT
TTCCAGAG TTCCAACC

RLP30 CGGAATTCGATCCCAGAGAG | GGGGTACCCAACGCACAGTT
CTTGAGC CTGGATTG

RLP31 CGGAATTCGTCATTGGGGAAT | GGGGTACCATCCAAGAGCAC
CTCTGCC CAGTTGAG

RLP32 CGGAATTCGAGCGGCTCATCT | GGGGTACCTTTTCTGAGGTT
CTGTTTG GCCCAGAG

RLP33 CGGAATTCGTTCCCAATAGGC | GGGGTACCGAAATGAAGGGC
CATTTCC CTAAATAGC

RLP35 CGGAATTCACCACCTGACATG | GGGGTACCGCTGTGGGATTA
GGAAATC CACCTTGG

RLP36 CGGAATTCTGGATTGGGGAC | GGGGTACCCAATTTCGTCCG
AAACTCTC GTATATTTCC

RLP37 CGGAATTCGGCTGGTAATGAT | GGGGTACCGTCGTTGTAACC
TTGAGTGG AGGCTCTG

RLP38 CGGAATTCGATTTATCAGGCC | GGGGTACCAACCCTGCCAAG
CTCTTCC GTTAGTGG

RLP39 CGGAATTCGTGAGAGGCAAG | GGGGTACCCCAAGTTGATTA
CCCTTTTC GGGACCAAG
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Table 5. Continued

Gene Forward primer (5’ to 3”) Reverse primer (5’ to 3’)

RLP41 CGGAATTCACTTCCATGGGCT | GGGGTACCACCGGAGATGGA
TCATCAG GTTTGAAG

RLP43 CGGAATTCCTGTTTTAGTGTG | GGGGTACCGAAAAGGTGGTG
TTGTCTGG GGAATTTG

RLP44 CGGAATTCTCCTCAATTTCTT | GGGGTACCATATCGACCGAG
TCCCCAC GGATACTC

RLP45 CGGAATTCTCTTTCCCTAACA | GGGGTACCCTCCCATTGAAG
TCAGCAC TTATTGCC

RLP46 CGGAATTCGTCGAACTATCGA | GGGGTACCCCAGCAATCTGG
ATTGGGTC AATTTCTCC

RLP52 CGGAATTCCCAAGGCAACAT | GGGGTACCAACCAATTCACC
TCCTGATC GCAATGTC

RLPS53 CGGAATTCACAAGCACGGAC | GGGGTACCCTTTTCCTGCCCA
GAACAATG GAAGAAG

RLP54 CGGAATTCCCTGGGAAGCAT | GGGGTACCCAAGTTGGTTGT
CTATCAGC CATTGAGGTT

SOBIR1-1 | CGGAATTCCGTACAACAAGT | GGGGATTTGATCAGCTGATG
ATCAGAAGGC ATATTCAGGTGCG

SOBIR1-2 | ACCTGAATATCATCAGCTGAT | GGGGTACCCCAATTGATTGT
CAAATCCCCGCC TTGCAAGGG
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Table 5.

Continued

Gene Forward primer (5’ to 3”) Reverse primer (5’ to 3”)
T™MM CGGAATTCTTTTCCGGTTG | GGGGTACCGAAATTGAGCATTT
GTTAGCTTC GCAAGG

Note: The restriction enzyme sites are underlined.

RT-PCR primers

Gene Forward primer (5’ to 3”) Reverse primer (5° to 3”)

GhRLP2 | ACTTCCATGGGCTTCATCAG | ATAATCAGGCATATATTGAC

UBQ1 ACCGGCAAGACCATCACTCT | AGGCCTCAACTGGTTGCTGT
Full length cloning primers

Gene Forward primer (5’ to 3”) Reverse primer (5’ to 3”)

RLP2 | CGGGATCCATGGGTCTGCTAA | TCCCCCGGGATAATCAGGCATAT

TTGTG ATTGAC

2.5. Discussion

Fusarium wilt disease of cotton, caused by Fusarium oxysporum f.sp. vasinfectum

(Fov), has been an emergent problem causing worldwide losses since 1993 (Kochman,

1995). The vulnerability of cotton production to this pathogen highlights the need for

research to protect cotton production areas from current or new virulent populations of

Fov (Ulloa et al., 2006). In order to elucidate the genetic and molecular basis of cotton

response to Fov infections, we focused on the role of RLPs due to their importance in plant
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defense against fungal pathogens, including Fusarium (Albert et al., 2015; Diener and
Ausubel, 2005; Gijzen and Nurnberger, 2006; Kawchuk et al., 2001; Oome and Van den
Ackerveken, 2014; Postma et al., 2016; Shen and Diener, 2013). We used an integrative
genomics approach to predict potential RLP candidates in cotton (G. hirsutum) by
homology-based search to the 57 known Arabidopsis RLPs. In this work, we report seven
positive regulators of defense against Fov, and one negative regulator of PAMP-induced
MAPK activation, which is AtRLP44 ortholog. Furthermore, silencing of two RLPs
compromised PTI responses in cotton. These findings can provide effective genetic tools
to control Fusarium wilt of cotton by interspecies transfer of these RLPs.

It is possible that the capability of G. raimondii to tolerate more diseases compared
to G. arboretum comes from the larger RLP number in its genome. These differences are
still present in G. hirsutum, which is expected as we know it originated from interspecific
hybridization between G. arboreum and G. raimondii. A close examination of the
relatedness of the LRR-RLPs in G. hirsutum subgenomes reveals a greater frequency with
which D-subgenome LRR-RLPs exist as members of highly similar and often proximally
located gene clusters which likely arose due to paralogous duplication. This suggests that
a functional redundancy in D-subgenome LRR-RLPs may exist. It would be interesting to
silence groups of RLPs that cluster in the same chromosome location and test those plants
against Fusarium infections.

GhRLP20 and GhRLP31 seems to be important not only against Fov infections,
but in basal defense responses as indicated in the enhanced susceptibility against Fov and

Ve infections, and reduced PTI responses in plants with silenced GhRLP20 and GhRLP31
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(Figure 6). It is interesting that we only observed a reduction in MAPK activation upon
FovCWE treatment, but not chitin, in plants with silenced GhRLP31, which is consistent
with a decreased but yet noticeable FovCWE-induced ethylene biosynthesis and no chitin-
induced ethylene (Figure 6B,C). Perhaps GhRLP31 is mainly involved in the mechanism
of chitin perception and therefore plants with silenced GhRLP31 are deficient in basal
defense responses upon fungal attack, which enables the pathogen to infect them at an
earlier stage. On the other hand, GhRLP20 may be involved in basal defense responses in
a non-specific manner. The enhanced Fov susceptibility in plants with silenced GhRLP19,
GhRLP22, and GhRLP25, but normal PTI responses, may indicate that they have
specificity to Fov infections possibly by recognizing a specific protein or component from
the pathogen. Future work should focus on the biochemical characterization of these RLPs
and their role against different Fov races.

After colonization of the root meristematic tissues, Fov invades the vascular
cylinder and spread through the xylem by producing microconidia which are carried up
towards the sap stream (Rodriguez-Galvez and Mendgen, 1995). At the same time, plants
undergo a series of defense responses in the xylem such as production of tylose, gels, and
gums to prevent vascular pathogen from spreading to adjacent xylem vessels (Fradin and
Thomma, 2006). However, the combination of mycelial growth and gels production can
result in clogged vessels which can block the water uptake thus resulting in drought stress
(Fradin and Thomma, 2006). It is believed that the cotton “wilting” symptom after Fov
infection can be a result of Fov occupying the xylem vessels, thereby obstructing the water

and nutrient flow of the host (YYadeta and Thomma, 2013). Since stomatal control of water
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losses has been identified as an early event in plant response to water, plants with abnormal
stomata regulation could be more susceptible to Fov-induced drought stress and may show
a wilting phenotype at earlier time points (Chaves et al., 2002; Flexas and Medrano, 2002;
Zhao et al., 2017). This may explain the enhanced susceptibility of cotton plants with
silenced TMM (Figure 7). Although we observed normal PTI responses and stomata
patterning in these plants (not shown), the FovCWE-induced stomata closure was
impaired. It is then possible that plants with silenced TMM loose more water under Fov
invasion and will therefore die at earlier stages. FOvCWE perception in WT plants, on the
other hand, can induce stomata closure as a mechanism to prevent invasion. Although Fov
penetrates through the roots and not the stomates, the stomatal closure can be beneficial
to preserve water and survive for a longer time. It would be interesting to test VIGS-
GhTMM plants against pathogen with different lifestyles, and to measure the stomata
closure induced by other PAMPs.

Because RLPs lack a cytoplasmic kinase domain, they interact with RLKs or
adapter kinases to activate downstream signaling in a similar manner to their RLK
counterparts (Gust and Felix, 2014). The Arabidopsis LRR-RLK SUPPRESSOR OF
BIR1-1 (SOBIR1) and its tomato counterpart have been found in complex with multiple
LRR-RLPs involved in fungal immunity, including Cf-2/4, Vel, LepR3, RIm2, AtRLP23,
AtRLP30 and AtRLP42 (Liebrand et al., 2013; Lv et al., 2016). Due to its importance in
immunity in other plant species, we also tested GhSOBIR1 against Fov infections. Plants
with silenced GhSOBIRL1 display normal PTI responses but enhanced susceptibility to Fov,

similar to GhTMM silencing (Figure 8). It is possible that GhSOBIR1 interact with
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multiple GhRLPs and it would be interesting to test its silencing against Ve and other
pathogens, and to determine if GhSOBIR1 can interact with GhRLP19, 20, 22, 25, 31, or
others.

AtRLP44 was shown to be in a complex with BRASSINOSTEROID
INSENSITIVE 1 (BRI1) and BAKL, and is required for the BR-mediated response to cell-
wall modification (Holzwart et al., 2018; Wolf et al., 2014). It is also important for the
maintenance of cell fate in the root vasculature and xylem differentiation, and it has been
shown that its over-expression elevates BR signaling. However, we did not observe the
growth phenotype reported in the rlp44 Arabidopsis mutant when we silenced GhRLP2.
Instead, cotton plants with silenced GhRLP2 show elevated PAMP-induced MAPK
activation and its over expression in cotton and Arabidopsis can reduce it (Figure 9). We
did not observe an alteration in other PTI responses in cotton although its overexpression
in Arabidopsis can suppress the pFRK1::LUC activity induced by several PAMPs. It is
possible that GhRLP2 is involved in the activation of other unknown cascades or
components which result in different outcomes than when silencing RLPs that play a
specific role in immunity. We also know that GhRLP11 is the closest GhRLP2 paralog,
which may play a redundant role. The altered MAPK activation in the rlp44 mutant and
the enhanced resistance to pathogens may be a consequence of altered BR signaling, as
we know that hormones regulate diverse biochemical pathways. Future work should focus
on testing if GhRLP2 can complement the Arabidopsis rlp44 mutant, to study the BR
signaling in cotton plants with silenced GhRLP2, and to silence GhRLP2 together with its

paralogs, including GhRLP11.
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In this chapter, | have demonstrated that RLPs indeed serve as molecular links
between extracellular stimulus and intracellular signaling by activating immune defense
responses upon recognition of conserve patterns. Furthermore, RLPs play both positive

and negative roles in defense against Fusarium wilt infections.
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3. AN ELICITOR FROM FUSARIUM CELL WALL EXTRACTS TRIGGERS

IMMUNE RESPONSES IN ARABIDOPSIS AND COTTON

3.1. Summary

Plants can recognize a wide range of microbe/pathogen-associated molecular
patterns (MAMPs/PAMPS), also termed elicitors, through cell surface-resident pattern-
recognition receptors (PRRs) to activate host defense responses known as “PAMP-
triggered immunity” (PTI). Numerous elicitors from different plant pathogens have been
identified to date. We have isolated the cell wall components of different Fusarium
oxysporum isolates (FOCWES) and tested their ability to trigger immune responses in both
cotton and the model plant Arabidopsis. Significantly, FOCWE triggers MAPK activation,
ROS burst, ethylene biosynthesis, growth inhibition, and stomatal closure in cotton and
Arabidopsis. In addition, FOCWE protects cotton seeds against infections by virulent
isolates of Fov, and Arabidopsis plants against Pseudomonas syringae pv tomato DC3000.
These data indicate that FOCWE is a classical PAMP that is potentially recognized by a
conserved pattern recognition receptor (PRR) in different plant species. Analysis of
available PRR mutants in Arabidopsis indicate that FOCWE is perceived by a novel PRR.
Further characterization of the eliciting component within FOCWE demonstrated that it is

a heat-stable and water soluble PAMP.
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3.2. Introduction

Over evolutionary time, plants have developed a series of sophisticated defense
mechanisms to defend against their associated pathogens. At the cellular level, plant
immunity is an exquisitely regulated and poorly understood process. One facet of this
immunity, termed “pattern-triggered immunity” (PTI), is triggered when
pathogen/microbe-associated molecular patterns (PAMPS/MAMPS), or elicitors, are
recognized by plant cell surface-resident “pattern-recognition receptors” (PRRs) (Bigeard
et al., 2015). This recognition often triggers the formation of a receptor complex enabling
the transduction of the PAMP signal which contributes towards changes in cellular
physiology associated with improved basal defense (Liebrand et al., 2013; Lv et al., 2016;
Ma et al., 2016).

One of the downstream responses of PRRs is the initiation of a mitogen-activated
protein kinase (MAPK) cascade which consist of three sequentially activated kinases of a
MAPK kinase kinase (MAP3K or MEKK), a MAPK kinase (MAP2K or MKK), and a
MAPK (MPK) (Asai et al., 2002; Yu et al., 2017). In this cascade, MAP3Ks, once directly
or indirectly activated by PRRs, lead the phosphorylation of the downstream MAPKSs
which eventually result in defense responses and gene reprogramming (Rasmussen et al.,
2012). Therefore, MAPKs are a direct link between plant surface receptors and
intracellular signaling. Among the 90 MAPKSs in Arabidopsis, MPK3, MPK4 and MPKG6
are implicated in defense responses and have been studied intensively (Asai et al., 2002;
Ichimura et al., 2002; Petersen et al., 2000). These three MAPKSs are also activated by

PAMPs. Other PRR-dependent downstream responses include callus deposition, reactive
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oxygen species (ROS) bursts, ethylene biosynthesis, root inhibition, stomatal closure,
defense gene transcription, and others (Boller and Felix, 2009; Li et al., 2016a; Macho and
Zipfel, 2014).

Two well studied PRRs include the bacterial flagellin receptor FLAGELLIN-
SENSITIVE 2 (FLS2) and elongation factor Tu (EF-Tu) receptor EFR, which recognize
a conserved 22-amino-acid peptide (flg22) of flagellin and an 18-amino-acid peptide
(elf18) of EF-Tu, respectively (Li et al., 2016a). Following ligand perception, both FLS2
and EFR heterodimerize with the co-receptor BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1) to initiate intracellular signaling and defense responses (Ma et al.,
2016). Other well-studied PRRs include the Arabidopsis CHITIN ELICITOR
RECEPTOR KINASE1l (CERK1), LysM-CONTAINING RECEPTOR KINASE4
(LYK4), and LYKS5, required for the perception of the fungal cell wall component chitin
(Petutschnig et al., 2014). PRR-mediated PTI is important for plant defense to a broad
spectrum of pathogens.

The taxon Fusarium oxysporum (Fo) represents a diverse fungal morphospecies
with several members specialized to infect economically important plant hosts. Although
Fo has no known sexual cycle, it has been demonstrated to horizontally share or dispense
with a set of supernumerary chromosomes that often contain a high concentration of genes
related to pathogenicity (van Dam et al., 2017). This fact represents a challenge to
pathologists and breeders attempting to classify different isolates of the pathogen.
Different formae speciales (f. sp.) of Fo exist, which were defined by their host specificity

(Edel-Hermann and Lecomte, 2019). Fusarium oxysporum f. sp. vasinfectum (Fov) is the
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causal agent of Fusarium wilt of cotton, a devastating disease affecting cotton production
around the world, including the US. Fov has been classified into at least eight races based
on their pathogenicity in cotton and other plant species, and by sequence differences in
genes (Appel and Gordon, 1996; O'Donnell et al., 2009). Race 1 (Fovl) has often been
detected with root-knot nematode infections in the field, and race 4 (Fov4) is a highly
virulent isolate that does not require root-knot nematode to cause significant diseases
(Halpern et al., 2017; Kim et al., 2005; Wang et al., 2018). Most of the upland cotton
germplasms show variable symptoms to different Fov races, indicating a complex and
quantitative genetic response (Wang et al., 2018). Although the molecular mechanism of
Fov infection in cotton remains largely elusive, Fusarium wilt in other plant species have
been studied extensively and may provide some insights about the molecular mechanisms
of Fov infection. For instance, F. oxysporum f. sp. lycopersici (Fol), the causal agent of
tomato wilt, is known to secrete a number of virulence effectors, known as Secreted In
Xylem (SIX), in the xylem sap of tomato plants to facilitate disease progression, very
likely by suppressing basal defense responses in the plant (Gawehns et al., 2015;
Houterman et al., 2007; Lievens et al., 2009; Ma et al., 2015; Rep et al., 2005). Thus, the
pathogenicity of a Fov isolate may be determined by its ability to escape host defense
responses, something that can be accomplished by manipulating the signaling pathways.
To date, many elicitors have been isolated and identified from various organisms
including bacteria, fungi, oomycete and viruses. These elicitors include proteins, peptides,
lipids, glycoproteins, and oligosaccharides, which are either components of the pathogen

cell wall or secreted to kill or degrade plant cells (Chen et al., 2012; Wang et al., 2012).
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Some studies have reported eliciting-capabilities in the cell wall of different Fusarium
species (Davies et al., 2006; Li et al., 2016b). In this article, we show that cell wall
preparations from the non-virulent strain Fo47, the Arabidopsis-infecting isolate Fo5176,
and three Fov isolates (Fovl, Fov3, and Fov4) can trigger MAPK activation and PTI
responses in cotton and Arabidopsis. The cell wall preparation can also protect cotton
seeds against Fov infection. Interestingly, the elicitor perception is independent of some
of the major PRRs involved in plant immunity. Because pathogenic and non-pathogenic
isolates of Fo can trigger PTI responses plants, we can infer that virulent isolates have

evolved with a way to suppress plant immunity, possibly by secreting virulence factors.

3.3. Materials and Methods
3.3.1. Plant materials and growth conditions

Arabidopsis accession Col-0 (WT) and the mutants used in this study were grown
in soil (Metro Mix 366) in a growth room at 23°C, 60% relative humidity, 70 pmoles m’
251 light with a 12-hr light/12-hr dark photoperiod for four weeks. The sobirl-12
(CS69917) mutant was obtained from the Arabidopsis Biological Resource Center
(ABRC) and confirmed by PCR. The bak1-5/serk4 mutant was obtained by crossing bak1-
5 (Schwessinger et al., 2011) and serk4 (SALK_057955) single mutants. Atcerkl (GABI-
KAT 096F09) and Atlyk4/Atlyk5-2 (Atlyk4/5) were obtained from Dr. Gary Stacey (Cao
etal., 2014). Seedlings were grown on agar plates containing half-strength Murashige and
Skoog medium (¥2MS) with 0.5% sucrose, 0.8% agar and 2.5 mM MES at pH 5.7, in a

growth chamber at 23°C, 70 pE m2s? light with a 12-hr light/12-hr dark photoperiod.
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Gossypium hirsutum cv CA 4002 (Pl 665226) was grown in 3.5-inch square pots
containing soil (Jolly Gardener PRO-LINE C/25) in a controlled growth chamber at 23°C,
30% relative humidity and 100 pmol m™2 st light with a 12-h light/12-hr dark
photoperiod. One-week-old cotton plants were used for Agrobacterium-mediated VIGS

assay or protoplast isolation.

3.3.2. Fusarium cell wall preparation

The cell wall of different Fo isolates was prepared according to (Davies et al.,
2006). Different isolates were cultured for four days in Potato Dextrose Broth (Difco),
centrifuged, and washed twice with 200 ml of 500 mM KH2POa. The pellet was then
sequentially washed and centrifuged in chloroform/methanol (1:1 v/v) and acetone
(100%). Lastly, the pellet was dried, resuspended in ddH20 (10g/l), and autoclaved for 30

min at 121°C. The resuspended pellet was stored at -20°C.

3.3.3. Agrobacterium tumefaciens-mediated VIGS

Fragments (300-500bp) of GhMPK3, GhMPK6, GhBAK1 and GhSOBIR1 were
amplified by PCR from cDNA with primers described in Table 7 and inserted into the
pYL156 (pTRV-RNAZ2) vector with restriction sites EcoRI and Kpnl. The agrobacterial
cultures carrying pTRV-RNAT1 and the above pTRV-RNA2 constructs were resuspended
in infiltration buffer (10 mM MES, pH 5.7, 10 mM MgClz, 200 uM acetosyringone). A.
tumefaciens pTRV-RNAL was mixed with pTRV-RNAZ2 at a 1:1 ratio to a final ODegoo of

0.75 each and hand infiltrated into two fully expanded cotyledons of one-week-old soil-
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grown plants (Gao et al., 2011; Gao et al., 2013). At least 12 plants were inoculated for
each construct. Because plants with silenced GhClal develop a typical albino phenotype
indicative of silencing this gene, we included pYL156-GhClal as a visual marker for VIGS

efficiency. The silencing of the gene of interest was confirmed by RT-PCR.

3.3.4. MAPK assay

Three leaf discs from individual 3-week-old cotton plants were ground in 100 pl
1x SDS buffer (62.5 mM Tris-HCI, pH 6.8, 1% SDS, 0.025% bromophenol blue, 10%
glycerol, 1x protease inhibitor, 2 ul 1 M NaF and 2 pl 1 M Na3VVO4 for 1 ml of buffer),
boiled at 95°C for 5 min, and centrifuged to collect the supernatant. For protoplasts, 100
ul of the 1x SDS buffer was added to lysed cells, boiled at 95°C for 5 min, and centrifuged
to collect the supernatant. For Arabidopsis, ten-day-old seedlings germinated on ¥2 MS
plates were transferred to 2 ml H20 in a 12-well plate overnight for recovery, and treated
with 1 mg/ml FovCWE, 1x107/ml Fo47 spores, 100 nM flg22, or 100 mg/l chitin. The
seedlings were ground in IP buffer, centrifuged, and the cleared lysate was mixed with
SDS buffer. Proteins were separated in a 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gel and activated MAPKSs were detected by immunoblotting
with phosphorylated Extracellular Regulated protein Kinases (a-pERK1/2) antibody (Cell

Signaling, USA).
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3.3.5. ROS analyses

ROS burst was determined by a luminol-based assay. 24 leaves of four-week-old
Arabidopsis plants or three-weeks old cotton plants were excised into leaf discs of 0.25
cm?, followed by an overnight incubation in a 96-well plate with 100 pl of H2O for
recovery. Cotton leaf discs were further cut into 5 strips with a razor blade. H.O was then
replaced by 100 ul of a reaction solution containing 50 puM luminol and 10 pg/ml
horseradish peroxidase (Sigma, USA), with or without 1 mg/ml FovCWE. The
measurements were conducted immediately in a luminometer (Perkin Elmer, 2030
Multilabel Reader, Victor X3) after adding the solution, with a 1 min interval reading time
for a period of 30 min. The measurement values for ROS production from 24 leaf discs

were indicated as means of Relative Light Units (RLU).

3.3.6. Measurements of Stomatal Aperture

Stomatal aperture was measured on epidermal peels excised from the abaxial side
of leaves of three- to four-week-old plants as described in Rodrigues et al. (2017). Two
epidermal peels from two independent plants of Col-0 and the mutants were first incubated
for 30 min in darkness in a bathing solution containing 30 mM KCI and 10 mM MES/Tris
pHG6.0, prior to exposure to the indicated treatment. Epidermal peels were first exposed to
white light in a growth chamber (120 umoles m st) for 180 min to induce maximal
stomatal opening. flg22 (1 uM) or FovCWE (0.001, 0.01, or 0.1 mg/ml) was then added

to the bathing solution and stomatal aperture was monitored during the next 180 min in
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>60 stomata for each independent repetition. Average inner stomatal aperture was

measured using Image J ( ).

3.3.7. Root inhibition assay
Three-days-old seedlings of Col-0 (WT), sobirl and bak1-5/serk4 grown on %2 MS
were transferred to liquid %2 MS with or without 1 mg/ml FovCWE and incubated for

another seven days. The fresh weight was calculated after seven days post-treatment.

3.3.8. Protoplast isolation

Cotton protoplasts were isolated from cotyledons of one-week-old seedlings.
Detached cotyledons were cut with a razor blade and digested in an enzyme solution (1.5%
cellulose R10, 0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCI, 20 mM MES pH 5.7)
supplemented with 2% sucrose for 0.5h under vacuum. Subsequently, the enzyme
solution was incubated without vacuum at room temperature for 6 h. Protoplasts were
released by filtering through a 30 um-nylon mesh, washed with W5 solution (154 mM
NaCl, 125mM CaClz, 5mM KCI, 2 mM MES pH 5.7) and diluted in MMG solution
(0.4 M mannitol, 15 mM MgClz, 4 mM MES pH 5.7) to a density of 2x10° cells/ml (Gao
et al. 2011). A measure of 200 pul of protoplasts for each sample was used for MAPK

treatment.
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3.3.9. Reporter assay

The pFRK1::LUC construct in a binary vector was transformed into Arabidopsis
Col-0 plants, and 10 days-old ¥2MS grown homozygous transgenic pFRK1-LUC seedlings
were transferred to water for overnight and treated with H.O, 1x107 /ml Fo47 spores, or
100nM flg22 at the indicated time points. Seedlings were transferred to a 96-well plate,
sprayed with 0.2 mM luciferin, and the bioluminescence from induced pFRK1::LUC
expression was measured by a luminometer (Perkin Elmer, 2030 Multilabel Reader,

Victor X3).

3.3.10. Ethylene production

Twelve leaves of four-week-old Arabidopsis plants or three-week-old cotton
plants were excised into leaf discs of 0.25 or 0.50 cm?, respectively, followed by overnight
incubation in a 25 ml glass vial with 1 mL of H2O for recovery. The H.O was then replaced
by 1 ml of FovCWE (1 mg/ml) and the vials were capped immediately with a rubber
stopper and incubated at room temperature with gentile agitation. One ml of the vial
headspace was injected into a PhotoVac 10sPlus GC with photoionization detector (PID)

at the indicated time points.

3.3.11. Pathogen assays
Pseudomonas syringae pv. tomato (Pst) DC3000 was cultured overnight at 28°C
in King’s B medium with 50 pg/ml rifampicin. Bacteria were harvested by centrifugation,

washed, and adjusted to ODgoo=1%10" with 10 mM MgCl,. Leaves of four-week-old
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plants were pre-inoculated with H20 or 1 mg/ml FovCWE one day before inoculation with
Pst DC3000 using a 1-ml needleless syringe. To measure bacterial growth, two leaf discs
were ground in 100 pl dH20 and serial dilutions were plated on TSA medium (1% Bacto
tryptone, 1% sucrose, 0.1% glutamic acid, 1.5% agar) with appropriate antibiotics.
Bacterial colony forming units (CFU) were counted two days after incubation at 28°C.
Each data point is shown as triplicates. Botrytis cinerea strain BO5-10 was cultured on
Potato Dextrose Agar (Difco) and incubated at room temperature. Conidia were re-
suspended in 1/4X Potato Dextrose Broth (Difco) with 0.5% Knox Gelatin. The
suspension was filtered through a Miracloth and the conidia concentration was adjusted to
2.5%x10° spores/ml. Leaves of four-week-old plants hand pre-inoculated with H20 or 1
mg/ml FovCWE were drop-inoculated with 8 pul B. cinerea spore suspension at the above
concentration and the lesion size was measured at two days post-inoculation. Fusarium
oxysporum f. sp. vasinfectum race 1 (CA10/Fovl) was cultured for four days in Potato
Dextrose Broth (Difco) and the spores were collected by culture filtration using two layers
of cheese cloth. Spores were centrifuged and resuspended in H2O at a concentration of
1x108ml. Cotton seeds (CA 4002) were surface sterilized with 40% bleach for 2 min,
washed several times with H>O and soaked in 1 mg/ml FovCWE or H0 for 12 hours. The
seeds were then soaked in H20O or Fov1 spores for another 12 hours, transferred to a petri
dish with wet paper towel and kept in a growth chamber at 28 °C, 50% humidity and

100 uE m st light with a 12-h light/12-h dark photoperiod for four days.
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3.4. Results
3.4.1. Race-nonspecific elicitor from Fusarium activates defense responses in
Arabidopsis

We hypothesized that PAMPs derived from Fo can be recognized by plant PRRs
to activate defense responses. One of the hallmarks of immune responses triggered upon
perception of PAMPs by PRRs is the rapid and transient activation of mitogen-activated
protein kinase (MAPK) cascades (Rasmussen et al., 2012). In Arabidopsis thaliana, a wide
range of PAMPs, including flg22, activate MAPKS, which can be readily detected by
immuno-blots using the a-pERK antibodies (Felix et al., 1999; Rasmussen et al., 2012).
We first applied a spore solution from Fo isolate 47 (Fo47) to wild-type Arabidopsis Col-
0 seedlings and examined whether Fo47 spores could activate MAPKSs (Figure 11A). Fo47
is a non-pathogenic strain isolated from soils suppressive to Fusarium wilts and has been
shown to protect plants against different diseases, including Fusarium wilt induced by
pathogenic Fo isolates (Aime et al., 2013; Fuchs et al., 1997; Veloso et al., 2016). We
found that Fo47 spores could trigger MAPK activation at 15 and 30 min after treatment
as detected by the a-pERK antibodies, similar to flg22 but to a lesser extent (Figure 11A).
PAMP perception triggers profound gene transcriptional reprograming and induces the
expression of a large number of immune-related genes, including FLG22-INDUCED
RECEPTOR-LIKE KINASE 1 (FRK1) (Lietal., 2016a). The Arabidopsis transgenic plants
carrying a firefly luciferase (LUC) gene under the control of the FRK1 promoter
(pFRK1::LUC) have been developed as a reporter line to monitor elicitation of PTI

responses (Lietal., 2014). We found that Fo47 spores could potently trigger pFRK1::LUC
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activities at different time points with higher activation levels than flg22 treatment at 24
or 36 hr post-inoculation (Figure 11B). Thus, the data suggest that spores from Fo47, a
non-pathogenic Fusarium isolate, trigger defense responses.

To determine whether any conserved cell wall components from Fo47 spores
contribute to the defense elicitation activity, we isolated the cell wall crude extracts from
an expanded collection of Fusarium isolates. We have included Fo isolate 5176 (F05176),
which is virulent in Arabidopsis (Thatcher et al., 2012). In addition, three isolates of
Fusarium oxysporum f. sp. vasinfectum (Fov), which are specialized to infect Gossypium,
including Fov1-CA10, Fov3-CA1ll, and Fov4-CA14, have been included. Notably, they
have been classified as different races with different levels of pathogenicity towards a
panel of cotton cultivars, and isolated from distinct geographic locations with Fov1-CA10
as racel, Fov3-CA1l as race 3 and Fov4-CAl4 as race 4. Based on a reported protocol
(Davies et al., 2006), we isolated the cell wall extracts from these Fusarium isolates
(FOCWE) (Figure 11C) and examined their capacities to elicit PTI responses in
Arabidopsis. Although only Fo5176, but none the others, is pathogenic in Arabidopsis,
FOCWEs from all these isolates, including Fovl, Fov3 and Fov4, could activate MAPKSs
to a similar extent in terms of timing and strength (Figure 11D), suggesting that conserved
component(s) from FOCWEs across Fo contribute to the MAPK activation in Arabidopsis.
Since FOCWEs from all different Fo isolates could activate MAPKSs similarly, we used

the cell wall extracts of Fovl (FovCWE) for the remaining experiments.
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Figure 11. Race-nonspecific elicitor from Fusarium activates defense responses in
Arabidopsis.

(A) Spores of the nonpathogenic F. oxysporum strain Fo47 activate MAPKSs in
Arabidopsis. Ten-day-old seedlings were treated with Fo47 spores (1x107/ml) for 15 and
30 min. The MAPK activation was analyzed by immunoblot with a-pERK1/2 antibody
(top panel). The protein loading is shown by Ponceau S staining for RuBisCo (RBC)
(bottom panel). (B) Fo47 spores induce pFRK1::LUC activity. Ten-day-old pFRK1::LUC
seedlings grown on ¥2MS plates were treated with H20, flg22 (200nM) and Fo47 spores
(1x107/ml), and the pFRK1::LUC activity was measured with a luminometer at the
indicated time points. * indicates a significant difference with a Student’s t-test (p<0.05)
when compared to H>O (Ctrl). (C) Scheme of FOCWE isolation. The method for extraction
of FOCWE is illustrated with letters describing each step that correspond to the associated
table. (D) Different FOCWEs activate MAPKSs in Arabidopsis. Ten-day-old seedlings
grown on ¥%MS plates were treated with different FOCWEs (1 mg/l) for 15 and 30 min.
Double sterilized H20O treatment (Mock) was used as negative control. Treatments with
100nM flg22 and 100 mg/l chitin were included for comparison. Fovl: Fusarium
oxysporum f. sp. vasinfectum (Fov) CA10 race 1; Fov3: Fov CAll race 3; Fov4: Fov
CA14 race 4.
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3.4.2. FovCWE induces different PTI responses in Arabidopsis

To confirm the identity of the MAPK bands detected with the a-pERK antibody,
we have included the Arabidopsis mpk3 and mpk6 mutants and observed no MAPK band
corresponding to the mutated MPK (Figure 12A). Therefore, FovCWE activates at least
MPK3 and MPKG6 in Arabidopsis, which is consistent with the activation of other PAMPs.
Next, we tested FovCWE for its capacity to activate other known PTI responses in
Arabidopsis. ROS production is another early PTI signaling event (Yu et al., 2017). As
shown in Figure 12B, FovCWE could induce a ROS burst in four-week-old Arabidopsis
leaves. Perception of some PAMPs also induces the production of ethylene, a plant
defense hormone (Yu et al., 2017). We observed that FovCWE could also induce ethylene
production three-fold higher at six hours post inoculation and five-fold higher at 24 hours
post inoculation compared to the mock treatment (Figure 12C). Further, PAMP treatment
induces stomatal closure to prevent pathogen entry (Melotto et al., 2006). As shown in
Figure 12D, similar to flg22, FOCWE induced stomatal closure of Arabidopsis epidermal
cells compared to non-treatment (under light) in a dosage dependent manner. Prolonged
treatment of PAMPs also inhibits seedling growth likely due to the cost of PTI responses
activation (Huot et al., 2014; Lozano-Duran et al., 2013). When treated with FovCWE, we
observed a clear root growth inhibition of Arabidopsis seedlings at seven days post
treatment (Figure 12E). Taken together, these data indicate that FovCWE can induce

typical PTI responses in Arabidopsis.
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Figure 12. FovCWE induces different PTI responses in Arabidopsis.

(A) FovCWE-induced MAPK activation in mpk3 and mpk6 mutants. Ten-day-old WT
(Col-0), mpk3 and mpk6 mutant seedlings grown on % MS plates were treated with
FovCWE (1 mg/l) for 15 and 30 min. The MAPK activation was analyzed by immunoblot
with a-pERK1/2 antibody (top panel). The protein loading is shown using Ponceau S
staining for RuBisCo (RBC) (bottom panel). (B) FovCWE induces ROS burst. Leaf disks
from four-week-old plants were assayed for ROS production by measuring the relative
light units (RLU) in a luminometer upon FovCWE (1 mg/l) treatment. The data are shown
as mean = SE (n = 24). (C) FovCWE induces ethylene production. Leaf disks from four-
week-old plants were assayed for ethylene production during a course of 4 hr upon mock
(H20) and FovCWE (1 mg/l) treatment. Data is shown as mean + SE from three
independent repeats. * indicates a significant difference with a Student’s t-test (p<0.05)
when comparing to mock treatment. (D) FovCWE can induce stomatal closure. Epidermal
cells were incubated in a bathing solution under light and treated with flg22 (100nM) and
different FovCWE concentrations. Data shown as mean + SE from three independent plant
cultures, each with 60 stomata per genotype. * indicates a significant difference (p<0.05)
with ANOVA, Newman-Keuls when compared to non-treatment (light). (E) FovCWE
inhibits root growth. Three-day-old seedlings were grown in solid ¥2MS plates and
transferred into liquid %2MS with or without FovCWE (1 mg/ml) for another seven days.
Fresh weight data is shown as mean + SE from three independent repeats. * indicates a
significant difference with a Student’s t-test (p<0.05) when comparing to mock (H20)
treatment.
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3.4.3. FovCWE induces different PTI responses in cotton

Because Fov is a devastating pathogen affecting cotton production worldwide, we tested
if FovCWE could also induce PTI responses in cotton by its capacity to trigger MAPK
phosphorylation in three-week-old upland cotton (Gossypium hirsutum; CA 4002) (Figure
13A). We observed phosphorylation of MAPK in the leaves of these cotton plants (Figure
13A, top). While the peak of MAPK activation was observed at 15 minutes post-treatment
in Arabidopsis, we observed the MAPK activation peak in cotton at 30 minutes post-
treatment. We also observed MAPK activation in protoplasts isolated from one-week-old
cotyledons (Figure 13A, bottom). To confirm the identity of the MAPK bands detected
with the a-pERK antibody, we silenced GhMPK3 and GhMPK®6 by virus-induced gene
silencing (VIGS) (Figure 3B). Silencing of GhCLA1, which leads to plant albino
phenotype two weeks after Agrobacterium infiltration, was included as a visual marker
for VIGS efficiency (not shown). We did not observe a GhMAPK3 band when silencing
GhMPK3 by VIGS, and although we observed the GhMPK®6 band in the immunoblot after
silencing GhMPKS®, its intensity was reduced (Figure 13B). These results confirmed that
the bands seen in the immunoblot correspond to GhMPK3 and GhMPK®6. Next, we
measured ethylene biosynthesis and observed a two-fold increase in three-week-old leaves
treated with FovCWE when compared to mock (Figure 13C). Furthermore, FovCWE
could also trigger ROS burst in cotton leaves over the course of 30 min (Figure 13D).
These results indicate that FovCWE functions as a PAMP that can induce defense

responses in cotton and Arabidopsis.
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Figure 13. FovCWE induces different PTI responses in cotton.

(A) FOCWE activates MAPKSs in cotton. Leaf disks from four-week-old cotton true leaves
and protoplasts isolated from cotyledons were treated with FovCWE (1 mg/ml) for 15 and
30 min, respectively. The MAPK activation was analyzed by immunoblot with a-pERK
antibodies (top panel). The protein loading is shown using Ponceau S staining for RuBisCo
(RBC) (bottom panel). (B) FovCWE-induced MAPK activation in VIGS-GhMAPK3 and
VIGS-GhMAPKG6 plants. Leaf disks from cotton plants with silenced GhMPK3 or
GhMPKG6 by VIGS were treated with FovCWE (1 mg/l) for 15 and 30 min. (C) FovCWE
induces ethylene production. Leaf disks from four-week-old cotton plants were assayed
for ethylene production during a course of four hours upon FovCWE (1 mg/ml) treatment.
Data shown as mean + SE from three independent repeats. * indicates a significant
difference with a Student’s t-test (p<0.05) when compared to mock. (D) FovCWE induces
ROS burst in cotton leaves. Leaf disks from four-week-old cotton leaves were assayed for
ROS production by measuring the relative light units (RLU) in a luminometer upon
FovCWE (1 mg/l) treatment. The data are shown as mean £ SE (n = 24).

89



3.4.4. FovCWE promotes plant resistance to pathogen infections

Because PAMPs can activate basal defense responses, pre-inoculation with a
PAMP can often protect the hosts against pathogen infections (EI Hadrami et al., 2010).
We therefore tested whether FovCWE could protect Arabidopsis against the hemi-
biotrophic Pst DC3000 infection by hand-inoculating the elicitor one day before Pst
DC3000 hand-inoculation (Figure 14A). We observed a significant reduction in bacterial
colony forming units (CFU) at two days post inoculation when pre-treating the leaves with
FovCWE, compared to H2O (ctrl) pre-treatment (Figure 14A). By contrast, FovCWE
could not protect Arabidopsis against colonization by the necrotrophic fungus Botrytis
cinerea, as demonstrated by symptom development and lesion progression after infection
(Figure 14B). We also performed a FovCWE protection assay in cotton (CA 4002)
seedlings against Fovl (CA10), a Fusarium isolate known to infect CA 4002, by soaking
the seeds with the elicitor or a water solution control for 12 hr followed by another 12 hr
treatment with Fovl spores (1x107) or H2O. In this assay, severely infected seeds do not
typically germinate, while germination is observed in lightly infected or non-infected
seeds. Consistent with the Pst DC3000 results in Arabidopsis, FOvCWE could protect
cotton seeds from Fov1l infections as shown in the images taken four days post-infection
(Figure 14C). Seeds pre-treated with the elicitor but not infected with Fov1 showed similar
germination rates to the H>O control, suggesting that FovCWE treatment did not affect
seed germination. Because Fov is often considered a hemi-biotrophic pathogen, these
results indicate that FovCWE may protect plants against hemi-biotrophic pathogens but

not necrotrophic pathogens.

90



A B H,O FovCWE

999090
0

(o)}

1 Ctrl
B FovCWE

Bacterial number
[Logll.Q(CFU/gm2)]
m

DC3000: Odpi 2 dpi

Ctrl CWE
C

Pretreatment: H,O FovCWE

Figure 14. FovCWE promotes plant resistance to pathogen infection.

(A) FovCWE protection against Pst DC3000 infections. Leaves of four-week-old
Arabidopsis plants were pre-inoculated with FovCWE (1 mg/ml) or sterile water one day
before inoculation with Pst DC3000 (OD=0.00001). Bacterial colony forming units (CFU)
were counted 0 and 2 days after pathogen inoculation. Data shown as mean + SE from
three independent repeats. * indicates a significant difference with a Student’s t-test
(p<0.05) when compared to Ctrl. (B) FovCWE cannot protect Arabidopsis against Botrytis
infections. Four-week-old Arabidopsis leaves were pre-inoculated with FovCWE (1
mg/ml) or sterile water one day before the application of 8 pl of Botrytis spores
(2.5x10%ml). Images were taken at 2 dpi and lesion areas were calculated by Image J. (C)
FovCWE protects cotton against Fov CA10 racel (Fovl). Cotton seeds (CA 4002) were
incubated with spores (1x108/ml) of Fovl or sterile water (H20) for 12 hours after a 12
hours pre-treatment with FovCWE (1 mg/ml) or sterile water (H20O). Images taken at four
days post infection.

91



3.4.5. FovCWE-induced immune responses does not require the major known PRR
involved in immunity

The Arabidopsis FLS2 is a well-known PRR that recognizes the short peptide flg22
found in bacterial flagellin (Li et al., 2016a). Although flagellin is not a component of the
fungal cell wall, we performed a FovCWE-induced MAPK activation assay in the
Arabidopsis fls2 mutant to rule out the possibility of flg22 contamination in our elicitor.
FovCWE induced a normal MAPK activation in the fls2 mutant at 15- and 30-min post-
treatment (Figure 15A), and no flg22-induced MAPK activation was observed (Figure
15B, bottom). Chitin is an important fungal cell wall component that triggers robust
defense responses in plants (Sanchez-Vallet et al., 2015). To test whether the elicitor
within FovCWE is chitin, we also included the Arabidopsis cerkl mutant. FovCWE
induced MAPK activation in the Arabidopsis cerkl mutant, although the activation was
partially reduced (Figure 15B, top). This reduction suggests that chitin is not completely
eliminated by the FovCWE extraction procedure, thus a higher MAPK activation is
observed in WT plants. We did not detect any chitin-induced MAPK activation in the
cerkl mutant (Figure 15B, bottom). Plant PRRs are divided into receptor-like kinases
(RLKSs) and receptor-like proteins (RLPs). Upon PAMP perception, PRRs associate with
other plasma membrane receptors or co-receptors to form a complex that can trigger
defense responses (Liebrand et al., 2013; Ma et al., 2016). The kinase adapter SOBIR1
has been found in complex with multiple RLPs involved in plant immunity and is therefore
required for their functionality (Liebrand et al., 2013). Similarly, BAK1 and SERK4

function in plant immunity by their association with many RLKSs, including FLS2 (de
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Oliveira et al., 2016; Roux et al., 2011). However, we also detected normal levels of
MAPK activation in the Arabidopsis sobirl mutant after FovCWE treatment (Figure 15C,
top). Similar results were observed in the leaves of three-week-old cotton plants with
silenced GhSOBIR1 by VIGS (Figure 15C, bottom). When using the Arabidopsis bak1-
5/serk4 double mutant, normal MAPK activation levels were observed, a result which was
later confirmed when the same assay was performed on cotton plants in which GhBAK1
was silenced using VIGS (Fig 15D). Furthermore, FovCWE could inhibit root growth
similar to WT in 10-week-old seedlings of bak1-5/serk4 and sobirl Arabidopsis mutants
at seven days post-treatment (Figure 15E). Lastly, we measured the total ethylene
produced during a course of four hours after FOvVCWE treatment in Arabidopsis sobirl
and bak1-5/serk4 mutants, and observed normal induction levels when compared to WT
(Figure 15F). To further confirm that the elicitor in FOvCWE is not chitin, we measured
the FovCWE-induced ethylene biosynthesis in Arabidopsis cerkl and included the lyk4/5
double mutant because LYK4 and AtLYKS5 are also required for chitin perception
(Petutschnig et al., 2014). We also observed normal FovCWE-induced ethylene
biosynthesis in the Arabidopsis cerkl and lyk4/5 mutants (Figure 15G). No ethylene
production was observed in the cerkl and lyk4/5 mutants when using chitin as a control
(Figure 15G). Together, these results indicate that the FovCWE-mediated immune

activation is not AtFLS2, AtBAK1, AtCERK, AtLYK4/5, or AtSOBIR1 dependent.
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Figure 15. FovCWE-induced immune responses does not require the major known
PRRs involved in immunity.

(A) FovCWE-induced MAPK activation is AtFLS2 independent. Ten-day-old seedlings
of WT (Col-0) and fls2 mutant were grown on “2MS plates and treated with FovCWE (1
mg/ml) and chitin (0.1 mg/ml) for 15 and 30 min. The MAPK activation was analyzed by
immunoblot with a-pERK antibodies (top panel). The protein loading is shown by
Ponceau S staining for RuBisCo (RBC) (bottom panel). (B) FovCWE-induced MAPK
activation is AtCERK1 independent. Ten-day-old seedlings of WT (Col-0) and cerkl
mutant were grown on ¥2MS plates and treated with FovCWE (1 mg/ml) and chitin (0.1
mg/ml) for 15 and 30 min. (C) FovCWE-induced MAPK activation is SOBIR1
independent. Ten-day-old seedlings of Arabidopsis WT (Col-0) and sobirl mutant were
grown on ¥%2MS plates and treated with FovCWE (1 mg/ml) for 15 and 30 min. Leaf disks
from four-week-old cotton plants with silenced GhSOBIR1 by VIGS were treated with
FovCWE (1 mg/ml) for 15 and 30 min. (D) FovCWE-induced MAPK activation is BAK1
independent. Ten-day-old seedlings of Arabidopsis WT (Col-0) and bak1-5/serk4 mutant
were grown on ¥2MS plates and treated with FovCWE (1 mg/ml) for 15 and 30 min. Leaf
disks from four-week-old cotton plants with silenced GhBAK1 by VIGS were treated with
FovCWE (1 mg/ml) for 15 and 30 min. (E) FovCWE-induced root growth inhibition is
AtSOBIR1 and AtBAK1 independent. Three-week-old seedlings of WT (Col-0), sorbirl,
and bak1-5/serk4 were grown in solid ¥2MS plates and transferred into liquid ¥2MS with
or without FovCWE (1 mg/ml) for another seven days. Fresh weight data is shown as
mean + SE from three independent repeats. * indicates a significant difference with a
Student’s t-test (p<0.05) when comparing to mock treatment (Control). (F) FovCWE-
induced ethylene production is AtBAK1 and AtSOBIR1 independent. Leaf disks from
four-week-old WT (Col-0), bakl-5/serk4 double mutant, and sobirl mutant were
transferred to a 25 ml glass vial and assayed for ethylene production upon FovCWE (1
mg/ml) treatment. Total ethylene produced during a course of four hours was measured
by injecting 1 ml of the headspace to a GC-FID detector. Data shown as mean + SE from
three independent repeats. * indicates a significant difference with a Student’s t-test
(p<0.05) when compared to mock treatment. (G) FovCWE-induced ethylene production
is AtCERK1 and AtLYKA4/5 independent. Leaf disks from four-week-old WT (Col-0),
cerkl mutant, and lyk4/5 double mutant were assayed for total ethylene production upon
FovCWE treatment as described above. Data shown as mean + SE from three independent
repeats. * indicates a significant difference with a Student’s t-test (p<0.05) when compared
to mock treatment.
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3.4.6. FovCWE is a soluble, heat-stable PAMP

To determine the nature of the elicitor, FovCWE was subjected to protease and
heat treatment before MAPK elicitation in 10-week-old Arabidopsis seedlings. First, to
determine if the protease itself can activate MAPK, seedlings were treated with a mock
solution containing Protease K. As shown in Figure 16A, the residual Protease K was
sufficient to degrade all total proteins even after elicitation as seen in the lack of a RuBisCo
band in the loading control, thus resulting in no MAPK activation. On the other hand,
when the Proteinase K was heat inactivated at 95°C before seedling treatment, minimal
MAPK activation was observed, indicating that the inactivated Protease K cannot induce
a strong MAPK activation (Figure 16A). FovCWE treated with Protease K and subjected
to heat inactivation was able to induce MAPK activation at the same extent as FOovCWE
(Figure 16A).

Because FovCWE does not completely dissolve in water, we wanted to determine
if the immune-eliciting component within FovCWE is water-soluble. The elicitor was
centrifuged to remove the supernatant and the remaining pellet was resuspended in the
same volume of sterile distilled water to test the capability of both the supernatant and the
resuspended pellet to elicit MAPK in Arabidopsis seedlings. Interestingly, the supernatant
but not the resuspended pellet could induce MAPK activation (Figure 16B). Taken
together, these results suggest that the immune-eliciting component in FovCWE is a non-

proteinaceous, heat-stable, and water-soluble PAMP.
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Figure 16. FovCWE is a water-soluble, heat-stable PAMP.

(A) Protease K or heat treatment does not affect FovCWE-induced MAPK activation.
FovCWE (1 mg/ml) was used to elicit MAPK activity in 10-day-old Arabidopsis
seedlings. Prior to elicitation, the elicitor was subjected to treatment with 80 U/ml Protease
K (NEB) for 15 minutes at 37°C. After treatment, the enzyme was heat inactivated at 95°C
for five minutes. Controls without protease treatment and without heat inactivation after
protease treatment are included. (B) The immune-eliciting component(s) within FovCWE
is water-soluble. The FovCWE was centrifuged at 14,800 rpm for 15 minutes in a
benchtop centrifuge. The supernatant was removed and the pellet was resuspended in the
same volume of sterile distilled water. Both the supernatant and the resuspended pellet
were tested for their capacity to elicit MAPK in Arabidopsis seedlings.
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3.4.7. Several FovCWE induced-genes are suppressed during Fov infections

To determine the transcriptome dynamics during FovCWE elicitation, we
performed RNA sequencing (RNA-seq) analysis of cotton roots (WT) treated with or
without FovCWE for 1 hr. The correlation coefficient (r) for the expression profile of each
detectable transcript in cotton seedlings with or without FovCWE treatment is close to
linear (Figure 17A). Among 72,762 detectable transcripts, 546 showed reduced and 980
showed enhanced expression (fold change >2 and false discovery rate [FDR] < 0.05) after
FovCWE treatment compared to H>O Ctrl. The gene process annotations among the genes
found to be upregulated in the FovCWE-treated seedlings can be found in Figure 17B.
Notably, a large portion of upregulated genes are classified to be associated with
photosynthesis (Figure 17B).

Because we hypothesized that some of the FovCWE-induced genes can be
suppressed upon infection of virulent isolates of Fov, we performed another RNA-seq
experiment to determine transcriptome dynamics in the roots of cotton seedlings during
Fov infection and to compare it to the FOvCWE dataset. We observed 440 upregulated
and 581 downregulated genes at three days post Fov infection (Figure 17C). Similarly, we
observed 716 upregulated and 636 downregulated genes at five days post Fov infection
(Figure 17C). Among the differentially expressed genes (DEGSs), 36 were upregulated at
both three- and five-days post infection, while 61 were downregulated at both three- and
five-days post infection (Figure 17C). We then compared the two datasets to look for any
genes upregulated upon FovCWE treatment but downregulated during Fov infection.

Interestingly, 12 of the upregulated genes upon FovCWE treatment were downregulated
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at three days after Fov infection (Figure 17D), while 44 of the upregulated genes upon
FovCWE treatment were downregulated at five days after Fov infection (Figure 17E). The
ID and annotation of the genes upregulated upon FovCWE, but downregulated at three-

or five-days post Fov infection, can be found in Table 6.
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Figure 17. Transcriptome reprograming upon FovCWE inoculation and Fov
infection.

(A) Scatter plot comparing the mean expression in transcripts per million (TPM) for each
transcript between mock and treated (FovCWE) samples. Roots of ten-day-old cotton
seedlings were used for analysis. The Y-axis indicates gene expression in treated samples,
and the X-axis indicates gene expression in mock-treated samples. (B) Bar chart indicating
the most frequent gene process annotations among the upregulated genes in the FovCWE-
treated samples (FDR <0.05, Log2FC > 1). (C) Venn diagram of differentially expressed
genes (DEGs) at three -and five-days after Fov infections (D) Venn diagram comparing
DEGs between FovCWE treatment (1h_down/up) and three days after Fov infection
(3d_down/up). (B) Venn diagram comparing DEGs between FovCWE treatment
(2h_down/up) and five days after Fov infection (5d_down/up). Venn diagrams: Oliveros,
J.C. (2007-2015) Venny. An interactive tool for comparing lists with Venn's
diagrams. https://bioinfogp.cnb.csic.es/tools/venny/index.html.
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Table 6. Suppressed FovCWE-inducible genes in cotton plants infected with Fov

Gene ID

Annotation

Gh_A01G1311

RING/U-box superfamily protein

Gh_A01G1972

light harvesting complex photosystem Il

Gh_A02G0959

Aluminium activated malate transporter family protein

Gh_A03G1705

2Fe-2S ferredoxin-like superfamily protein

Gh_A03G1927

photosystem | subunit K

Gh_A04G0098

syntaxin of plants 51

Gh_A05G0654

photosystem | subunit O

Gh_A05G1261

chlorophyll A/B binding protein 1

Gh_A05G2108

light harvesting complex of photosystem Il 5

Gh_A05G3469

PAP/OASL1 substrate-binding domain superfamily

Gh_A05G3490

Unkown

Gh_A07G1850

photosystem | subunit E-2

Gh_A07G2172

Ribulose bisphosphate carboxylase (small chain) family protein

Gh_A07G2184

photosystem Il light harvesting complex gene 2.1

Gh_A07G2201

photosystem | subunit |

Gh_A08G1309

Unkown

Gh_A09G1680

RING/U-box superfamily protein

Gh_A09G1927

G-protein gamma subunit 2

Gh_A10G0618

glyceraldehyde 3-phosphate dehydrogenase A subunit 2

Gh_A11G1981

Unknown
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Table 6. Continued

Gene ID

Annotation

Gh_A11G2563

Dynein light chain type 1 family protein

Gh_A12G0502

Unkown

Gh_A13G1057

Cation efflux family protein

Gh_A13G1345

2-oxoglutarate (20G) and Fe(l1)-dependent oxygenase superfamily

protein
Gh_D01G1136 | Unkown
Gh_D01G2012 | Unkown

Gh_D01G2232

light harvesting complex photosystem Il

Gh_D02G2126

2Fe-2S ferredoxin-like superfamily protein

Gh_D04G1495

Vacuolar iron transporter (VIT) family protein

Gh_D05G0192

Unkown

Gh_D05G0272

Unkown

Gh_D05G0860

photosystem | light harvesting complex gene 1

Gh_D05G1266

Unkown

Gh_D05G1774

ferredoxin-NADP(+)-oxidoreductase 1

Gh_D05G2361

light harvesting complex of photosystem Il 5

Gh_D06G0421

natural resistance-associated macrophage protein 1

Gh_D06G1627

ATPase, F1 complex, gamma subunit protein

Gh_D07G1090

photosystem | subunit O

Gh_D07G1759

Ribulose bisphosphate carboxylase (small chain) family protein
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Table 6. Continued

Gene ID

Annotation

Gh_D08G0702

photosystem | subunit D-2

Gh_D08G1007

Unkown

Gh_D09G1856

Glycosyl hydrolases family 32 protein

Gh_D10G0167

photosystem 11 subunit Q-2

Gh_D10G0369

chlorophyll A/B binding protein 1

Gh_D10G1152

SOS3-interacting protein 4

Gh_D10G2299

rubisco activase

Gh_D11G1124

NIM1-interacting 1

Gh_D11G1671

Ribulose bisphosphate carboxylase (small chain) family protein

Gh_D11G3081

basic helix-loop-helix (bHLH) DNA-binding superfamily protein

Gh_D12G0423

Protein kinase superfamily protein

Gh_D12G1264

Adenine nucleotide alpha hydrolases-like superfamily protein

Gh_D13G1322

Cation efflux family protein

Gh_D13G1656

UDP-glucosyl transferase 73C1
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Table 6. Primers used in this study.

Cloning primers for VIGS analysis.

Gene Forward primer Reverse Primer

GhMPK3 GGGGTACCGGCATTTGGA | CCGCTCGAGCCAAGCAGCTC
TCACGAGAAT TGTCAACAA

GhMPKG6 CGGAATTCGATCAAGCTG | CCGCTCGAGAAATGCAACCC
CTTCGTCACA ACTGACCAT

GhSOBIR1-1 | CGGAATTCCGTACAACAA | GGGGATTTGATCAGCTGATG
GTATCAGAAGGC ATATTCAGGTGCG

GhSOBIR1-2 | ACCTGAATATCATCAGCTG | GGGGTACCCCAATTGATTGT
ATCAAATCCCCGCC TTGCAAGGG

GhBAK1 CGGAATTCGCACTCGGAG | GGGGTACCGAGTGCACAAC
CTGCAAGG AGAGCC

3.5. Discussion

Fusarium wilt is a devasting disease affecting crop production across the US and

other countries. Fo isolates infect a wide range of hosts and their virulence is plant species

specific. Although most Fo isolates display some level of pathogenicity, some are non-

pathogenic and instead protect plants from infections of virulent isolates. However, the

mechanisms underlying the protection and virulence of Fusarium remain largely

unknown. Here, we found a species and race-independent elicitor from Fo cell wall

preparations that can induce defense responses in cotton and Arabidopsis, and its
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perception is independent of some of the major immunity PRRs known to date. These
results could explain the different pathogenicity levels in Fo isolates.

The activation of MAPK cascades is one of the earliest PRR signaling events
triggered by PAMPs (Yu et al.,, 2017). MAPK cascades typically contain three
sequentially activated kinases. In Arabidopsis, MPK3, MPK®6, and MPK4 are among the
well-studied MAPKSs activated by different PAMPs (Colcombet and Hirt, 2008; Meng and
Zhang, 2013). We showed that Fo47 spores and FOCWEs can activate MPK3, MPK®6 and
MPK4, similarly to other PAMPs in Arabidopsis (Figure 11A,D). We also established
PAMP-induced MAPK activation assays in cotton and showed that FovCWE could also
activate at least MPK3 and MPKG® in true leaves and protoplasts isolated from cotyledons,
similarly to the MAPK results in Arabidopsis (Figure 13A,B). In addition, Arabidopsis
transgenic plants carrying the firefly luciferase gene under the control of the FRK1 gene
promoter serve as a convenient tool to readily quantify PAMP-induced gene transcription
activation (Li et al., 2014). Using the pFRK1::LUC reporter lines, we showed that spores
from Fo47, a non-virulent Fusarium isolate, could strongly induce FRK1::LUC activities
(Figure 11B). It appears that the Fo47 spore-induced FRK1::LUC activities peak occurs
later than those induced by flg22 treatment (Figure 11B). This observation is similar to
the FovCWE-induced MAPK activation often peaked at 30 min in cotton leaves (Figure
13A,B), while the highest flg22 or chitin-induced MAPK activation peak is often observed
at 15 min after treatment. It remains possible that different complexes mediating FovCWE
and other PAMPs perception and signaling display different temporal dynamics of MAPK

activation and immune gene transcription reprograming.
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Other typical PAMP-induced defense responses include ethylene biosynthesis,
ROS burst, stomatal closure and root inhibition. Ethylene biosynthesis is believed to
regulate multiple PTI responses, including ROS production and expression of defense
genes, and it may play an important role against soil-borne fungal pathogens, including
Fo (Berrocal-Lobo and Molina, 2004; Bouchez et al., 2007; Kavroulakis et al., 2007; Yang
et al., 2017). ROS is known to regulate callose deposition for cell wall strengthening to
prevent pathogen entry, and to function as a signal molecule to regulate other responses
(Luna et al., 2011; Mittler and Blumwald, 2015). Interestingly, a ROS burst was reported
in Arabidopsis leaves treated with a cell wall preparation of F. oxysporum f.sp. matthioli
race 1 (Davies et al., 2006). Regulation of stomatal closure is also part of the first line of
defense against pathogen invasion to prevent the pathogen entry via stomata (Melotto et
al., 2006). Lastly, growth inhibition is thought to occur due to the growth-defense tradeoffs
in which there is prioritization towards either growth or defense (Gomez-Gomez et al.,
1999; Huot et al., 2014). The fact that FOCWE can activate all of the previous defense
responses in cotton and Arabidopsis (Figures 12 and 13) confirms that a PAMP within
FOCWE exists, and that it may be perceived in different plant species.

PAMPs can be used as a crop disease control strategy due to their ability to enhance
innate immune responses (ElI Hadrami et al., 2010). It has been reported that Fo47
functions as a biocontrol agent by inducing systemic resistance in tomato and flax, likely
by inducing the expression of pathogenesis-related genes (Aime et al., 2013; Duijff et al.,
1998; Olivain et al., 1995). In addition, Fo47 was reported to protect tomato and pepper

against Fusarium and Verticillium wilt, respectively (Fuchs et al., 1997; Veloso et al.,
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2016). We observed significant FovCWE protection against the bacterial pathogen Pst
DC3000 in Arabidopsis (Figure 14A), and against Fovl in cotton seeds (Figure 14C),
which is consistent with the previous reports. However, we did not see a protection in
Arabidopsis against B. cinerea (Figure 14B). These results are compelling because both
Fov and P. syringae are considered hemi-biotrophs, as they have a biotrophic stage early
in the infection process, while B. cinerea is considered a necrotroph due to the extensive
tissue damage and cell death observed at very early stages (Glazebrook, 2005; Warman
and Aitken, 2018). It would be interesting to study the overlap between FovCWE and
biotrophic/hemi-biotrophic pathogens perception and signaling.

To gain insights into the molecular mechanisms of FovCWE perception, we
measured PTI responses in Arabidopsis and cotton plants lacking some of the PRRs
involved in fungal immunity. The bacterial flagellin receptor FLAGELLIN-SENSITIVE
2 (FLS2) recognizes flg22 in Arabidopsis and heterodimerize with the co-receptor
AtBAKT1 after ligand perception (Li et al., 2016a; Ma et al., 2016). The formation of the
heteromeric complex then initiates intracellular signaling and defense responses by its
interaction with receptor-like cytoplasmic kinases. Unsurprisingly, the Arabidopsis fls2
mutant showed a nhormal FovCWE-induced MAPK activation, contrary to flg22, thus also
ruling out the possibility of flg22 contamination in our elicitor (Figure 15A). On the other
hand, the partially reduced MAPK activation observed in the Arabidopsis cerkl mutant
can be explained by the presence of chitin in our elicitor, as we know it is a component of
the fungal cell wall (Figure 15B, top). It is clear that chitin itself is not the only component

triggering PTI in Arabidopsis because no MAPK activation is observed in the cerkl
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mutant when using chitin (Figure 15B, bottom). This was later reaffirmed by the normal
FovCWE-induced ethylene biosynthesis in the Arabidopsis cerkl and lyk4/5 mutants,
which are defective in chitin perception (Figure 15G, top). AtBAK1 also plays a key role
in different plasma membrane-associated protein complexes important in immunity,
including RLPs involved in fungal resistance such as the Arabidopsis RLP23 and RLP30,
and the tomato Vel, Eix1 and Eix2 (Albert et al., 2015; Bar et al., 2010; Fradin et al.,
2011; Liebrand et al., 2013; Monaghan and Zipfel, 2012; Zhang et al., 2013). However,
we also observed normal FovCWE-induced MAPK activation in cotton plants with
silenced GhBAK1 (Figure 15D, bottom). Because AtSERK4 also plays a role in immunity
by association with immune receptors (Roux et al., 2011), we included the Arabidopsis
bakl/serk4 double mutant in the experiments. The normal FovCWE-induced MAPK
activation, ethylene biosynthesis, and root growth inhibition in the double mutant indicate
that AtBAK1 and SERK4 are not involved in its perception (Figure 15D, top; Figure 15E,
bottom; Figure 15F). Similar to BAK1, SOBIR1 has an important role as a kinase adapter
for RLPs involved in fungal defense, including the tomato Cf, Eix2 and Vel, and the
Arabidopsis RLP30 and RBPG1 (Liebrand et al., 2013). The normal FovCWE-induced
MAPK activation, ethylene biosynthesis, and root growth inhibition in the Arabidopsis
sobirl mutant (Figure 15C, top; Figure 15E, bottom; Figure 15F), and the normal
FovCWE-induced MAPK activation in cotton plants with silenced GhSOBIR1 (Figure
15C, bottom), indicates that SOBIR1 in not involved in FovCWE perception. We therefore

hypothesize that a specific FOCWE receptor exists in plants.
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The observation that FoOvCWE pre-treated with Proteinase K retains its capacity to
elicit MAPK activation in Arabidopsis seedlings cannot be used to rule out the possibility
that the immune-activating component within FovCWE is a protein (Figure 16A).
However, the result still serves to narrow the range of possibilities. Unfortunately, no
receptors have been found to perceive fungal ergosterol or the well-characterized
immunoactive polysaccharide B-glucan (Rodrigues et al. 2011; Yu et al. 2017), thus
mutants defective in ergosterol and glucan perception are not available to test in this
manner. Our results also suggest that the eliciting component within FovCWE is water
soluble (Figure 16B), which does not support the notion that the immune activating
component is a sterol. Similarly, B-glucan has low solubility in water, although
polysaccharides in general display a wide range of solubility characteristics (Han et al.
2008). Most polysaccharides are relatively heat stable, and the activity of FOvCWE was
also found to be stable at 95°C. Therefore, we cannot exclude the possibility that a
polysaccharide is the immune-activating component in FovCWE. While mycotoxins are
not well documented to activate this type of immunity, we can also not exclude the
possibility that the observed MAPK activation is induced by one of the many metabolites
produced by Fusarium species that may be contained within FovCWE such as apicidins,
fumonisins, moniliformins, and several others (Hansen et al., 2012; Waskiewicz et al.,
2010).

The taxon Fusarium oxysporum (Fo) is a highly diverse and widely dispersed
plant-pathogenic fungi with a large broad host range, infecting both monocotyledonous

and dicotyledonous plants (Ma et al., 2010). The pathogenic Fo isolates have been
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classified into more than 120 formae speciales (f. sp.) based on their host specificity
(Thatcher et al., 2012). The Fo infection process have been well-studied in tomato plants
and we know that F. oxysporum f. sp. lycopersici (Fol), the causal agent of tomato wilt,
can secrete a number of virulence effectors, known as Secreted In Xylem (SIX), in the
xylem sap of tomato plants to facilitate disease progression (Gawehns et al., 2015;
Houterman et al., 2007; Lievens et al., 2009; Ma et al., 2015; Rep et al., 2005). Virulence
effectors are proteins secreted by the pathogen to suppress PTI responses and cause
disease. We believe that Fov is also capable of secreting virulence proteins to manipulate
the host defense responses. On the other hand, it is possible that the protective Fo47 isolate
do not secrete virulent effectors, in contrast to the Fov isolates used in this study which
have different pathogenicity levels in cotton (Fuchs et al., 1997; Thatcher et al., 2012;
Ulloa et al., 2013b; Ulloa et al., 2011; Veloso et al., 2016). The hypothesis that the
different levels of pathogenicity in Fo isolates is determined by their ability to suppress
PTI responses is reaffirmed in our RNA-seq data in which we see an increase in
suppression of FovCWE-induced genes from three to five days post Fov infection.
Therefore, disease progression may be accompanied by higher transcriptional changes in

the host which are a result of pathogen hijacking of defense responses.
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4. CONCLUSIONS

We have studied the genetic and molecular basis of Fusarium oxysporum f. sp.
vasinfectum (Fov) interaction with cotton. On the plant side, we found several Receptor-
Like Proteins (RLPs) to be important in this interaction, as demonstrated with the
increased susceptibility in cotton plants when these RLPs were silenced. This is not
surprising, as we know that RLPs are important in immunity against fungal pathogens.
These results also validate the efficiency of our virus-induced gene silencing (VIGS)
screening, which can be used to get insights for other important pathways in cotton. Future
work should focus on further biochemical characterization of these RLPs to gain insights
about the biochemical pathways they belong to. In addition, it would be interesting to
study the interspecies transfer of RLPs to test if they can provide resistance to Fusarium
wilt in other crops.

On the pathogen side, our work demonstrated that at least one component of Fo
cell wall functions as a PAMP which can induce defense responses and transcriptional
reprograming in plants. Our data supports the idea of the evolution of Fov isolates to cause
disease by secreting virulence effectors to suppress defense responses. Future work should
focus on elucidating the mechanisms of FOCWE perception in plants and the identification
of virulence effectors across different Fo isolates. These findings will contribute towards
the understanding of the conserved and isolate-nonspecific features of Fo.

To conclude, our work provides knowledge that can facilitate efforts by plant

breeders and geneticists to produce durable resistance against Fusarium wilt.
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