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Abstract 

The powdery mildew disease, caused by fungal species in the Erysiphales, have great agriculture 

and economic importance. Plants evolved three types of responses  upon the mildew attack: 

penetration resistance, post-invasion resistance and susceptibility. Penetration resistance is 

achieved mainly through the formation of papillae underneath pathogen-attempted entry sites as 

a reinforcement of the cell wall. The depositions of callose, lignin and defense-associated protein 

PEN1 into papillae play important roles in penetration resistance. However, cellular mechanisms 

underlying the transport of these components to the apoplastic papillae are not clear. In this study 

I show that Arabidopsis form actin patches under invasion sites as one of the earliest cellular 

responses upon fungal attack. The formation of actin patches is regulated by actin-related protein 

(ARP)2/3 complex and its upstream activators, WAVE/SCAR regulatory complex (W/SRC). 

Furthermore, mutation of ARP2/3 complex subunit impairs the endocytosis of PEN1 and reduces 

the deposition of PEN1 into papillae. My data indicate that W/SRC-ARP2/3 pathway regulates 

the reorganization of the actin cytoskeleton during plant-fungi interactions and contributes to the 

penetration resistance. Using pharmacological, cellular and genetic approaches, I demonstrate 

that the temporal-spatial aggregation of monolignol biosynthesis enzyme towards penetration 

sites contributes to the papillary lignification and penetration resistance. The papillary 

lignification is a cell-autonomous process and is regulated by actin cytoskeleton and myosins. 

My results reveal that the lignification process in defense responses is distinct from the 

developmental lignification process in plants. After successful entering plant cells, compatible 

powdery mildews form haustoria for nutrients uptake and the haustoria are tightly enveloped by 

a highly modified extrahaustorial membrane (EHM). Little is known about the EHM biogenesis 

and identity. My results demonstrate that among the two plasma membrane phosphoinositides in 

Arabidopsis, PI(4,5)P2 is dynamically up-regulated at powdery mildew infection sites and 

recruited to the EHM, whereas PI4P is absent at the EHM. Furthermore, depleting PI(4,5)P2 in 

pip5k1 pip5k2 mutants inhibits fungal pathogen development, which does not due to the 

increased defense responses. My results reveal that plant filamentous phytopathogens recruit host 

PI(4,5)P2 to the EHM as a susceptibility factor for plant disease. 
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Chapter 1 Introduction 

1.1 Overview of plant-pathogen interactions 

Plants are sessile organisms that are continuously exposed to the attack of potential 

pathogens, such as bacteria, fungi and oomycetes. Unlike animals who have a circulatory system 

with mobile immune cells to detect non-self, plants have evolved a less complicated but highly 

specific innate immune system, termed cell-autonomous defense, to protect each cell against 

invaders (Ausubel, 2005; Spoel and Dong, 2012; Dormann et al., 2014). The plant innate 

immune system involves the preformed barriers, such as the cuticle and cell wall, and a series of 

induced responses, such as sensing non-self pathogen-associated molecular patterns (PAMPs), 

transcriptional reprogramming, synthesizing and delivering antimicrobial compounds, 

reinforcing cells walls, and triggering programmed cell death as the last resort (Thordal-

Christensen, 2003; Jones and Dangl, 2006). Perception of PAMPs initiates the PAMP-triggered 

immunity (PTI), which acts as a broad-range defense response to limit pathogen growth. 

Pathogens evolved effectors to suppress PTI, leading to the effector-triggered susceptibility 

(ETS). In response to the ETS, plants have evolved intracellular receptors to recognize pathogen 

effectors, activating the effector-triggered immunity (ETI), which often involves localized 

hypersensitive response (HR). The ETI can also be suppressed by newly evolved pathogen 

effectors, resulting in ETS. Both ETS and ETI can occur iteratively with multiple rounds that 

determine the final outcome of the plant-pathogen interactions (Jones and Dangl, 2006; Dodds 

and Rathjen, 2010; Nishimura and Dangl, 2010). 

In the zig-zag model described by Jones and Dangl (2006), PTI acts as the first layer of 

induced responses. On the external face of plant plasma membrane (PM), receptor proteins 

called pattern recognition receptors (PRRs) recognize the conserved microbial elicitor PAMPs, 

leading to the PTI (Boller and Felix, 2009). PAMPs are typically essential components of 

pathogens, such as bacterial flagellin or fungal chitin. In the host cell, PRRs also respond to 

endogenous molecules called danger-associated molecular patterns (DAMPs), which are 

generated from the degradation of cuticle and cell wall during pathogen invasion. The 

PAMP/DAMPs include proteins, carbohydrates, lipids and small molecules (Boller and Felix, 

2009). All known PRRs fall into two classes — transmembrane receptor kinases and receptor-

like proteins, and are distinguished by their domain structure. For example, receptor-like proteins 

lack any apparent internal signaling domain (Zipfel, 2008). 
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 Successful pathogens deploy ‘effector’ proteins to suppress PTI responses and thereby 

cause disease. Individual pathogenic bacterial strains encode 15-30 effectors, and deliver them 

directly into the host cytosol by a dedicated Hrp pilus structure through the type-III secretion 

system (TTSS) (He and Jin, 2003; Cunnac et al., 2009). Both fungal and oomycete pathogens 

produce hundreds of effectors that are secreted through the pathogen endomembrane system and 

are subsequently delivered into host cells likely through the haustoria or invasive hyphae 

(Kamoun, 2007; Panstruga and Dodds, 2009). For example, apoplastic effectors of both 

Magnaporthe oryzae and Phytophthora infestans are secreted to and accumulated in the 

extrainvasive hyphal matrix (EIHMx) via the conventional Golgi-dependent, BFA-sensitive 

secretion pathway, whereas cytoplasmic effectors are secreted through a nonconventional, BFA-

resistant pathway via the exocyst complex. (Khang et al., 2010; Giraldo et al., 2013; Wang et al., 

2017) Most oomycete effectors contain an internal RXLR motif, and the genome of 

Phytophthora infestans contains more than 563 RXLR effector genes (Haas et al., 2009)  

Effectors that enable pathogens to suppress PTI are intracellularly recognized by host 

receptors and lead to the ETI, which is the second layer of induced responses in the zig-zag 

model (Jones and Dangl, 2006). Most receptor proteins contain nucleotide-binding (NB) 

domains and leucine-rich repeat (LRR) motif (Boller and Felix, 2009). The NB-LRR proteins 

confer plant the resistance to diverse biotic invasions, including bacteria, fungi, oomycetes, 

viruses and insects. Among those NB-LRR proteins, one class also contains an N-terminal TIR 

(Toll, Interleukin-1 Receptor) domain related to the intracellular signaling domain of well-

characterized animal Toll-like receptors, while another class contains a coiled-coil domain (Gay 

and Gangloff, 2007). NB-LRR proteins recognize pathogen effectors either directly by physical 

association or indirectly through an intermediate protein. The NB-LRR is a conserved 

multidomain switch that translates all direct or indirect pathogen signals into a general immune 

response (Collier and Moffett, 2009). Both PTI and ETI induce a number of cellular events, 

including rapid calcium and iron fluxes, production of reactive oxygen species (ROS), activation 

of mitogen-activated protein kinases (MAPKs), transcriptional induction of pathogenesis-related 

(PR) genes, and deposition of cell wall appositions at attempted infection sites. The gene 

expression profiles elicited by PTI and ETI are largely similar, indicating that these two 

responses are the same overall, but vary in magnitude (Tao et al., 2003). Both PTI and ETI 

induce salicylic acid (SA) and jasmonic acid (JA)-ethylene (ET) hormone pathways, which 
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subsequently regulate the defense-gene expression (Bari and Jones, 2009). The SA pathway is 

mainly involved in resistance against biotrophic pathogens, while the JA-ET pathway is involved 

in responses against necrotrophic pathogens. However, although the gene expression profiles of 

these pathways are substantially different, they also act synergistically in PTI to amplify the 

responses (Bari and Jones, 2009). 

 

1.2 Cellular interactions between host plants and biotrophic powdery mildew and 

hemibiotrophic Colletotrichum 

1.2.1 Host-powdery mildew interactions 

1.2.1.1 Powdery mildew development 

Powdery mildews are widespread phytopathogenic fungi, and cause significant yield 

losses and product quality reductions to many economically important crop and ornamental 

plants, including barley, wheat, legumes, apple, tomato and roses (Glawe, 2008; Dean et al., 

2012; Kuhn et al., 2016). Worldwide, approximately 500 powdery mildew species in 18 genera 

are able to infect more than 10,000 plant species in 44 orders of angiosperms (Takamatsu, 2004). 

Powdery mildew diseases are caused by ascomycetous fungi in the Erysiphales. Most powdery 

mildew species grow epiphytically, and the only fungal structures present within plant tissue are 

the intracellular haustoria which are localized to leaf epidermal cells.  

For most powdery mildew species, infection arises when a conidium germinates and 

develops a germ tube within one or two hours after attaching to the plant surface. The conidium 

produces an appressorium at its tip at about six hours post inoculation (hpi). During 6-10 hpi, the 

appressorium develops a long, thin penetration peg that breaches the epidermal cell. After 

successful penetration of the cuticle and cell wall, the end of the penetration peg forms a 

haustorium as a swollen, elongated sac with a smooth surface (10-14 hpi). The haustorium body 

matures and becomes enlarged with protruding lobes (about 14-24 hpi). Once the haustorium is 

successfully established, secondary hyphae emerge from the conidium or the appressorial germ 

tube. Finally, the secondary hyphae form new appressoria to penetrate nearby epidermal cells. 

The mature haustorium formed by barley powdery mildew Blumeria graminis f. sp. hordei (Bgh) 

on barley leaves typically composes of a globular haustorial body with a bipolar arrangement of 

long finger-like haustorial lobes (Hippe, 1985; Kwaaitaal et al., 2017). The mature haustorium 

formed by cucumber powdery mildew Erysiphe (syn. Golovinomyces) cichoracearum (Ec) on 
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Arabidopsis leaves typically contains a long elliptic haustorial body with numerous small 

protrusions coiled around the main body (Micali et al., 2011; Kuhn et al., 2016). The haustorium 

is separated from the host cytoplasm by the extrahaustorial membrane (EHM) that tightly 

envelops the haustorium, and the amorphous, gel-like extrahaustorial matrix (EHMx) (Fig 1.1). 

The protraction of lobes from the central body forces the EHMx and the EHM to be irregularly 

shaped, which makes them easily distinguished from the linear fungal cell wall and host 

tonoplast under confocal microscopic examination (Koh et al., 2005; Wang et al., 2009). 

Analysis of powdery mildew pathosystems using electron microscopy has established the 

continuity of the EHM with host PM, which strongly suggests that the EHM is plant-derived, 

despite earlier cytological studies indicating that the host PM and EHM have some distinct 

structural and compositional characteristics (Gil and Gay, 1977; Micali et al., 2011). The EHM is 

thicker and more convoluted than the normal plasmalemma adjacent to the cell wall, especially 

in the region near the haustorial neck (Micali et al., 2011). In addition, the EHM tightly attaches 

to the haustorial neckband, which acts as a diffusion barrier separating the EHMx from the host 

apoplast (Gil and Gay, 1977; Berkey et al., 2017). Consistent with the original TEM results, 

recent cytological studies found that in Arabidopsis eight host PM-localized proteins, such as 

LTI6a, LTI6b, PIP2a, AtVAMP3, SIMIP, PIP1b, Tub6a and BRI1, are excluded from the EHM of 

Ec (Koh et al., 2005; Micali et al., 2011). Under examination via the confocal microscope, these 

PM markers exhibit a continuous smooth line coincidental with the PM. However, after haustoria 

mature, none of these proteins localize to the EHM. The PEN1 and PEN3 are well-known 

penetration resistance-related proteins, both of which are deposited into the encasement at the 

bottom of the haustoria, but are not present in the EHM. Furthermore, other PM-resident proteins 

such as arabinogalactan proteins (AGPs) and non-AGP glycoproteins are also absent from the 

EHM of G. orontii (Micali et al., 2011). Although confocal images suggest the small GTPase 

ARA6 (Inada et al., 2016b),  Sar1 and RabD2a (Kwaaitaal et al., 2017) are likely present in the 

EHM, their localization still needs to be confirmed by more parallel methods, such as immune-

gold TEM or immuno-fluorescence microscopy. Interestingly, the only known protein whose 

localization in the EHM has been confirmed by immune-gold TEM is the atypical R protein 

RPW8.2 (Resistance to Powdery Mildew) (Wang et al., 2009). However, RPW8.2 is not a 

representative PM protein, since it does not localize to the PM before or after powdery mildew 

attack (Wang et al., 2009; Kim et al., 2014). These results suggest that the protein constituents of 
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the EHM are distinct from the host PM. FM4-64 is a lipophilic probe that is extensively used to 

label the endocytic intercellular trafficking compartments (Bolte et al., 2004). Berkey and co-

workers found FM4-64 clearly labels the PM within five min, whereas no signal is detected in 

the EHM after 45 min of incubation, when all endosomal compartments are labeled (Berkey et 

al., 2017). Based on this result, they concluded that there is little to no lateral diffusion or 

endocytic trafficking from the PM to the EHM and hence that the lipid and proteins of the EHM 

are targeted via exocytosis (Berkey et al., 2017). 

 

Figure 1.1 Diagram showing the haustorial complex of Erysiphe cichoracearum and its 
association with a leaf epidermal cell of Arabidopsis. 
PM, plasma membrane; en, encasement; EHM, extrahaustorial membrane; Tn, tonoplast; N, 
nucleus. 
 

 

1.2.1.2 Penetration resistance 

Through the multiple steps of both adapted and non-adapted powdery mildew 

development, hosts have three types of responses: pre-invasion resistance, as known as 

penetration resistance; post-invasion resistance which is normally associated with hypersensitive 

response-induced cell death, and susceptibility.  

The penetration resistance is defined as the ability of the plant to prevent invasion 

(penetration) by fungal infection structures, such as penetration peg. Three main strategies are 

employed by plants for penetration resistance: inhibiting cell wall-degrading enzymes (CWDEs) 
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secreted by pathogens, secreting antimicrobial components to kill potential intruders, and 

forming cell wall appositions (CWAs; papillae) as a reinforcement of cell wall at pathogen-

attempted penetration sites (Hückelhoven, 2007). The main structural components of papillae are 

callose and phenolics (lignin or lignin-like phenolic conjugates). In addition, papillae also 

contain reactive oxygen species (ROS), peroxidases, antimicrobial components (phytoalexins), 

cell wall structural proteins such as arabinogalactan proteins and hydroxyproline-rich 

glycoproteins and other cell wall polymers (such as cellulose, pectin and xyloglucans) (Zeyen et 

al., 2002; An et al., 2006; Underwood, 2012). Recent forward genetic analyses have already 

characterized several penetration resistance-related proteins, including PENETRATION 1 

(PEN1), PEN2 and PEN3 (Collins et al., 2003; Lipka et al., 2005; Stein et al., 2006). PEN1 

encodes an Arabidopsis syntaxin (SYP121), which is required for the fusion of vesicle 

membrane with PM, with partner proteins soluble N-ethylmaleimide-sensitive factor adaptor 

protein 33 (SNAP33) and vesicle-associated membrane protein 721/722 (VAMP721/722) (Kwon 

et al., 2008) and plays an indispensable role in the timely assembly of papillae (Assaad et al., 

2004). PEN2 encodes a deduced family 1 glycosyl hydrolase (F1GH) while PEN3 encodes an 

ATP (adenosine triphosphate)-binding cassette (ABC) transporter (Lipka et al., 2005; Stein et al., 

2006). Further works indicated that PEN2 catalyzes the hydrolysis of 4-methoxyindol-3-

ylmethylglucosinolate (4MI3G) while PEN3 transports the hydrolytic products generated by 

PEN2 cross PM to the apoplastic region (Stein et al., 2006; Bednarek et al., 2009).  

1.2.1.3 Post-invasion resistance 

In the non-compatible interactions, most invasions are blocked by the penetration 

resistance. if some lucky ones overcome penetration resistance, they would be blocked by the 

post-invasion resistance. In this circumstance, hypersensitive response-induced cell death is 

induced to restrict haustoria formation and post-haustorial fungal development. Systematic 

analyses with multiple mutant combinations revealed that post-invasion resistance against 

powdery mildew is controlled by Enhanced susceptibility 1 (EDS1) and its interaction partners 

Phytoalexin-deficient 4 (PAD4) and Senescence-associated gene 101 (SAG101) (Lipka et al., 

2005; Stein et al., 2006). These lipase-like proteins constitute a central regulatory node 

controlling the accumulation of salicylic acid and other defense molecules to drive induced 

resistance and connecting receptor-mediated pathogen effector recognition to downstream 

defense activation. (Feys et al., 2005; Pieterse et al., 2012). Single Arabidopsis mutants for 
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EDS1, PAD4 and SAG101 have no significant difference on penetration resistance to powdery 

mildews. However, at successful penetration sites  of the triple mutant plant, the hypersensitive 

response is less frequent and permits a sustained epiphytic fungal growth and even microcolony 

formation of barley powdery mildew Bgh and pea powdery mildew Erysiphe pisi (Ep) (Lipka et 

al., 2005; Stein et al., 2006). Intriguingly, resistance to Ep, but not to Bgh, could be fully 

compromised on Arabidopsis pen2 pad4 and pen3 eds1 double mutants. Furthermore, on pen2 

pad4 sag101 triple mutants, Bgh has the ability to generate conidiophore, whereas Ep is capable 

of forming macroscopically detectable phenotype. The evidence that removal of only three genes 

is sufficient to make the dicot Arabidopsis a fully susceptible host plants for the non-adapted 

dicot pea powdery mildew and allows the monocot pathogen Bgh to complete its lifecycle 

suggests that both non-adapted dicot and monocot pathogens do not lack any principal 

components to establish the complex biotrophic interactions and to complete their lifecycles on 

non-host dicot Arabidopsis. The quantitative differences in virulence between full-adapted 

Erysiphe cruciferarum, non-adapted Ep and non-host Bgh on Arabidopsis possibly reflect the 

different evolutionary distance and effector complement relatedness between these three species. 

Arabidopsis lines disrupted in the SA metabolism/signaling pathways, either by gene mutations 

such as sid2 (Salicylic acid induction deficient 2) and npr1 (Nonexpressor of PR genes 1) or by 

expression of a bacterial gene NahG to degrade SA molecule in Arabidopsis, display enhanced 

susceptibility against powdery mildews (Consonni et al., 2006). 

1.2.1.4 Susceptibility reactions 

The non-adapted powdery mildews cannot overcome both penetration and post-invasion 

resistance and form colonies on hosts. For compatible interactions, such as the Arabidopsis-- Ec, 

although some invasions are still blocked either by the penetration resistance or by the post-

invasion resistance, most invasions are able to circumvent or avert host immunity and generate 

conidiophores. In contrast to necrotrophic and hemibiotrophic fungal and oomycete pathogens, 

obligate biotrophs including powdery mildews are entirely dependent on living plant tissue for 

their growth and propagation. The establishment and maintenance of biotrophic infection stages 

involve the formation of specialized haustoria, which are critical for nutrition uptake and effector 

translocation. Haustoria are the determinate branches of intracellular, intercellular, or epicuticular 

hyphae inside the penetrated cell (Perfect and Green, 2001). However, haustoria are not truly 

intracellular since they are separated from the host cytoplasm by the EHM and the EHMx. It was 
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suggested that haustoria might serve as feeding organs or contribute to the establishment and/or 

maintenance of compatibility (Spencer-Phillips, 1997; Szabo and Bushnell, 2001; Voegele et al., 

2001). Functional characterization based on a haustorium-specific cDNA library revealed that 

rust hexose transporter HXT1p specifically localizes along the haustorial PM and was 

hypothesized to transport the D-glucose and D-fructose as the main carbohydrates from host 

cells into rust haustoria (Voegele et al., 2001). 

The obligate biotrophic pathogens have to overcome, suppress or bypass host defense 

response to complete their life cycle and exploit the host cell’s molecules to establish/maintain 

the biotrophic stage. Some specific host genes, termed compatibility or susceptibility factors, 

are found to be crucial for the successful pathogenesis during compatible interactions, and lack 

of these host genes results in an incompatibility for the compatible plant-pathogen interactions 

(Vogel and Somerville, 2000; Lapin and Van den Ackerveken, 2013). Genetic analysis of 

resistant lines in natural populations and induced mutations have revealed single recessive 

resistance loci that confer resistance to the powdery mildews in a wide range of plant species. 

They include loci mlo genes in barley (Buschges et al., 1997), er-1 gene in pea (Tiwari et al., 

1997), pmr and edr genes in Arabidopsis (Frye and Innes, 1998; Vogel and Somerville, 2000).  

A functional Mildew resistance locus o (Mlo) copy is a prerequisite for basal 

compatibility of barley-Bgh. In mol mutant plants, the resistance is caused by the rapid 

formation of large papillae at the encounter sites preventing penetration and the delayed 

mesophyll cell death (Jørgensen, 1992; Wolter et al., 1993; Piffanelli et al., 2002). The delayed 

cell death separates mlo-resistance apart from the rapid hypersensitive response (HR)-

associated R gene-mediated resistance (ETI). The wildtype MLO proteins are predicted to 

function as a negative regulator that suppresses plant defenses/senescence in uninfected tissues, 

and is possibly exploited by powdery mildew for suppressing defense (Stein and Somerville, 

2002; Panstruga and Schulze-Lefert, 2003). Inside 15 MLO genes in Arabidopsis, MLO2 is the 

key gene to control the penetration success of powdery mildew with the help of MLO6 and 

MLO12. The mlo2 single mutant exhibits mild penetration resistance while mlo6 and mlo12 

single and double mutants do not display any resistance, but they gradually increase resistance 

on mlo2, and the mlo2 mlo6 mlo12 triple mutant appears fully resistant (Consonni et al., 2006). 

The powdery mildew resistant (pmr) mutants in Arabidopsis constitute six recessive 

loci, pmr1 to pmr6, which display enhanced resistance to the compatible powdery mildew Ec 
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without constitutive accumulation or infection-induced elevated levels of PR1 or PDF1.2 

(Vogel and Somerville, 2000). All pmr mutants exhibit unchanged penetration resistance but 

enhanced post-invasion resistance, and result in reduced mycelial growth and conidiophore 

formation of the adapted powdery mildew fungi Golovinomyces (syn. Erysiphe) cichoracearum 

(Gc or Ec) and Golovinomyces (syn. Erysiphe) orontii (Go). The pmr2 is allelic to MLO2, 

which encodes an integral membrane protein of unknown functions (Consonni et al., 2006). 

PMR4 (GSL5 or CALS12) encodes a wound- and pathogen-associated callose synthase. The 

resistance in pmr4 against adapted pathogens is likely the result of triggering the SA pathway 

by sensing the lack of either PMR4-synthesized callose or the PMR4 protein (Jacobs et al., 

2003; Nishimura et al., 2003). PMR5 belongs to a large family of plant-specific genes with 

unknown function, and pmr5 mutants display enriched pectin but reduced pectin modification 

in the cell wall (Vogel et al., 2004). The PMR6 encodes a glycosyl-phosphatidyl-inositol (GPI)-

anchored pectate-lyase-like protein, and pmr6 mutants exhibit increased pectin and uronic acid 

(Vogel et al., 2002).  

The enhanced disease resistant (edr) mutants constitute four recessive loci, edr1 to 

edr4. All four mutants exhibit late-acting resistance at 5 to 8 days post-inoculation with 

accelerated mesophyll cell death and either reduced or absent conidiophore formation of 

adapted powdery mildew (Frye and Innes, 1998; Tang et al., 2005, 2006; Vorwerk et al., 2007; 

Wu et al., 2015). All edr-mediated resistance is SA-dependent and JA-independent. EDR1 

encodes a CTR1-like MAP kinase kinase kinase (MAPKKK) and acts as a negative regulator of 

programmed cell death (Frye et al., 2001; Serrano et al., 2014). EDR2 encodes a mitochondrial 

protein with a pleckstrin homology (PH) domain and a steroidogenic acute regulatory protein-

related lipidtransfer (START) domain. Mutations in AGD2-like defense response protein 1 

(ALD1) suppress both edr2- and edr1-meditaed powdery mildew resistance, but could not 

suppress the edr1 edr2 double mutant phenotype (Nie et al., 2011). EDR3 encodes the 

dynamin-related protein 1E (DRP1E), and edr3-mediated resistance is caused by DRP1E being 

locked in the GTP-bound state, rather than loss of DRP1E activity (Tang et al., 2006). EDR4 

encodes an unknown function protein, and physically interacts with EDR1, recruiting EDR1 to 

the fungal penetration site (Wu et al., 2015). 

1.2.2 Host-Colletotrichum interactions 

Anthracnose diseases are caused by the genus Colletotrichum (order: Glomerellales, 
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phylum: Ascomycota). Colletotrichum species utilize two strategies to complete their infection 

process: subcuticular intramural colonization (e.g. C. truncatum and C. circinans) or intracellular 

colonization (e.g. C. lindemuthianum, C. graminicola, C. destructivum and C. higginsianum) 

(Bailey et al., 1992; Perfect et al., 1999; Ranathunge et al., 2012). The initial infection steps are 

very similar for the two strategies. After attaching to plant surface, the conidium (asexual spore) 

germinates and forms a short germ tube that differentiates into a dome-shaped, melanized 

appressorium. From the underside of the appressorium, a penetration hypha emerges and pierces 

the plant cuticle 12 to 24 hpi. Most Colletotrichum species exhibit the strategy of intracellular 

colonization, although the length of the biotrophic stage is variable. After breaking through the 

cuticle, the penetration hypha further penetrates the epidermal cell wall by the turgor-generated 

mechanical force and lytic enzyme secretion (Bechinger et al., 1999; Deising et al., 2000). Inside 

epidermal cells, the penetration hypha swells to form a multi-lobed infection vesicle and bulbous 

primary hyphae, both of which are invaginated into the host PM. In the case of C. higginsianum 

and C. destructivum, the bulbous primary hyphae and the biotrophic phase are constricted inside 

one infected epidermal cell. Approximately 48 hpi, the infected epidermal cells die and the thin 

secondary hyphae develop from the tips of primary hyphae and invade adjacent cells, killing all 

cells ahead of infection, and the biotrophic phase switches to a completely necrotrophic phase 

(Bailey et al., 1992; Perfect et al., 1999; O'Connell et al., 2012). In the case of C. graminicola, C. 

orbiculare and C. lindemuthianum, the primary hyphae are less bulbous and can spread from the 

first infected epidermal cell to several adjacent epidermal and mesophyll cells, and the biotrophic 

phase can be reestablished in several cells during early infection. About 12 to 24 hours after 

penetration by primary hyphae, the initially infected cells die and thin secondary hyphae form 

within these cells whereas the primary hyphae continue to spread and colonize living host cells, 

which means that the biotrophic and necrotrophic phases exist simultaneously at the later 

infection stage of these species (O'Connell et al., 1985; Wharton et al., 2001; O'Connell et al., 

2012).  

The C. lindemuthianum usually forms septa to separate the infection hyphae, infection 

vesicles, primary hyphae and secondary hyphae. During the early biotrophic stage, the 

invaginated extrainvasive hyphal membrane (EIHM) surrounding the infection vesicle and newly 

formed primary hyphae and the uninvaginated wall-lining PM have the same thickness, the same 

staining reaction with lead citrate and phosphotungstic acid, and the identical adenosine 
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triphosphatase activity, which indicates the appearance of EIHM is unaltered during the early 

infection stage (O'Connell et al., 1985; O'Connell, 1987). The EIHMx around the infection 

vesicle and primary hyphae varies in thickness and continues to the plant apoplast. At the later 

biotrophic stage when the primary hyphae grow into adjacent epidermal and cortical cells, the 

tonoplast and the EIHM of the initially infected cell rupture into fragment whereas the EIHMx is 

absent from the primary hyphal surface after the EIHM breaks. The secondary hyphae display 

little or no constrictions where they pass from one dead cell to the neighboring dead cell, and 

neither EIHM nor EIHMx layer surrounds these secondary hyphae (O'Connell et al., 1985). A 

comprehensive inventory of C. higginsianum effector candidates (ChEC) have shown the 

expression of most biotrophy-associated ChEC genes are significantly upregulated in planta and 

those effector genes are expressed in series of successive waves that are tightly associated with 

the pathogenic transitions, which suggests the C. higginsianum secret distinct effectors at each 

infection stage (Kleemann et al., 2012). Expression analysis of 17 selected ChECs suggests that 

these effectors are secreted in four orchestrated waves in planta: (1) expressed only in 

appressoria before penetration; (2) continuously expressed in appressoria before and after 

penetration and primary hyphae; (3) expressed only in appressoria after penetration and primary 

hyphae; (4) expressed during the switch from biotrophy to necrotrophy. One wave 2 effector, 

ChEC3, and three wave 3 effectors, ChEC13, ChEC34 and ChEC89, were found to accumulate 

in the EIHMx surrounding the primary biotrophic hyphae and in the apoplast of the infected cell 

near infection sites. Moreover, the fluorescent signal could be detected in the enlarged apoplastic 

space after plasmolysis, which suggests the EIHMx of Colletotrichum is continuous with the host 

apoplast. TEM ultrastructural images have shown the materials of EIHMx are accumulated into 

several microdomains called interfacial bodies, which are intensely labeled by those effectors. 

These findings indicate that the Colletotrichum EIHMx, especially the interfacial bodies, plays 

an important role in effector function.  

 

1.3 Lignification and its function in plant defense 

 As the second most abundant terrestrial biopolymer after cellulose, lignin is a complex 

phenolic polymer deposited directly in plant secondary cell walls, impregnating the cellulose and 

hemicellulose matrix to confer plants the strength, rigidity and hydrophobicity (Boerjan et al., 

2003; Bonawitz and Chapple, 2010). Lignin is highly resistant to both mechanical disruption and 
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enzymatic degradation, imparting plants not only the capacity to withstand the force of gravity 

and mechanical stress, but also the physical and chemical defense against herbivores and 

pathogens. Lignin is mainly deposited directly in specialized cells of various tissues/organs of 

the plant, including xylem vessels, fibers and sclereids, which is generated by radical coupling of 

hydroxycinnamoyl alcohols (monolignols) (Boerjan et al., 2003). The p-coumaryl, coniferyl and 

sinapyl alcohols are the three most abundant monolignols and are converted to p-hydroxyphenyl 

(H), guaiacyl (G), and syringyl (S) units upon incorporation into the lignin polymer. However, 

lignin content, as well as monomer composition and inter-unit linkage distribution, varies 

substantially among species, cell type, developmental stage and environmental stimuli 

(Terashima et al., 2012). Most  gymnosperm lignin contains mainly G units with minor H units 

but lacks S units, whereas most angiosperms lignin contains S and G units (Boerjan et al., 2003). 

In addition, lignin coupling is not only restricted to the three canonical lignin monomers but also 

incorporates other unusual phenylpropene molecules, such as ferulates, hydroxycinnamic acid, 

aldehydes, coniferyl and sinapyl acetate or coumarate (Boerjan et al., 2003; Morreel et al., 2004; 

Grabber et al., 2010; Morreel et al., 2010). The lignification process consists of three steps: 

biosynthesis of monolignols on ER surface and/or in the cytosol, transport of monolignols from 

the cytosol to the apoplastic space, and eventually oxidative polymerization of monolignols 

within the cell wall.  

1.3.1 Phenylpropanoid pathway and biosynthesis of monolignols 

Monolignols are derived from phenylalanine through the general phenylpropanoid 

pathway.,The phenylpropanoid pathway also synthesizes other hydrophobic polymers, including 

cutin, suberin, sporopollenin, and a set of small molecular metabolites, such as flavonoids, 

hydroxycinnamic acids/esters, lignans, tannins and stilbenes (Bonawitz and Chapple, 2010; 

Umezawa, 2010). Monolignol synthesis requires a series of reactions, including deamination, 

hydroxylation at one, two, or three positions of the aromatic ring, methylation and two 

successive reductions. These reactions are catalyzed by the following enzymes: phenylalanine 

ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), 

ferulate 5-hydroxylase (F5H), p-coumaroyl shikimate 3’ hydroxylase (C3’H), 

hydroxycinnamoyl-CoA shikimate:quinate hydroxycinnamoyl-transferase (HCT), caffeoyl-CoA 

3-O-methyltransferase (CCoAOMT), cinnamoyl-CoA reductase (CCR), caffeic acid/5-

hydroxyferulic acid O-methyltransferase (COMT), and cinnamyl alcohol dehydrogenase (CAD) 
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(Dixon et al., 2001; Humphreys and Chapple, 2002; Fraser and Chapple, 2011) (Fig 1.2). The 

synthesis of p-coumaryl alcohol (H unit) requires only five enzymes (PAL, C4H, 4CL, CCR and 

CAD), while coniferyl alcohol (G unit) synthesis needs additional three enzymes (HCT, C3’H 

and CCoAOMT) and the synthesis of sinapyl alcohols (S unit) needs all ten enzymes. It was 

hypothesized that those enzymes compose one or more multi-enzyme complexes anchored on 

microsomal membranes, involving the physical organization of successive enzymes (Winkel, 

2004). Of those enzymes, three cytochrome P450-dependent monooxygenases (P450), C4H 

(CYP73A5), C3’H (CYP98A3) and F5H (CYP84), were predicted to be the core enzymes 

organizing these multienzyme complexes and anchoring themselves to the cytoplasmic surface of 

endoplasmic reticulum (ER) by their N-terminal hydrophobic signal-anchor sequences (Chapple, 

1998). By anchoring on the fluid ER membrane, Such multi-enzyme complexes are highly 

flexible systems that can rapidly and economically response to new physiological needs, 

entrapping unstable or toxic intermediates and controlling flux direction among different branch 

pathways (Winkel, 2004; Omura, 2010).  
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Figure 1.2 General phenylpropanoid metabolism in Arabidopsis. 
PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:CoA 
ligase; HCT, hydroxycinnamoyl-CoA shikimate:quinate hydroxycinnamoyl-transferase; C3’H, p-
coumaroyl shikimate 3’ hydroxylase; CCoAOMT, caffeoyl CoA 3-O-methyltransferase; CCR, 
cinnamoyl-CoA reductase; F5H, Ferulate 5-hydroxylase; COMT, caffeic acid/5-hydroxyferulic 
acid O-methyltransferase; CAD, Cinnamyl alcohol dehydrogenase. 
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1.3.2 Transportation and polymerization of monolignols 

The monolignol biosynthesis occurs within the protoplast, whereas lignin polymerization 

appears only at the cell wall (in the apoplast space). Three different models were suggested for 

the transport of monolignols across the PM, including passive diffusion, vesicle-mediated 

exocytosis and active transport through ABC transporters (Miao and Liu, 2010; Alejandro et al., 

2012; Liu, 2012). The in vitro partitioning of lignin monomers into the model membranes by 

immobilized liposome chromatography suggests a possible passive diffusion mechanism for 

lignin precursors, (Boija and Johansson, 2006; Boija et al., 2007), although this mechanism 

unlikely play a major role in the transport of monolignols (Miao and Liu, 2010). The vesicle-

associated secretion of monolignols was initially supported by the observation of radiolabeled 

phenylalanine in the Golgi-like structures in the developing xylem tracheary elements (TEs) of 

wheat coleoptiles (Pickett-Heaps, 1968). However, treatment with the protein synthesis inhibitor 

cycloheximide eliminates the radiolabel in the Golgi, but not in the secondary wall, which 

strongly suggests that Golgi signal could be attributable to protein synthesis, rather than transport 

of monolignols (Kaneda et al., 2008). Biochemical study demonstrates that the glycosylation 

status determines the monolignol transport and subcellular compartmentation and suggests that 

coniferyl alcohol (the aglycone form) is transported into the cell wall across the PM in an ATP-

dependent process by an ABC transporter, whereas coniferin (the glycosylated form of coniferyl 

alcohol) is transported into the vacuole for storage (Miao and Liu, 2010). The AtABCG29 

protein in Arabidopsis is a candidate for the ABC transporters, which is localized in the PM and 

involved in p-coumaryl alcohol transport (Alejandro et al., 2012). Furthermore, this gene is co-

regulated with phenylpropanoid gene expression and is expressed in lignin-containing organs and 

tissues. The ATP-dependent transport activity of coniferin commonly requires the assistant of 

proton/coniferin antiporter on the tonoplast and endomembrane (Tsuyama et al., 2013). 

According to the lignifying cell types, the lignification processes during xylem formation are 

categorized as cell-autonomous and non-cell-autonomous processes (Pesquet et al., 2013; Smith 

et al., 2013). During the developing of parenchyma cells into fibers, the lignification of 

secondary cell wall occurs while the lignifying cells are still alive and terminate soon after cell 

death. In this scenario, the parenchyma cells control their own lignification process and utilize 

the monolignols produced by themselves (Smith et al., 2013). By contrast, after rapid 

programmed cell death, tracheary elements lose the viability to synthesize monolignols and 
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require the neighboring parenchyma cells producing monolignols to fulfill the lignification 

process. This postmortem lignification of tracheary elements into vessel is considered as non-

cell-autonomous lignification (Pesquet et al., 2013; Smith et al., 2013). The formation of 

Casparian strip of endodermal cells also requires cell-autonomous lignification (Alejandro et al., 

2012). 

The formation of lignin polymers occurs directly in the cell wall through the oxidative 

radical coupling of secreted lignin monomers, probably catalyzed by H2O2-associated type III 

peroxidases and O2-associated laccases and/or other phenol-oxidoreductase enzymes 

(Sterjiades et al., 1992; Ralph et al., 2004). The Arabidopsis peroxidase PRX66 is specifically 

expressed in root tracheary elements, and the protein ZPO-C in Zinnia elegans, a homologous 

to PRX66, is localized in secondary cell walls of tracheary elements illustrated by 

immunogold, and its recombinant protein exhibits a strong activities oxidizing coniferyl 

alcohol (Sato et al., 2006). Arabidopsis mutants prx2, prx25 and prx71 exhibit decreased total 

lignin content and increased arylglycerol-β-aryl (β-O-4) syringyl units without severe growth 

defects (Shigeto et al., 2015), while prx72 mutant has reduced total lignin level and lower 

syringyl unit (Herrero et al., 2013). Besides that, The lignification of endodermal Casparian 

strip is significantly reduced in root endodermis when silencing arabidopsis PRX64 (Lee et 

al., 2013). Laccases are a group of multicopper oxidase with an N-terminal peptide signal 

guiding the protein through the secretory pathway (McCaig et al., 2005). Laccases can directly 

oxidize all types of monolignols by using O2 to generate dehydrogenation polymers. 

Arabidopsis mutant lac15 dispalys a significantly reduced capacity to oxidize coniferyl alcohol 

(Cai et al., 2006), while double mutants lac4 lac17 exhibit reduced G lignin units (Berthet et 

al., 2011). Arabidopsis laccase-4 is localized in the cambium, xylem parenchyma and 

interfascicular fibres, while laccase-17 is targeted to the secondary cell walls of xylem vessels 

and stem interfascicular fibers (Berthet et al., 2011; Schuetz et al., 2014). 

1.3.3 Roles of lignification in plant disease resistance 

Phenylpropanoid compounds, functioning as signaling molecules, phytoanticipins and 

phytoalexins, play important roles in resistance to microbial attack (Dixon et al., 2002; 

Naoumkina et al., 2010). As a major branch of phenylpropanoid metabolism, lignin content has 

long been recognized as an important factor in the complex resistance of plants against potential 

pathogens. Lignin is extremely resistant to water and to cell wall-degrading enzymes secreted by 
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microbe and thus is supposed to be the most effective physical barrier against fungal penetration 

(Ride, 1983). In addition to function as a preformed physical and chemical barriers to block 

microbial penetration and mechanical damage, induced lignification/lignin deposition has also 

been proposed as an active defense of plants to pathogens (Hijwegen, 1963; Vance et al., 1980; 

Dixon and Paiva, 1995).  

Induction of monolignol biosynthesis genes by pathogen infection has been reported in 

numerous plant-microbe interactions, such as wheat - powdery mildew Bgh (Bhuiyan et al., 

2009), spruce - Heterobasidion annosum (Koutaniemi et al., 2007), wheat - stem rust Puccinia 

graminis f. sp. tritici (Menden et al., 2007), tobacco - Pseudomonas syringae.(Szatmari et al., 

2014). Nitrobenzene oxidation assay revealed that the entire accumulation of lignins during the 

interaction of wheat with incompatible stem rust fungus Puccinia graminis f. sp. tritici mainly 

came from the increase of syringyl units (Menden et al., 2007), which indicate the defence 

lignins are significantly different from the developmental lignins. Among three major CAD 

forms (CAD-A, -B and -C) in wheat, only CAD-C is induced upon elicitor treatment and CAD-C 

favors sinapyl alcohol as the substrate (Mitchell et al., 1999). On the other hand, the 

downregulation of monolignol biosynthesis genes by knock out or gene silence compromises 

resistance to host compatible pathogens and noncompatible pathogens. For example, Silencing 

COMT in wheat impairs the penetration resistance to Bgh (Bhuiyan et al., 2009); knockout of 

COMT1 confers Arabidopsis more susceptibility to necrotrophic Botrytis cinerea, Alternaria 

brassicicola and biotrophic Bgh (Quentin et al., 2009). The Arabidopsis double mutant cad-C 

cad-D exhibits decreased resistance to both virulent and avirulent P. syringae pv. tomato (Pst 

DC3000 and Pst avrPphB strains, respectively) (Tronchet et al., 2010). Alfalfa HCT antisense 

lines exhibit reduced levels of G and S lignin monomer units and increased susceptibility to 

Colletotrichum trifolii (Gallego-Giraldo et al., 2011). 

 

1.4 Actin cytoskeleton and its roles in plant-pathogen interactions 

1.4.1 Overview of actin cytoskeleton 

In diverse eukaryotes, from the unicellular yeasts to the multicellular plants and animals, 

the roles of the actin cytoskeleton are conserved in many cellular processes that together regulate 

cell growth and morphology, such as cell polarity determination, cell division, cytokinesis, cell 

differentiation, morphogenesis, transport of macromolecules, vesicles and organelles, and 
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nuclear activities (Vale, 2003; Fletcher and Mullins, 2010; Blanchoin et al., 2014). In plant cells, 

actin filaments (AFs) drive cytoplasmic streaming by providing tracks for intracellular 

trafficking for organelle movement, secretion, endocytosis and exocytosis (Hussey et al., 2006). 

The formation of AFsrelies on the biochemical interactions of actin monomers and a large 

number of actin-binding proteins (ABPs). Compared with yeast, the number of genes encoding 

components of the actin system is expanded in plants and animals, and individual genes are 

specialized to participate in directing multicellular development. More than a dozen gene 

families, which encode multiple actin and ABP variants, confer higher plants a particularly high 

degree of actin cytoskeletal complexity (Meagher and Fechheimer, 2003; Huang et al., 2011). 

1.4.2 Actin filament assembly by the ARP2/3 complex 

The turnover of AFs is mediated by actin itself and a range of specialized actin-binding 

proteins, some of which sequester or deliver the monomers while others nucleate, stabilize, 

elongate, cap, crosslink, sever and degrade filamentous actin. The monomeric globular actin (G-

actin) can self-assemble into polar, unstable filaments (F-actin), which undergo rapid 

depolymerization. However, spontaneous nucleation of filaments by pure actin monomers is 

inefficient owing to the extreme instability of actin dimers and oligomers (Sept and McCammon, 

2001). To overcome this obstacle, cells initiate new filaments under the direction of actin-binding 

proteins such as the actin-related protein (ARP)2/3 complex, formins and others. The ARP2/3 

complex contains seven highly conserved polypeptides, including ARP2 and ARP3, both of 

which are related in sequence and conformation to actin, and five additional subunits (actin-

related protein complex 1-5, ARPC1-5) (Deeks and Hussey, 2005). The ARP2/3 complex binds 

to the side of an existing actin filament (mother filament) and nucleates the assembly of a new 

filament (daughter filament) (Goley and Welch, 2006). Unlike ARP2/3, formins produce 

unbranched, linear filaments. The FH2 domains of formins bind to the barbed ends of filaments 

to prevent other capping proteins from terminating elongation and to compete with displacement 

factors to determine filament length (Harris et al., 2004; Chesarone et al., 2009). 

A diverse class of nucleation promoting factors (NPFs) convert inactive ARP2/3 complex 

to active status (Stradal and Scita, 2006). NPFs are effectors that not only convert the signals 

carried by small GTPases and/or lipids into specialized ARP2/3 activation responses, but also 

stimulate the binding of specific phospholipid or AFs to locally accumulated ARP2/3 complex 

(Goode et al., 2001; Oikawa et al., 2004). In plants, ARP2/3 activation seems to be highly 
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simplified and may rely solely on the SCAR (suppressor of cAMP receptor) and the WAVE 

(WASP family verprolin homologous)/SCAR regulatory complex (W/SRC) (Eden et al., 2002).  

In addition to small GTPases, it has been well studied in animal and yeast that the 

phosphoinositides play a key role in regulating the spatially and temporally defined actin 

dynamics. Among phosphatidylinositol (PI) and its phosphoinositide derivatives, 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] is the best-characterized regulator of the actin 

cytoskeleton. PI(4,5)P2 interacts directly with several actin-binding proteins and regulates their 

activities and/or subcellular localizations (Sechi and Wehland, 2000; Hilpelä et al., 2004; Sheetz 

et al., 2006). Typically, PI(4,5)P2 inhibits those actin-binding proteins that are involved in actin 

filament degeneration (such as profilin, twinfilin; ADF, cofilin; gelsolin), and activates proteins 

that promote actin filament assembly (e.g., ERM-family proteins; talin; WASP/WAVE family 

proteins) (Saarikangas et al., 2010). Generally, PI(4,5)P2 is considered to be an effector that 

promotes the formation of actin-related structures beneath the PM and other phosphoinositide-

rich membrane organelles (Hilpelä et al., 2004). 

1.4.3 Actin motor myosins 

Myosin is a molecular motor capable of producing motive force along AFs using the 

energy from ATP hydrolysis. Flowering plants contain two classes of myosin gene family: group 

XI and VIII. Especially in Arabidopsis, based on the phylogenetic analysis, the myosin family 

has 17 members, thirteen belonging to group XI (myosins XI-A, -B, -C, -D, -E, -F, -H, -I, -J, -K, 

-1, -2) and four belonging to group VIII (myosin VIII-A, -B and ATM1, ATM2) (Reddy and Day, 

2001). Those Arabidopsis myosins have several common and conserved domains: a motor 

domain holding ATPase and actin-binding activities, one or several domains with putative 

calmodulin-binding motif, a coiled-coil domain and a cargo-binding globular tail domain. 

Myosins employ those domains to convert the energy from ATP to physical transport along 

microfilaments, carrying with Golgi complex, mitochondria, plastids, peroxisomes, or even 

RNA/protein complexes (Li and Nebenfuhr, 2008). Both myosin groups of VIII and XI are 

closely related to the myosin V in fungi and animals (Berg et al., 2001; Foth et al., 2006). 

Myosin V members in yeast function at cell viability, cell polarity, and sensory adaptation, 

whereas in mammalian cells they play key roles in muscle contraction (Pruyne et al., 2004; 

Valiathan and Weisman, 2008; Wang et al., 2008b). 

In plants, myosins VIII are involved in intercellular transport of virus protein via 
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plasmodesmata (Avisar et al., 2008a) and in endocytosis via the endoplasmic reticulum (ER) 

(Golomb et al., 2008; Sattarzadeh et al., 2008). As for class XI myosins, utilizing chemical 

inhibition, mutants, RNAi, and other molecular and cellular techniques, current studies indicate 

that the thirteen members of this class have different associations with the trafficking of 

organelles, including Golgi body, mitochondria, peroxisomes and lysosome (Avisar et al., 2008b; 

Peremyslov et al., 2008; Prokhnevsky et al., 2008; Sparkes et al., 2008). These myosins also 

associate with cytoplasmic streaming, actin remodelling and plastid dynamics (Natesan et al., 

2009; Sattarzadeh et al., 2009; Sparkes et al., 2009). Additionally, recent studies have shown that 

all 13 myosin XI single knockouts exhibit no obvious abnormal phenotypes(Peremyslov et al., 

2008). In addition, some myosin XI members, including XI-K, XI-1, XI-2 and XI-B, display 

redundant functions in plant growth, organelle motility and root hair elongation (Ojangu et al., 

2007; Peremyslov et al., 2008; Prokhnevsky et al., 2008). 

1.4.4 Actin-mediated cellular trafficking in response to pathogen infection 

The focal deposition of cell wall appositions (CWAs), such as callose, lignin, cell wall proteins, 

reactive oxygen species, and the PEN1, PEN2, and PEN3 proteins is an early and essential event 

contributing to plant penetration resistance (Hückelhoven, 2007; Meyer et al., 2009). 

Accompanied the focal deposition of these components is the migration of cytoplasm streaming 

towards penetration sites, which contains peroxisomes, Golgi, mitochondria, ER, nucleus and 

secretory vesicles (Koh et al., 2005; Böhlenius et al., 2010; Yang et al., 2014). The focal 

deposition of CWAs and the accumulation of intracellular compartments at fungal-attempted 

penetration sites are considered to be mediated by the polar rearrangement of the actin 

cytoskeleton (Hardham et al., 2007; Underwood and Somerville, 2008). Accordingly, disruption 

of AFs impairs host penetration resistance and increases the penetration frequency of various 

fungal and oomycete pathogens (Takemoto et al., 2003; Yun et al., 2003). Up to the present, most 

of the knowledge about penetration resistance has been focused on the already matured papilla 

which is the result but not the process of CWAs deposition, and we know little about when and 

where these CWAs are synthesized, and how precisely they are transported to the papilla region. 

The actin cytoskeleton plays a key role in the plant-pathogen interaction and is involved 

in numerous resistance-associated cellular processes. These include trafficking organelles, such 

as the nucleus, peroxisomes, ER and Golgi to the interaction sites, and delivering secretory 

vesicles and multivesicular bodies to the papilla. The AFs have frequently been found to form a 
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radial array polarizing toward attempted penetration sites in incompatible interactions, and the 

frequency of successful defense is tightly correlated with strong actin polarization (Opalski et al., 

2005; Shimada et al., 2006). Consistent with the role for the actin cytoskeleton in defense, 

disrupting actin cytoskeleton by pharmacological and genetic interference results in 

compromised resistance to various non-host fungal and oomycete pathogens (Takemoto et al., 

2003; Yun et al., 2003; Takemoto et al., 2006). In Arabidopsis, although the accumulation of 

GFP-PEN1 at penetration sites is not affected by the treatment of cytochalasin E, an actin 

polymerization inhibitor (Underwood and Somerville, 2013), both maintaining the steady-state 

level at the PM and accumulating GFP-PEN1 at penetration sites require the function of myosins 

(Yang et al., 2014). On the other hand, the focal accumulation of PEN3-GFP at attempted 

penetration sites can be disrupted by cytochalasin E (Underwood and Somerville, 2013). These 

results suggest both actin-dependent and actin-independent pathways are employed for the 

trafficking of defense-related materials to the fungal invading sites.  

The fundamental role of actin cytoskeleton in plant defense has been demonstrated, 

through pharmacological interference with various types of actin disrupting drugs such as 

cytochalasins and latrunculins, in several plant-powdery mildew systems, including the 

interactions between barley/wheat and non-adapted E. pisi (Kobayashi et al., 1997), Arabidopsis 

and non-adapted Blumeria graminis f. sp. tritici (Bgt)(Yun et al., 2003), barley and adapted Bgh 

(Miklis et al., 2007). However, the side effect, that the drugs may target other cellular 

components or target pathogenic cytoskeleton, could directly or indirectly effect the 

experimental conclusion. So genetic interference becomes a more valuable approach to study the 

actin cytoskeleton in plant-pathogen interactions. Genetic disruption of the actin cytoskeleton, 

through transient overexpression of various actin-depolymerizing factors (ADFs) inside barley 

leaf cells, compromises basal and mlo-mediated resistance against adapted powdery mildew Bgh, 

and compromises the non-host resistance to non-adapted Bgt and E. pisi in an MLO-dependent 

manner (Miklis et al., 2007). On the other hand, knockout of the ADF4 gene by T-DNA insertion 

or knockdown of ADF1-ADF4 by RNA-silencing in Arabidopsis enhances the resistance against 

adapted C. orontii (Inada et al., 2016a). Interestingly, inactivation of myosins XI, through both 

treatment with inhibitors 2, 3-butanedione monoxime (BDM) and N-ethylmaleimide (NEM) and 

genetic knockout of the main four isoforms, impairs the penetration resistance against non-

adapted Bgh (Yang et al., 2014). Simultaneous knockout of the formin 4, 7 and 8 in Arabidopsis 
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results in increased frequencies of cell death and haustoria development upon Bgh challenge 

(Sassmann et al., 2018). 

 

1.5 Phosphoinositides and their function 

All subcellular compartments are separated by biological membranes, which serve as 

barriers limiting the free exchange of materials and information across membranes, and also 

serve as the contact sites between subcellular compartments. The features of each biological 

membranes manifest mainly through the presence of specific proteins and lipids. Different 

membranes contain distinct combinations of proteins and lipids that mediate a series of 

biological functions. Proteins embedded in or associated with membranes confers membranes 

the particular functions, including the controlled exchange of molecules and signals across 

membranes, the attachment of membrane-associated molecules to membranes, and the 

endocytosis, exocytosis or recycling of membrane components (Nicolson, 2014). On the lipid 

side, except the thylakoids of chloroplasts, cellular membranes are the mixtures of structural 

glycerophospholipids, sphingolipids and sterol-containing lipids (Gerth et al., 2017). Among 

them, the major determinants of membrane identities are phosphoinositides, which are a group 

of anionic phospholipids phosphorylated from phosphatidylinositol (Di Paolo and De Camilli, 

2006; Hammond et al., 2012; Idevall-Hagren and De Camilli, 2015). Unlike the 

phosphatidylcholine and phosphatidylethanolamine which constitute the majority of membrane 

lipids and serve as a structural role, phosphoinositides are only minor abundant in all 

eukaryotes and acts as the regulatory lipids with spatiotemporal limits (Heilmann, 2016; Noack 

and Jaillais, 2017). Phosphoinositides play crucial roles in controlling cellular functions, such 

as acting as biochemical landmarks to recruit trafficking regulators, regulating membrane traffic 

through cooperation with small GTPases, influencing membrane deformation and surface 

charges, sorting proteins along with endomembrane system toward degradation or recycling 

(Noack and Jaillais, 2017). 

1.5.1 Phosphoinositides and their modifying enzymes in plants 

All phosphoinositide species in eukaryotes derive from phosphatidylinositol (PI) via 

reversible phosphorylation of the hydroxyl groups in the D3, D4, and D5 position of the lipid 

head group. PI typically accounts for less than 15% of the total phospholipids found in 

eukaryotic cells and phosphoinositides are generally less than one percent (Di Paolo and De 
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Camilli, 2006). Animal cells contain all seven types of phosphoinositide species, including 

three phosphatidylinositol monophosphates PI3P, PI4P and PI5P, three phosphatidylinositol 

bisphosphates PI(3,4)P2, PI(3,5)P2 and PI(4,5)P2 and one phosphatidylinositol trisphosphate 

PI(3,4,5)P3. Unlike animals, plants only contain five phosphoinositide species (Simon et al., 

2014; Noack and Jaillais, 2017), in which PI4P represent the predominant and followed by PI3P 

and PI5P (Munnik et al., 1994; Meijer et al., 2001). The presence of PI(3,4)P2 or PI(3,4,5)P3 has 

never been reliably confirmed in plants (Meijer and Munnik, 2003; Munnik and Nielsen, 2011), 

due to the absence of type I and type II phosphoinositide 3–kinases (PI3Ks) in plant genomes 

(Munnik and Nielsen, 2011). 

Phosphatidylinositol has been reported to reside mainly in the ER lumen, but a minor 

amount resides on the cytosolic leaflet of ER where it is phosphorylated into various 

phosphoinositide species. Monitoring of phosphoinositide species in vivo by genetically 

encoded biosensors (i.e., fluorescent proteins fused with specific lipid binding domains) or 

immunodetections suggests that different membrane compartments contain distinct 

combinations of phosphoinositide species. The distribution of phosphoinositide species has 

some notable differences between plants and animals. For example, PI4P localizes mainly at the 

PM and at the early endosomes/TGN and recycling endosomes, and to a lesser extent, the Golgi 

apparatus (Simon et al., 2014; Simon et al., 2016). In animals, PI4P resides mainly in the 

Golgi/TGN compartments and to a lesser extent at the PM (Di Paolo and De Camilli, 2006). 

PI3P localizes at the late endosomes/MVB/tonoplast in plants but at the early endosomes in 

animals (Vermeer et al., 2006; Simon et al., 2014). PI(4,5)P2 accumulate at the PM while 

PI(3,5)P2 resides in the late endosomes/MVB in both animals and plants (Simon et al., 2014; 

Hirano et al., 2017). 

Phosphatidylinositol and various phosphoinositide species are rapidly interconverted 

into one another by the combined action of lipid kinases and phosphatases, to achieve their 

spatiotemporal regulation. In Arabidopsis, PI3P is generated from the phosphorylation of 

phosphatidylinositol by the single PI 3-kinase VPS34 (Welters et al., 1994), while PI4P is 

formed phosphatidylinositol by two subfamilies of four PI 4-kinases - PI4Kα1/α2 and 

PI4Kβ1/β2, respectively (Mueller-Roeber and Pical, 2002). To date, no PI 5-kinases have been 

found in Arabidopsis to phosphorylate phosphatidylinositol to form PI5P (Heilmann, 2016). 

PI3P can be further phosphorylated at the D5 position to produce PI(3,5)P2 by four PI3P 5-
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kinases Fab1A/1B/1C/1D (Mueller-Roeber and Pical, 2002; Hirano et al., 2015). Similarly, 

PI4P can be further phosphorylated to form PI(4,5)P2, catalyzed by PI4P 5-kinases. The 

arabidopsis genome encodes 11 isoforms of PI4P 5-kinases which can be categorized into two 

subfamilies (Mueller-Roeber and Pical, 2002). Based on their N-terminal protein domains and 

the catalytic domain, subfamily B contains PIP5K1-PIP5K9, while both PIP5K10 and PIP5K11 

lack such domains and comprise subfamily A. PI3P can be phosphorylated by all PI4P 5-

kinases to produce PI(3,5)P2 as a side reaction (Ischebeck et al., 2008; Ischebeck et al., 2011). 

The degradation of phosphoinositides is achieved by an array of phosphatases and 

phospholipases (Mueller-Roeber and Pical, 2002). Considering their low degree of substrate 

specificity, it is difficult to assign particular catalytic functions to these enzymes. Arabidopsis 

genome contains at least three families of phosphatases. The family of suppressor of actin (SAC) 

phosphatases consists of nine members, SAC1 to SAC9, which catalyze the degradation of 

phosphoinositides at the PM or the tonoplast (Despres et al., 2003; Zhong and Ye, 2003; 

Nováková et al., 2014). For example, SAC1 dephosphorylates PI(3,5)P2 to PI3P (Zhong et al., 

2005), SAC 7 dephosphorylates PI4P to phosphatidylinositol (Thole et al., 2008), while SAC9 

dephosphorylates PI(4,5)P2 to PI4P (Williams et al., 2005). The class of phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN) proteins contains three members, PTEN1, PTEN2a 

and 2b, which actively dephosphorylate in vitro the 3' phosphate group of PI3P, PI(3,5)P2 and 

PI(3,4,5)P3 (Gupta et al., 2002; Pribat et al., 2012). The family of PI 5-phosphatases (5PTase) has 

fifteen genes, which hydrolyzes phosphate from phosphoinositides and inositol polyphosphates 

(IPPs) (Berdy et al., 2001; Zhong and Ye, 2004). Especially, 5PTase14 degrades PI(4,5)P2, 

PI(3,4,5)P3 and Ins(1,4,5)P3 with the highest substrate affinity toward PI(4,5)P2 (Zhong and Ye, 

2004). Phosphoinositides can also be degraded by phosphoinositide-specific phospholipase C 

(PI-PLC) enzymes. Arabidopsis genome contains a family of nine isoforms of PI-PLC, all of 

which display structural similarity to the animal PI-PLCζs (Mueller-Roeber and Pical, 2002; 

Pokotylo et al., 2014).  

1.5.2 Roles of phosphoinositides in plant development and stress responses 

The perturbation of phosphoinositide homeostasis in plants, through mutation of the 

phosphoinositide-specific kinases, phosphatases and phospholipases C, results in severe 

phenotypes, indicating the fact that phosphoinositides are the central regulators of plant growth, 

development and responses to the biotic/abiotic stimuli (Heilmann, 2016). For example, 
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perturbating the expression of different enzymes of the phosphoinositide network, such as 

phosphatase SAC1 and 5PTase15 (Zhong et al., 2004; Zhong et al., 2005), causes aberrant 

deposition of cell wall material, which highlights the roles of phosphoinositides in plant 

secretory pathway (Thole and Nielsen, 2008). Overexpressing the phosphatidylinositol synthase 

PIS2, PI 4-kinase PI4Kβ1 (Ischebeck et al., 2010), or PI4P 5-kinases PIP5K4 or PIP5K5 

(Ischebeck et al., 2008), in tobacco pollen tubes display aberrant pectin deposition and 

consequently altered cell morphologies, indicating that the PI→PI4P→PI(4,5)P2 cascade 

controls the pectin secretion in pollen tubes. Mutation of the PI4P-specific phosphatase SAC7 

or PI4P 5-kinase PIP5K3 displays altered elongation of root hairs (Kusano et al., 2008; Stenzel 

et al., 2008; Thole et al., 2008). Simultaneously knockout PI4P 5-kinases PIP5K1 and PIP5K2 

display reduced polarization of PIN proteins, partially due to the impaired clathrin-mediated 

endocytosis (CME) (Ischebeck et al., 2013; Tejos et al., 2014), which highlights the function of 

PI(4,5)P2 in the endocytosis processes. Phosphoinositides, in particular, the PI → PI(3)P → 

PI(3,5)P2 cascade, regulate the endosomal sorting and vacuole biogenesis. Late 

endosomes/multivesicular bodies (LE/MVB) mature from trans-Golgi network/early 

endosomes (TGN/EE), the process of which gradually loses the PI4P via SAC7-mediated 

hydrolysis and acquires the PI3P though VPS34-mediated synthesis on the membrane 

(Scheuring et al., 2011; Singh et al., 2014). Heterozygous mutation of VPS34 displays impaired 

vacuole fission during pollen development (Lee et al., 2008). SAC2-SAC5 are thought to be the 

PI(3,5)P2-specific 5-phosphatases, all of which are localized to the tonoplast and regulate 

vacuolar morphology (Zhong and Ye, 2003; Nováková et al., 2014). Accordingly, quadruple sac 

knockout mutants had an increased number of smaller vacuoles while the overexpression lines 

contain extra-large vacuoles (Nováková et al., 2014). 

The levels and distribution of phosphoinositides can change dynamically when plant 

cells and tissues are in different developmental stages or encounter a wide range of physical 

stimuli. For example, the levels of PI(4,5)P2 have been reported to display a transient increasing 

upon salt stress in Dunaliella salina (Einspahr et al., 1988), Arabidopsis (DeWald et al., 2001; 

König et al., 2008). Besides hyperosmotic stress, heat-stress and mechanical wounding could 

also induce rapid changes of PI(4,5)P2 levels (Mosblech et al., 2008; Mishkind et al., 2009). 

Furthermore, PI(4,5)P2-specific biosensor PHPLCδ1 has been shown to accumulate at the PM 

upon salt stress in both Arabidopsis and onion epidermal cells (van Leeuwen et al., 2007; König 
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et al., 2008). 

 

1.6 Overview of research hypothesis and objectives 

The overall purpose of this project is to investigate the cellular trafficking mechanism of cell 

wall appositions (CWAs), such as callose, lignin, PENETRATION proteins (PEN1 and PEN3), 

and to explore the contribution of cellular trafficking to penetration resistance during the 

interaction of Arabidopsis and incompatible fungal pathogens. Meanwhile, I also plan to 

investigate the roles of phosphoinositides underlying host susceptibility to compatible pathogen 

infections. In particular, the project was divided into three aspects as described below: 

1. To uncover possible involvement of ARP2/3 complex, responsible for AF branch 

formation, in cellular trafficking and focal depositions of CWAs towards papillae, further 

regulating penetration resistance of plants against fungi. 

2. To investigate potential roles of the aggregation of monolignol biosynthesis enzymes 

towards fungal infection sites during penetration resistance of Arabidopsis, and to 

determine whether focal aggregation of monolignol biosynthesis enzymes depends on a 

functional actin cytoskeleton and motor proteins. 

3. To illustrate the distribution of phosphoinositide species in the plant-pathogen interfacial 

membrane, and to investigate the potential roles of PI(4,5)P2 on plant susceptibility to 

pathogen infections. 
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Chapter 2 Materials and methods 

2.1 Plant materials and growth 

Arabidopsis thaliana plants were grown at 21  with a 16-h photoperiod of ~125 μE m-2s-1. 

Mutants used in this study were obtained from the ABRC stock center and are in Col-0 

background, including arp2-1 (SALK_003448)(Li et al., 2003), arp3-1 (SALK_010045)(Li et 

al., 2003), arpc2A (SALK_201281), arpc4-1 (SALK_073297)(Kotchoni et al., 2009), arpc4-2 

(SALK_052687)(Kotchoni et al., 2009), arpc5 (SALK_123936)(Li et al., 2003); scar2-1 

(SALK_039449)(Uhrig et al., 2007), scar2-3 (SALK_057481)(Basu et al., 2005), brk1 

(CS86554)(Djakovic et al., 2006), nap1 (SALK_014298)(Brembu et al., 2004), sra1 

(SALK_106757)(Brembu et al., 2004), myosin xi 4KO (Peremyslov et al., 2010), f5h1-1 

(At4g36220), pipk5k1 (SALK_146728, At1g21980), pip5k2 (SALK_012487, At1g77740) 

(Ischebeck et al., 2013), pip5k5 (SALK_147475, At2g41210), pip5k7-1 (SALK_151429, 

At1g10900), pip5k8 (SAIL_561_F09, At1g60890), pip5k9 (WiscDsLox434B6, At3g09920). The 

homozygosity of all T-DNA mutants was confirmed by PCR using both gene-specific and T-

DNA border primers listed in Appendix. The double mutant pip5k1 pip5k2 was generated by 

crossing single mutants and propagated from the offspring of self-crossed plants pip5k1(+/-

)/pip5k2(-/-), since the homozygous double mutant did not produce flowers.  

Arabidopsis transgenic lines tagged with fluorescent proteins used in this study include: 

PEN1:GFP-PEN1 (Collins et al., 2003), PEN1:PEN3-GFP (Stein et al., 2006), 35S:GFP-LTI6b 

(Cutler et al., 2000), 35S:PMA-GFP (Lefebvre et al., 2004), 35S:SWEET1-YFP (Chen et al., 

2010), 35S:GFP-ABD2-GFP (Wang et al., 2008a), 35S:YFP-ABD2-YFP (Dyachok et al., 2014), 

mCherry-MAP4 (El Zawily et al., 2014), BRK1:BRK1-YFP (Dyachok et al., 2008), ER-GFP 

(35S:GFP-KDEL, CS16251), Tono-CFP (CS16256) and Tono-GFP (CS16257) (Nelson et al., 

2007), Cyto-YFP (CS68117) (DeBono et al., 2009), pUBQ10:YFP (CS781646) (Geldner et al., 

2009), RPW8.2:RPW8.2-YFP and RPW8.2:RPW8.2-RFP (Wang et al., 2007), MLO2:MLO2-

YFP (Jones et al., 2017), PIP biosensors pUBQ10:mCIT-1xPHPLCδ1 (P14Y), pUBQ10:mCIT-

2xPHPLCδ1 (P24Y), pUBQ10:mCIT-1xTUBBY-C (P15Y), pUBQ10:mCIT-2xPHFAPP1 (P21Y), 

pUBQ10:mCIT-1xPHFAPP1 (P5Y), pUBQ10:2xCyPet-1xPHFAPP1 (P5C), pUBQ10:mCIT-

P4MSiDM (P4M) and pUBQ10:mCIT-2xFYVEHRS (P18Y) (Simon et al., 2014; Simon et al., 

2016). 
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2.2 Constructs and plant transformation 

To create a construct expressing ARP2-YFP, a DNA fragment containing ~3.0 kb ORF of ARP2 

gene and a ~1.6 kb promoter region was amplified from the Arabidopsis genomic DNA with 

primers BglII-ARP2-FP and SmaI-ARP2-RP. After digestion with enzymes BglII and SmaI, the 

fragment was ligated into binary backbone vector pCNYHB (Yang et al., 2018), generating 

pARP2: ARP2-EYFP. The plasmids were introduced into Agrobacterium tumefaciens strain 

EHA105 and then transformed into arp2-1 plants using floral dipping (Zhang et al., 2006). T1 

seeds were selected on the MS medium with kanamycin and based on the trichome morphology. 

To create a F5H1-GFP, a ~4.1 kb fragment of the F5H1 gene, including a ~2.1 kb 

promoter region upstream of the start codon and a ~2.0 kb sequence between the start and stop 

codon, was amplified with primers BamHI-F5H1-F (cgcggatcctgtgcaggtagcggatatataatac) and 

NcoI-F5H1-R (catgccatggcaagagcacagatgaggcgcgtggtt). After digestion, the fragment was 

ligated into vector pCAMBIA1302 carrying mGFP5, and then introduced into an Agrobacterium 

tumefaciens strain EHA105. The Arabidopsis mutant f5h1-1 (Col-0 background) was used for 

transformation by floral dipping (Zhang et al., 2006). T1 seeds were selected on the MS medium 

with hygromycin. 

To create a construct expressing PIP5K1-YFP, a DNA fragment containing ~3.5 kb ORF 

of PIP5K1 gene and a ~2.1 kb promoter region was amplified from the Arabidopsis genomic 

DNA with primers SpeI-PIP5K1-FP and KpnI-PIP5K1-RP. After digestion with enzymes SpeI 

and KpnI, the fragment was ligated into binary backbone vector pCNYHB (Yang et al., 2018), 

generating pPIP5K1:PIP5K1-EYFP. To produce a construct expressing PIP5K2-YFP, a DNA 

fragment containing a ~3.3 kb ORF of PIP5K2 gene and a ~2.2 kb promoter region was 

amplified from the genomic DNA with primers XbaI-PIP5K2-FP and SmaI-PIP5K2-RP. After 

digestion with enzymes XbaI and SmaI, the fragment was ligated into pCNYHB, generating 

pPIP5K2:PIP5K2-EYFP. The plasmids were introduced into Agrobacterium tumefaciens strain 

EHA105 and then transformed into Col-0 plants using floral dipping (Zhang et al., 2006). T1 

seeds were selected on the MS medium with kanamycin. 

 

2.3 Pathogen inoculation 

The Arabidopsis-non-adapted powdery mildew Blumeria graminis f. sp. hordei (Bgh) were 

maintained on barley (Hordeum vulgare L, cultivar CDC silky). Inoculations were carried out as 
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previously described (Liu et al., 2010). Leaves were fixed, rehydrated and then stained by aniline 

blue to score penetration rates at 36 h post Bgh inoculation. Penetration sites were scored as 

having either papillae only (fail) or haustoria (success) or induced cell death (success) to 

determine the penetration rates. All experiments were repeated three times with similar results. 

The Arabidopsis-adapted powdery mildew fungus Erysiphe cichoracearum (Ec) (Liu et 

al., 2010) was maintained and propagated on host cucumber (Cucumis sativus, variety Sweet 

Slice, McKenzie, Canada) plants. Three to four week old Arabidopsis plants were inoculated 

with conidiospores at the density of 5-10 conidia mm-2. Inoculated leaves at the indicated time 

points post inoculation were detached, fixed, and stained as previously described (Yang et al., 

2014). 

The adapted anthracnose pathogen Colletotrichum higginsianum (Ch) on Arabidopsis 

was propagated and handled as described previously (Liu et al., 2007b). For disease assays, 3-4 

weeks Arabidopsis plants were sprayed with conidial suspensions or spotted with droplets (1 × 

106 conidiospores mL−1 in distilled water) and immediately the inoculated plants were placed 

into a 100% humidity chamber. Inoculated plants were photographed following the infection 

time course and infected leaves, at different time points post inoculation, were detached, fixed, 

and stained in trypan blue (Liu et al., 2007b). 

Maintenance and inoculation of white rust Albugo candida strain Acem1 on host 

Arabidopsis were performed using the described methods (Borhan et al., 2001). Briefly, A. 

candida was maintained on the Arabidopsis NahG plants. Zoosporangia were punched off A. 

candida colonized leaf surface, resuspended in water (105 mL−1), and incubated on ice for 30 

min for zoospore release. The plants were inoculated by placing a drop of inoculum (10 µL) on 

each leaf and grown under a closed incubation chamber to retain humidity. The inoculated plants 

were placed in a cold incubator (14-16 ) in the dark overnight and then kept under 10-h light 

and 14-h dark cycles for disease development. 

 

2.4 Chemical treatments 

The following stock solutions in DMSO were used: 1 mM latrunculin A (Sigma), 50 mM 

brefeldin A (Sigma), 100 mM oryzalin (Sigma), 20 mM wortmannin (Sigma), 500 mM 

piperonylic acid (PA; Sigma), 10 mM concanamycin A (Sigma) and 10 mM FM4-64 (Thermo 

Fisher Scientific). Stocks were stored at -20  and subsequently diluted in H2O to specified 
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concentrations for experiments. The following working concentrations were used: 5 µM 

latrunculin A, 1 mM oryzalin, 300 µM brefeldin A, 1 mM MCD, 30 µM wortmannin, 1 mM 

PA, 10 μM concanamycin A and 50 µM FM4-64. Leaves of Arabidopsis were pre-infiltrated with 

latrunculin A, oryzalin, brefeldin A, MCD or wortmannin working solutions. After 1 h 

incubation, infiltrated leaves were inoculated with Bgh or Ec conidiospores. At 24 hpi, inoculated 

leaves were examined under a confocal microscope. For plasmolysis experiments, leaves were 

mounted in 0.85 M KCl and incubated 15 min before imaging. 

 

2.5 Scanning electron microscopy 

Ten-day-old seedlings were fixed in 100% dry methanol for 1 h, transferred to 100% dry ethanol 

for 30min, and followed by 2 changes in fresh 100% dry ethanol for 30min. After critical point 

drying and coating, samples were observed with a Phenom G2Pure scanning electron microscope 

(Phenom-World, Eindhoven, Netherlands) 

 

2.6 Light microscopy and imaging analysis 

Inoculated and non-inoculated leaves were harvested at varying time points, and fresh or fixed 

leaf tissues were examined by microscopy. The leaves were fixed in fixing buffer (60% 

methanol, 30% chloroform, and 10% acetic acid; v/v). After rehydration through an ethanol 

gradient, leaves were stained with 0.05% trypan blue, 0.05% aniline blue and/or 10 μM Alexa 

Fluor®488 conjugate of wheat germ agglutinin (WGA) (Life Technologies) as the experiment 

required, followed by light microscopy (AxioPlan, Zeiss) or confocal laser scanning microscopy 

(ZEISS LSM 510 Meta). Aniline blue was used to detect callose in 150 mM K2HPO4 (pH 9.5) or 

to stain fungal hyphae in acidic water. Macroscopic detection of H2O2 accumulation by DAB 

staining was performed as described earlier (Liu et al., 2007a). Fresh leaves were incubated in 

either distilled water or 10 μM propidium iodide (PI, Life Technologies), followed by confocal 

microscopy. The fluorescence was detected under the confocal microscope with the following 

setting of excitation/emission wavelengths: CFP and callose (405/420-480 nm), GFP (488/505-

530 nm), RFP (543/581-635 nm), YFP (514/530-560 nm), PI (488/>560 nm), FM4-64 (488/>650 

nm). Images were analyzed and performed with software LSM Image Browser, Adobe 

Photoshop, or ImageJ. 

Quantification of YFP signal intensity was performed by confocal microscopy acquired 
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under strictly identical acquisition parameters (laser power, pinhole, detector gains, speed, zoom 

factor, resolution and so on). Intensity quantification was performed using ImageJ. Average 

intensity was measured and corrected to the average background signal. Quantification was 

performed over three plants per each genotype (n = 30). 

 

2.7 Fluorescence recovery after photobleaching assays 

The fluorescence recovery after photobleaching (FRAP) experiments were performed with a 

Zeiss 880 confocal microscope (Zeiss) following the previously described method (Martinière et 

al., 2011; Martinière et al., 2012). Identical FRAP parameters were applied in all photobleach 

experiments. Ten scans of the entire field of view were made to establish the prebleach intensity 

of the FP, and then a rectangular region of interest (ROI) of approximately 25 µm2 (5 µm × 5 

µm) was bleached. Fluorescence recovery of the ROI was recorded during about 40 s with a 

delay of 79 msec between frames. Intensity values were normalized to background PM 

fluorescence for comparison. For each treatment, 10 cells were analyzed. Statistical analysis and 

curve fitting were carried out using Microsoft Excel, GraphPad Prism 5 (San Diego, CA, USA) 

as described (Martinière et al., 2011). 

 

2.8 Immunofluorescence 

Fully expanded rosette leaves were excised from four weeks Arabidopsis plants, and the abaxial 

surface was inoculated with Ec conidiospores at the density of 5-10 conidia mm-2. Inoculated 

leaves were incubated in humid Petri dishes at 21  for 36 hpi. The adaxial epidermal leaf 

surface was affixed to a Scotch transparent adhesive tape with the abaxial side facing upwards. 

Subsequently, another strip of the tape was firmly topped on the abaxial surface of the affixed 

leaf. The upper tape was then gently pulled away from the lower tape, peeling away the abaxial 

epidermal cell layer attached to the lower tape. Epidermal peels attached on the transparent tapes 

were cut to ~3×5 mm, and fixed with 4% methanol-free formaldehyde, 0.2% glutaraldehyde in 

0.1 M Phosphate-buffered saline (PBS, pH 7.0) at 4  overnight. 

Monoclonal anti-PI(4,5)P2 antibody (clone 2C11, Z-P045) and anti-PI4P antibody (Z-

P004) were purchased from Echelon Biosciences. Immunofluorescence studies were performed 

following the protocol described by Hammond at al. (2009) with some modifications. All steps 

from fixation to antibody incubation were performed on ice or 4°C. After fixation, the epidermal 
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peels were rinsed three times with PBS and digested by incubation with cell wall-degrading 

enzyme mix (0.05% cellulase, 0.1% pectinase in PBS, pH 5.0) for 30 min. Then epidermal peels 

were blocked and permeabilized for 40 min incubation with a solution containing 5% (w/v) skim 

milk and 0.5% saponin (Quillaja bark; Sigma). The epidermal peels were incubated with primary 

anti-PI(4,5)P2 (1:200) or anti-PI4P antibodies (1:200) at 4  overnight, followed by the 

incubation with the secondary antibody Alexa Fluor® 488 goat anti-mouse IgG (1:200; Abcam) 

for 4 h. The epidermal peels were mounted in ProLong® Gold antifade reagent (Invitrogen) and 

examined under a Zeiss 880 confocal microscope. 

 

2.9 RT-PCR analysis 

Three to four weeks Arabidopsis Col-0 wild type and pip5k1 pip5k2 plants were inoculated with 

Ec conidiospores. The leaves without or with Ec-inoculation at 2, 5 and 7 dpi were collected, 

flash frozen in liquid nitrogen, and stored at -80  until required. Three biological replicates 

were obtained for each sample. RNA samples were prepared using the Plant RNA Isolation Mini 

Kit (Agilent Technologies) according to the manufacturer’s protocol. The yield and purity of 

RNA were determined with Nanodrop 1100 (Thermo Fisher Scientific), and the quality was 

verified using an Agilent 2100 Bioanalyzer (Agilent Technologies). Purified total RNA was 

precipitated and resuspended in RNase-free H2O to a final concentration of 100 ng μL-1. For RT-

PCR analysis, cDNA was synthesized from 1 μg total RNA using the QuantiTect Reverse 

Transcription kit (Qiagen). Gene expression levels were evaluated by RT-PCR for 28 cycles. The 

level of elF4A1 was used as an internal control to normalize the amount of cDNA template. 

Primers used in this study are listed in the Appendix. 

 

2.10 Statistical analysis 

Two-tailed Student t-test was used for paired comparison of the fluorescence intensities or fungal 

development between treatments vs mock or wild type vs mutant (*P < 0.05, **P < 0.01, ***P < 

0.001). One-way ANOVA with Tukey’s HSD (honestly significant difference) test was carried 

out for multiple comparisons. Samples with statistically significant differences are marked with 

different letters (p < 0.05, lowercase letters; p < 0.01, capital letters). Error bars in all figures 

represent standard deviations. The number of replicates is reported in figure legends. 
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Chapter 3 ARP2/3 complex modulates penetration resistance in 

Arabidopsis against powdery mildew invasion 

 

3.1 Abstract 

Cell polarization is a crucial process during the interactions between plants and pathogens and is 

tightly associated with the reorganization of the actin cytoskeleton. Early studies have shown the 

involvement of the actin cytoskeleton in plant antifungal resistance, modulating organelle 

movement and cell wall appositions at fungal penetration sites. However, the molecular 

mechanisms regulating assembly and rearrangement of AFs during plant-microbe interactions 

remain elusive. Live-cell imaging shows that the AFs form a patch underneath the fungal 

invasion sites as one of the earliest cellular responses in host cells upon fungal attack. The AFs 

inside the pathogen-induced actin patches undergo rapid turnover, which is regulated by actin-

related protein (ARP)2/3 complex and its upstream activators, WAVE/SCAR regulatory complex 

(W/SRC). Importantly, knockout of the components of the W/SRC-ARP2/3 pathway 

compromises the penetration resistance against powdery mildew. Furthermore, the ARP3 mutant 

arp3-1 displays impaired endocytosis of the defense-associated protein PEN1 and reduced 

deposition of PEN1 into papillae. We propose that the ARP2/3 complex plays a pivotal role in 

regulating the polarization of actin cytoskeleton during plant-fungi interactions and contributes 

to the basal and penetration resistance to fungal invasion. 

 

3.2 Introduction 

Plants evolved a multilayer defense system to protect themselves against the attack of potential 

pathogens, such as bacteria, fungi and oomycetes. Especially for defending against fungi, plant 

resistance comprises penetration resistance, hindering the entry of fungi into the plant cells, and 

post-invasion resistance which is normally associated with hypersensitive cell death (Lipka et al., 

2005; Jones and Dangl, 2006). Penetration resistance is accompanied by the deposition of cell 

wall appositions, named papillae, underneath pathogen-attempted entry sites (Kuhn et al., 2016). 

Papillae contain callose, phenolic compounds, secretory proteins and reactive oxygen species 

(Thordal-Christensen et al., 1997; Underwood and Somerville, 2008; Meyer et al., 2009), and act 

as physical barriers, not only to structurally reinforce cell wall but also to accumulate 
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antimicrobial compounds (Bednarek et al., 2009; Clay et al., 2009). Forward genetic analysis has 

already characterized several penetration resistance-related proteins, including syntaxin 

PENETRATION 1 (PEN1), glucohydrolase PEN2 and ABC transporter PEN3 (Collins et al., 

2003; Lipka et al., 2005; Stein et al., 2006). The PEN1/SYP121, cooperating with VAMP721, 

VAMP722 and SNAP33, is required for the fusion of vesicles with the plasma membrane (PM) 

(Assaad et al., 2004; Kwon et al., 2008). PEN3 transports the hydrolytic products generated by 

PEN2 crossing the PM to the apoplastic region (Stein et al., 2006; Bednarek et al., 2009).  

The actin cytoskeleton plays a key role in plant-pathogen interactions and is involved in 

numerous resistance-associated cellular processes, such as trafficking the nucleus, peroxisomes, 

ER and Golgi to the interaction sites and delivering secretory vesicles and multivesicular bodies 

to papillae (Yang et al., 2014). Actin has frequently been found to form a radial array polarizing 

toward attempted penetration sites in incompatible interactions, and the frequency of successful 

defense is tightly correlated with strong actin polarization (Opalski et al., 2005; Shimada et al., 

2006). Consistent with the role in defense, disrupting the actin cytoskeleton by pharmacological 

and genetic interference results in compromised resistance to various non-host fungal and 

oomycete pathogens (Takemoto et al., 2003; Yun et al., 2003; Takemoto et al., 2006). In 

Arabidopsis, although the accumulation of GFP-PEN1 at penetration sites is not affected by 

cytochalasin E (Underwood and Somerville, 2013), both maintaining the steady-state level at PM 

and accumulating GFP-PEN1 at penetration sites require motor protein myosins XI (Yang et al., 

2014). On the other hand, the focal accumulation of PEN3-GFP at attempted penetration sites 

could be disrupted by cytochalasin E (Underwood and Somerville, 2013). These results suggest 

both actin-dependent and actin-independent pathways are employed for the trafficking of 

defense-related materials to fungal invading sites. Although it has become increasingly clear that 

the actin cytoskeleton is involved in plant defense, little is known about the regulation 

mechanisms underlying actin remodeling and reorganization during incompatible interactions. 

The assembly and organization of AFs are assisted by a range of actin-binding proteins, 

some of which sequester or deliver actin monomers while others nucleate, stabilize, elongate, 

cap, crosslink, sever and degrade AFs (Moseley and Goode, 2006; Blanchoin et al., 2014). Inside 

those actin-binding proteins, ARP2/3 complex and formins are employed as the key nucleators to 

initiate new AFs (Pollard, 2007). Specifically, the ARP2/3 complex generates branched 

filaments, whereas formins produce unbranched, linear filaments (Pollard, 2007). In Arabidopsis, 



35 
 

the ARP2/3 complex contains seven highly conserved polypeptides, including ARP2, ARP3 and 

five additional subunits, namely actin-related protein complex (ARPC)1-5 (Deeks and Hussey, 

2005). Mutations of ARP2/3 complex subunits lead to disordered AFs and result in defective cell 

expansion in trichomes, pavement cells, root hairs and hypocotyls during plant development 

(Mathur, 2005; Szymanski, 2005). Compared with in animal and yeast where the ARP2/3 

complex is regulated by a diverse class of nucleation promoting factors, in higher plants ARP2/3 

activity simply relies on the WAVE (WASP family verprolin homologous)/SCAR regulatory 

complex (W/SRC)(Eden et al., 2002; Yanagisawa et al., 2013). In Arabidopsis, the W/SRC 

includes BRK1, NAP1, SRA1, ABI and SCAR/WAVE, the last of which contains five putative 

homologs (Uhrig et al., 2007; Yanagisawa et al., 2013). In addition to small GTPases, 

phosphoinositides regulate the spatially and temporally defined actin dynamics. Typically, 

through subtle changes in the concentration at PM, phosphatidylinositol-4,5-bisphosphate 

[PI(4,5)P2] activates the nucleation promoting factors (e.g., WASP/WAVE family proteins) and 

promotes the formation of actin-related structures beneath PM and other phosphoinositide-rich 

membrane organelles (Hilpelä et al., 2004; Saarikangas et al., 2010). Based on a combination of 

genetic, pharmacological and cell biological approaches, I demonstrate that ARP2/3 complex 

mediates the formation of actin patches underneath powdery mildew invading sites and regulate 

penetration resistance against powdery mildew in Arabidopsis. 

 

3.3 Results 

3.3.1 Formation of an actin patch underneath fungal penetration sites at early infection 

stages 

Upon inoculation of the barley powdery mildew fungus Blumeria graminis f. sp. hordei (Bgh) on 

leaves of non-host Arabidopsis thaliana Col-0 plants, the conidial germ tube elongates and 

swells to differentiate into an appressorium at 6 to 10 hours post inoculation (hpi). During ~ 9 to 

15 hpi, the appressorium develops a thin penetration peg that pierces the outer wall of an 

epidermal cell, but most penetration attempts are stopped in association with papilla deposition. 

In rare cases (5%) associated with successful penetration, a haustorial primordium forms at the 

end of the penetration peg as a swollen, elongated sac with a smooth surface, but quickly the 

hypersensitive response is triggered to cause the death of invaded non-host cells and to block the 

further development of fungal structures. 
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An early study has shown that polarity with actin filament (AF) bundles appears at Bgh-

attempted penetration sites, and massive AF bundles pointing toward the infection site were 

particularly evident at late infection time points 13-14 hpi (Yang et al., 2014). Using the GFP-

ABD2-GFP as the probe to label the actin cytoskeleton as it labels both AFs and actin bundles 

(Dyachok et al., 2014), I conducted a time course study to investigate the fine organization and 

dynamics of AFs at Bgh-attempted penetration site in Arabidopsis leaf epidermal cells. In Bgh 

conidia-attacked epidermal cells before the penetration events, the actin cytoskeleton formed a 

massive lattice with irregularly directional fine filaments in the cortical cytoplasm (Fig 3.1A). 

Rearrangement of the actin cytoskeleton was first observed at Bgh-attempted penetration sites at 

~10 hpi when penetration pegs were visible underneath the mature appressorium. Cortical AFs 

bended into curved and circular filaments around the sites of attempted penetrations (Fig 3.1A). 

Fine AFs frequently accumulated around the penetration sites during the early penetration stages 

9-12 hpi and concentrated to form a dome-shaped, dense patch enveloping the Bgh-penetration 

site (Fig 3.1A). After that, at 13-15 hpi, cytoplasmic AFs in Bgh-infected cells formed thick actin 

bundles that pointed towards the penetration site as reported previously (Yang et al., 2014) and 

attached to the actin patch. Most actin patches at the Bgh-attempted penetration sites were stably 

maintained until 18 to 24 hpi, whereas the formation of AF bundles was highly dynamic and 

disassembled gradually at the late infection time points. 

Distribution and arrangement of microtubules (MTs) were also investigated during Bgh-

penetration stages on Arabidopsis leaves simultaneously expressing GFP-ABD2-GFP and 

mCherry-MAP4 (El Zawily et al., 2014). MTs were less dynamic compared to AFs, showing 

disorganized arrays in both non-infected and Bgh-attacked epidermal cells. While actin patch 

formation occurred at the Bgh-attempted penetration site, MTs did not exhibit focal aggregation 

and rearrangement at the same infection site. Furthermore, at the late infection stages where 

polarized reorganization of AF bundles towards the penetration sites took place, no polar arrays 

of MTs were observed at the same infection site (Fig 3.1B). These results suggest that MTs are 

unlikely involved in regulating focal cellular responses upon the Bgh attack.  

The actin is highly mobile, and its streaming contributes significantly to the movement of 

the organelles and vesicles (Sparkes et al., 2009; Cao et al., 2016). In plant cells, the endoplasmic 

reticulum (ER) is an essential organelle that spreads throughout the cytoplasm as one 

interconnected network of membrane-enclosed narrow tubules and dilated cisternae that are held 
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together by the cytoskeleton. To investigate whether the formation of actin patch at the Bgh-

penetration sites regulates host cellular responses during early infection stages, I examined the 

ER  remodeling and motility at the Bgh-attacked epidermal cells of Arabidopsis leaves co-

expressing an ER marker (GFP-KDEL) and YFP-ABD2-YFP (Nelson et al., 2007; Dyachok et 

al., 2014). In Bgh-inoculated epidermal cells before the penetration event, the cortical ER formed 

a well-distributed gridding network (Fig 3.2). At ~10 hpi, the ER began to aggregate towards the 

Bgh-attempted penetration site at which the AFs exhibited a simultaneous accumulation. At ~11 

to 12 hpi, extensive changes of ER redistribution within the Bgh-attacked cells were observed. At 

this infection time point while a condensed actin patch formed around the penetration sites, 

massive ER aggregated and condensed around the penetration sites, and switched its shapes from 

reticulated tubules to flat cisternal sheets. At 13-15 hpi, rapidly streaming strands of the ER 

moved towards the penetration sites, causing a striking rearrangement of the ER  over the 

polarized AF bundles. At late infection stages over 15 hpi, both the actin patches and 

concentrated ER network maintained at the penetration sites while the simultaneous occurrence 

of AF bundle polarity and ER streaming towards the penetration sites was transient and 

subsequently disappeared. 
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Figure 3.1 Formation of actin patch underneath fungal penetration sites at early infection 
stage. 
(A) Leaves of Arabidopsis plants expressing GFP-ABD2-GFP were inoculated with 
conidiospores of Blumeria graminis f. sp. hordei (Bgh). Bgh-attempted penetration sites were 
examined under a confocal microscope at early infection stages from ~9 to 15 hours post 
inoculation (hpi). Arrowheads indicate the Bgh penetration sites in epidermal cells. app, 
appressorium. Scale bars, 10 µm.  
(B) Leaves of Arabidopsis plants co-expressing YFP-ABD2-YFP and mCherry-MAP4 were 
inoculated with Bgh and examined under confocal microscope with time course. The 
representative images were captured at 11 and 15 hpi, and viewed by merging the confocal 
optical sections (Z stacks). Arrowheads indicate the Bgh penetration sites in epidermal cells. app, 
appressorium. Scale bars, 20 µm. 
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Figure 3.2 Accumulation of ER towards penetration site is associated with the formation of 
actin patch. 
Leaves co-expressing YFP-ABD2-YFP and ER-GFP were inoculated with Bgh and examined 
under confocal microscope with time course. The representative images were captured from ~9 
to 15 hpi. Asterisks indicate the Bgh-attempted penetration sites in epidermal cells; arrowheads 
indicate the actin patch; app, appressoria (arrows). Scale bars, 10 µm.  
 
 
3.3.2 AF dynamics in actin patches at the penetration site 

The dynamics of AFs are characterized by an essential coupling between polymerization and 

disassembly processes. To investigate AF dynamics in actin patch at the penetration sites, I used 

an actin polymerization inhibitor, latrunculin A (Lat-A), which competitively binds to actin 

monomers and sequesters them from being used for polymerization, and AFs would disintegrate 
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soon by constant disassembly of monomers from both ends of AFs if without continuous addition 

of free actin monomers at barbed ends (Spector et al., 1989; Ayscough et al., 1997). I first tested 

the effect of Lat-A on the AF dynamics in Arabidopsis leaf cells expressing GFP-ABD2-GFP by 

infiltrating different concentrations of Lat-A into leaf tissues and incubating the leaf tissue for a 

time period. Lower concentration of Lat-A (0.2 µM) caused AF fragmentation and disassembly 

at ~90 min, while a higher concentration of Lat-A (1 or 5 µM) accelerated the fragmentation 

process of AFs at 30 min and most AFs disappeared at 90 min (Fig 3.3). The rapidity of AFs 

disassembly in plant leaf cells with Lat-A treatment indicates the AFs undergo rapid turnover in 

living plant cells. 

As Lat-A provides an opportunity to monitor the turnover of AFs in plant cells, I 

employed it to investigate the dynamics of AFs in the pathogen-induced patches. At 13~15 hpi, 

Bgh-inoculated Arabidopsis leaves were infiltrated with different concentrations of Lat-A and the 

Bgh-attacked sites were examined immediately under the confocal microscope. In mock-treated 

cells, the AFs in both actin patches and other regions did not exhibit any fragmentation (Fig 3.4). 

Lower concentration of Lat-A (0.2 µM) seemed to have a subtle effect on the AFs in actin 

patches as well as in other regions within 60 min. After infiltration with 0.5 µM Lat-A, the AFs 

in other regions of the cell first exhibited the sign of disassembly at 40 min, and AFs near the 

actin patches began to disassemble at ~60 min. The disassembly of AFs was accelerated when 

increasing Lat-A concentrations. 1 µM Lat-A caused the fragmentation of AFs around and inside 

actin patches at ~40 min while 5 µM Lat-A advanced the fragmentation process to 30 min (Fig 

3.4). When the leaves were pre-infiltrated with 5 µM Lat-A 1 h before Bgh inoculation, we 

observed that actin patches were formed underneath the Bgh-attempted penetration sites at ~16 

hpi (Fig 3.5). At the same time point, the actin in other regions maintained the soluble state and 

did not re-generate filaments, which means that the depolymerization effect of Lat-A treatment 

persisted over 16 hours and the actin patches were newly formed under the continuous inhibition 

of Lat-A. Taken together, these results indicate that AFs in pathogen-induced actin patches 

undergo rapid turnover with a more powerful assembly mechanism than the AFs in ordinary 

cortical cytoplasm in plant cells. 
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Figure 3.3 Latrunculin A treatment causes a dose-dependent disruption of actin filaments 
in leaf epidermal cells. 
Leaves expressing GFP-ABD2-GFP were infiltrated with different concentrations of latrunculin 
A (Lat-A; 0.2, 1, 5 µM and DMSO as control) and examined at various time points. Images are 
single optical section captured by confocal microscope. Scale bars, 20 μm. 
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Figure 3.4 Steady-state of actin patch surrounding the fungal penetration site. 
Leaves of Col-0 plants expressing GFP-ABD2-GFP were inoculated with Bgh conidiospores. 
Bgh-attempted infection sites at 13 hpi were examined at various time points after incubation in 
different concentrations of latrunculin A (Lat-A) (DMSO as mock control) by confocal 
microscopy. Asterisks indicate the Bgh-attempted penetration. The boxed areas at 60 min post 
Lat-A treatment were enlarged for viewing in right column. All images were obtained by 
merging the confocal optical sections (Z-stacks). app, appressoria. Scale bars, 10 μm. 
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Figure 3.5 Actin patch forms underneath Bgh-penetration sites under long-time inhibition 
with latrunculin A. 
Leaves expressing GFP-ABD2-GFP were infiltrated with 1 or 5 μM latrunculin A (Lat-A) 1 h 
before inoculation with Bgh, and examined at ~16 hpi under confocal microscope. Images are 
single optical sections. Asterisks indicate the Bgh-attempted penetration; app, appressoria 
(arrows). Scale bars, 10 μm. 
 

 

3.3.3 Actin patch formation is regulated by ARP2/3 complex and its upstream activators 

The assembly of AFs from actin monomers is mediated mainly by two groups of nucleating 

proteins, ARP2/3 complex and formins (Pollard, 2007; Campellone and Welch, 2010). ARP2/3 

complex initiates the assembly of branched filaments whereas formins produce unbranched, 

linear filaments. Since the pathogen-induced actin patch contains branched AFs, I decided to 

investigate whether the ARP2/3 complex was involved in the formation of actin patch. 

Considering that fusing GFP with ARP3 may disrupted the conformational changes inside ARP3 

polypeptide which was critical for activating ARP2/3 complex (Dalhaimer et al., 2008) and 

ARP2 did not have such potential problem, I generated a construct in which ARP2 was fused 

with YFP and driven by its endogenous promoter, and transformed it into mutant arp2-1. The 

main visible defect of arp2-1 is distorted trichomes compared with wild type. The positive 

transformants containing ARP2:ARP2-YFP could efficaciously rescue the distorted trichome 

morphology of arp2-1 (Fig 3.6A), which indicates the ARP2-YFP protein chimera is functional, 

like the complementary experiment processed on brk1 mutant (Fig 3.6A) (Dyachok et al., 2008). 

The transformant #2 of ARP2:ARP2-YFP was chosen to do the further investigation as it 
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displayed stable rescue activity over several generations and F2 generation of which had an 

approximately 3:1 segregation of normal to distorted trichomes (48:15). The ARP2-YFP signals 

displayed local enrichments at cell corners and at points of maximum curvature in partially 

expanded leaf epidermal pavement cells (Fig 3.6B), similar to BRK1-YFP and NAP1-GFP 

reported previously (Dyachok et al., 2008; Wang et al., 2016). In young expanding trichomes, 

ARP2-YFP distributed at cell periphery, inside cytoplasmic strands and around the nucleus (Fig 

3.6C). In partially expanded trichomes, ARP2-YFP remained the peripherally localized pattern 

along the full length of branches (Fig 3.6D). 

 To elucidate whether ARP2/3 complex mediates the formation of actin patch during 

powdery mildew attack, the mature leaves expressing ARP2:ARP2-YFP were challenged with 

Bgh conidiospores. ARP2-YFP accumulated around the penetration sites in a patch-like shape 

with a diffuse halo at ~13 hpi (Fig 3.7A), which is similar to the GFP-ABD2-GFP-labelled actin 

patches (Fig 3.1). To decipher the function of the ARP2/3 complex, I isolated two mutants of 

ARP2/3 complex subunits. Null mutants arp2-1 and arp3-1 were confirmed with a T-DNA 

insertion in the first intron or the fifth intron respectively, and both homozygous mutant lines 

exhibited distorted trichomes (Fig 3.8) (Li et al., 2003). Both arp2-1 and arp3-1 displayed much 

less dense AFs but more prominent actin bundles in leaf epidermal cells than in wild type (Fig 

3.7B), which indicates that ARP2/3 complex plays a major role in actin branching but no or 

minor role in actin bundling. After inoculation with Bgh, no actin patches were observed 

underneath penetration sites in these two mutants whereas polarized cables were frequently 

detected (Fig 3.7C). Another mutant myosin 4KO, which loses most expressed myosin XI 

(isoforms 1, 2, I and K) in leaves, still had abundant branched AFs and formed actin patches (Fig 

3.7B and C). All these evidences suggest that the formation of actin patches at penetration sites 

requires ARP2/3 complex. 

Next, whether the W/SRC, the upstream activator of the ARP2/3 complex, conducts the 

formation of actin patches was investigated. After inoculation with Bgh, BRK1-YFP was focally 

accumulated at the penetration sites at 13 hpi (Fig 3.7A). To further decipher the potential 

involvement of W/SRC in patch formation, I isolated two mutants of Arabidopsis W/SRC 

subunits. The brk1 (Djakovic et al., 2006; Le et al., 2006) and nap1 (Deeks et al., 2004) were 

confirmed to be the null mutants with T-DNA insertions and exhibited distorted trichomes (Fig 

3.8). Confocal images illustrated that the GFP-ABD2-GFP-labeled displayed more bundles and 
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fewer filaments in most leaf epidermal cells of both brk1 and nap1 compared with wild type (Fig 

3.7B). Furthermore, actin patches were rarely observed at penetration sites in these two mutants 

(Fig 3.7C), which indicates that the formation of actin patches also needs W/SRC to activate the 

ARP2/3 complex-mediated actin assembly.  
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Figure 3.6 General pattern of ARP2:ARP2-YFP in Arabidopsis. 
(A) Scanning electron micrograph of mature trichomes on the first true leaves of one-week plants 
of Col-0, arp2-1, complemental arp2-1 expressing ARP2:ARP2-YFP, brk1 and complemented 
brk1 expressing BRK1:BRK1-YFP. Scale bars, 100 µm.  
(B) Leaf epidermal pavement cells of arp2-1 expressing ARP2:ARP2-YFP and brk1 expressing 
BRK1:BRK1-YFP. Arrows point to the local enrichments at cell-cell conjunctions and 
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arrowheads point to localized enrichments observed at maximum curvature in partially expanded 
pavement cells. Scale bars, 20 µm.  
(C) Leaf epidermal pavement cells of arp2-1 expressing ARP2:ARP2-YFP with plasmolysis by 
incubating in 0.8 M KCl. Propidium iodide (PI) was used to label the separated cell wall and 
plasma membrane. Scale bars, 20 µm.  
(D) Localization of ARP2-YFP in trichome at early expansion stage on the first true leaves. The 
same site was viewed by focus on surface (upper panel) and on midplane (lower panel). N, 
nucleus. Scale bars, 20 µm.  
(E) Localization of ARP2-YFP in trichome at later expansion stage on the first true leaves. N, 
nucleus. Scale bars, 20 µm.  
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Figure 3.7 Active ARP2/3 complex is required for actin patch formation at fungal 
penetration sites. 
(A) Focal accumulation of ARP2-YFP and BRK1-YFP at Bgh-attempted penetration sites. 
Leaves expressing ARP2-YFP or BRK1-YFP were inoculated with Bgh and examined by 
confocal microscopy at 13 hpi. Appressoria (app) were stained by propidium iodide (PI). Scale 
bars, 10 μm. 
(B) Distribution of actin filaments labelled by GFP-ABD2-GFP in leaf epidermal cells of Col-0 
wild type and arp2-1, arp3-1, brk1, nap1 and myosin xi 4KO mutants. Images are single optical 
sections focusing on cortical surface. Scale bars, 10 μm. 
(C) Leaves of Col-0, arp2-1, arp3-1, brk1, nap1 and myosin xi 4KO expressing GFP-ABD2-
GFP were inoculated with Bgh and examined by confocal microscopy at 13 hpi. Z-stack images 
were obtained by merging the confocal optical sections. Asterisks indicate the Bgh-attempted 
penetration site. app, appressoria. Scale bars, 10 μm. 
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Figure 3.8 Phenotypic characterization of mutants in W/SRC-ARP2/3 pathway. 
(A) Model for the W/SRC and ARP2/3 complexes-mediated actin nucleation and assembly. 
The ROP-GEF SPK1 positively regulates the W/SRC, and the subunit of W/SRC, SCARs, 
physically activate the ARP2/3 complex. The activated ARP2/3 complex binds to the side of a 
mother filament and nucleates a new filament to conduct the branching of actin filaments. (B) 
Overview of four weeks plants of Col-0 wild type and indicated mutants in the W/SRC-ARP2/3 
pathway. 
(C) Scanning electron micrograph of mature trichomes on the first true leaves of one-week-old 
plants of indicated genotypes. Scale Bars: 100 µm.  
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3.3.4 W/SRC-ARP2/3 pathway regulates penetration resistance against powdery mildew 

pathogens 

In Arabidopsis  thaliana, ARP2/3 complex contains seven subunits while W/SRC includes five 

subunits (Fig 3.8A)(Szymanski, 2005; Uhrig et al., 2007; Yanagisawa et al., 2013). I screened a 

series of single-gene knockout mutants of the W/SRC-ARP2/3 pathway, including arp2-1, arp3-

1, arpc2A, arpc4-1, arpc4-2, arpc5; scar2-1, scar2-2, brk1, nap1 and sra1, all of which have the 

distorted trichome morphology (Fig 3.8B and C). The penetration rates of Bgh on all mutants 

varied but were stable between 17% and 25% at 36 hpi whereas the penetration rates on wild 

type were about 7% (Fig 3.9A), which suggests that losing the function of ARP2/3 complex or 

W/SRC partially impairs penetration resistance against the non-adapted powdery mildew Bgh. 

Since all null mutants exhibited penetration resistance deficiency, arp2-1 and arp3-1 were 

chosen as representatives to exam the microscopic phenotype. The conidiospores’ germination, 

germ tube formation and appressoria development were normal in both mutants and wild type. 

After that, most appressoria either failed to enter the epidermal cells or were blocked by callosic 

papillae on wild type (Fig 3.9B). Although about three in fourth of penetration attempts failed, a 

considerable number of appressoria successfully formed bilateral haustoria inside epidermal cells 

and produced elongating hyphae epiphytically on arp2-1 and arp3-1, which was barely observed 

on wild type (Fig 3.9B and C). Colonization progress was usually ceased at this stage in arp2-1 

and arp3-1, and cell death responses were frequently observed in epidermal cells housing 

haustoria visualized by intense aniline blue-stained cell wall (Fig 3.9B and D), which suggests 

that post-invasion resistance is partially impaired in mutants of W/SRC-ARP2/3 pathway 

subunits. 

 Next, the arp2-1 and arp3-1 mutants were challenged with adapted powdery mildew 

Erysiphe cichoracearum. Interestingly, enhanced host cell entry was observed on both arp2-1 

and arp3-1 mutants (Fig 3.10A), which suggests that disruption of the ARP2/3 complex 

compromises the basal resistance against adapted powdery mildew. After penetration, fungi 

developed faster on both mutants with more secondary hyphal branches and hyphal lengths at 2 

dpi and more conidiophores at 7 dpi (Fig 3.10B-D). Consequently, a whitish fungal mass was 

more easily observed on both mutants at 10 dpi (Fig 3.10E). Collectively, these data indicate that 

disruption of the ARP2/3 complex enhances the disease susceptibility to adapted powdery 

mildew. 
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Figure 3.9  W/SRC-ARP2/3 pathway regulates penetration resistance against fungal 
pathogen invasion. 
(A) Penetration rates of Bgh on leaves of indicated genotypes. Data were collected on leaf tissues 
of Col-0, and ARP2/3 complex mutants (arp2, arp3, arpc2A, arpc4, arpc5) and its activator 
mutants (brk1, sra1, nap1, scar2) at 36 hpi. Mean ± SD, n=4 in which more than 100 sites of 
each genotype were scored. Capital letters indicate significant different determined by one-way 
ANOVA with Tukey’s HSD (p < 0.01).  
(B-C) Bgh development on Col-0, arp2-1 and arp3-1 leaves. Inoculated leaves at 36 hpi were 
stained with aniline blue (magenta) for callose and Alexa Fluor® 488 conjugated-WGA (green) 
for fungal structures. All images were obtained by merging the confocal optical sections (Z-
stacks). (C) Enlarged views show the representative development of single conidium-formed 
colonization in (B). Arrowheads indicate cell death with callose deposition. app, appressorium; 
ha, haustorium; eh, elongation hypha; pap, papilla. Scale Bars, 50 µm. 
 (D) Frequency of cell death at Bgh penetration sites at 36 hpi. Mean ± SD, n = 4 in which more 
than 100 sites each were scored. **P < 0.01, t-test, compared to Col-0 wild type, respectively. 
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Figure 3.10 Disruption of W/SRC-ARP2/3 pathway enhance disease susceptibility to 
adapted powdery mildew E. cichoracearum.  
Three-week-old Col-0 and mutants were inoculated with conidiospores of E. cichoracearum 
(Ec). 
(A-C) Quantitative analysis of Ec growth on leaves of Col-0 and mutant arp2-1 and arp3-1 at 2 
dpi. (A) Penetration rate of Ec. Mean ± SD, n = 4 in which more than 300 sites of each genotype 
were scored. **P < 0.01, t-test, compared to wild type, respectively. (B-C) Branch numbers and 
total length of secondary hyphae per colony. Mean ± SD, n = 100. **P < 0.01, t-test, compared to 
wild type, respectively. 
(D) Microscopic images of Ec development on Arabidopsis leaves of the indicated genotypes at 
7 dpi. Samples were fixed and stained with aniline blue. Scale bars, 100 µm.  
(E) Symptom development of Ec on Arabidopsis leaves of the indicated genotypes at 9 dpi.  
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3.3.5 Disruption of ARP2/3 prevents focal accumulation of PEN1, rather than PEN3, into 

papillae 

Penetration resistance is mainly achieved by localized cell wall appositions beneath the invading 

pathogens. To understand how ARP2/3-mediated actin assembly contributes to penetration 

resistance, I assessed the potential effect of disrupting ARP2/3 complex on the localized 

deposition of resistance-related components into papillae. First, I monitored the accumulation of 

callose at penetration sites and found that the callose deposition was comparable in arp2-1 and 

wild type at 36 hpi (Fig 3.11A). Previous reports have shown that the mutants pen1-1, gnomB/E 

and myosin 4KO had an approximate 30 min to 1 hour delay in the appearance of callose at 

attempted Bgh penetration sites (Assaad et al., 2004; Nielsen et al., 2012; Yang et al., 2014). 

However, no such delay of callose deposition was observed on leaves of arp2-1 compared with 

wild type (Fig 3.11B). Then I monitored the accumulation of lignin-like autofluorescent 

compounds at fungal penetration sites (Nicholson and Hammerschmidt, 1992; Bhuiyan et al., 

2009). Quantitatively measuring the autofluorescence intensity at penetration sites supported the 

conclusion that the deposition of autofluorescent materials in arp2-1 was comparable to that in 

wild type (no significant difference in t-test; Fig 3.11C and D). 

Syntaxin PEN1 mediates a default secretory pathway involved in penetration resistance 

and has been reported to focally accumulate at Bgh-attempted sites (Collins et al., 2003; Kwon et 

al., 2008). To investigate the possible roles of ARP2/3 complex in the trafficking of PEN1, we 

tried to cross the GFP-labelled PEN1 (GFP-PEN1) into the arp2-1 and arp3-1 mutants. 

Unexpectedly, the homozygous arp2-1 plants expressing GFP-PEN1 could not be obtained from 

the F2 generation after screening thousands of seedlings, which suggests somehow lethality or 

linkage between the gene ARP2 and the inserted GFP-PEN1 fragment. We obtained the 

homozygous arp3-1 plant expressing GFP-PEN1. Under the confocal microscope, bright GFP-

PEN1 signals accumulated underneath the Bgh-penetration sites and sometimes were 

accompanied with cloud-like endomembrane compartments around papillae in wild type (Fig 

3.12A). Strikingly, the accumulation of GFP-PEN1 to penetration sites was significantly 

decreased in the arp3-1 mutant (Fig 3.12B). After plasmolysis, bright GFP-PEN1 fluorescence 

signals remained inside papillae in wild type, whereas only weak signals appeared in the papillae 

in arp3-1 (approximately 13% of that in wild type; Fig 3.12C and D). The ABC transporter 

PEN3 has been reported to contribute to penetration resistance to fungal pathogens and focal 
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accumulate at papillae (Stein et al., 2006). To investigate the possible roles of ARP2/3 complex 

in the trafficking of PEN3, we tried to cross the GFP-labelled PEN3 (PEN3-GFP) into the arp2-1 

and arp3-1 mutants. Among the F2 generation, no homozygous arp3-1 plants expressing PEN3-

GFP was obtained after screening thousands of seedlings. However, we obtained the 

homozygous arp2-1 plants expressing PEN3-GFP. Confocal images demonstrated that the 

deposition of PEN3-GFP into papillae was not affected in arp2-1 compared with wild type, 

which was further supported by quantitative measurement of the fluorescence intensity at 

papillae (Fig 3.12E-G). Taken together, these data indicate that only accumulation of GFP-PEN1, 

rather than PEN3-GFP, into papillae is controlled by ARP2/3 complex-mediated actin assembly. 

 
Figure 3.11 Disruption of ARP2/3 complex does not affect the deposition of callose and 
lignin-like autofluorescence into papillae. 
(A and B) Callose deposition at Bgh-attempted penetration sites of Col-0 and arp3-1 at 10 hpi. 
(A) Inoculated leaves were stained with aniline blue (magenta) for callose and Alexa Fluor 488 
conjugated-WGA (green) for fungal structures. All images were obtained by merging the 
confocal optical sections (Z-stacks). Arrowheads indicate papillae; arrows indicate appressoria 
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(app). Scale bars, 50 µm. (B) Frequency of callose deposition at Bgh attack sites. At least 300 
germinated spores were scored for each sample. (P > 0.05, mean ± SD, n = 4).  
(C and D) Deposition of lignin-like compounds at Bgh-attempted penetration sites of Col-0 and 
arp3-1 at 17-19 hpi. (C) Representative images of the autofluorescence. app, appressoria; pap, 
papillae. Scale bars, 10 µm. (D) Relative autofluorescence intensity at papillae. (P > 0.05, mean 
± SD, n = 30).  

 

Figure 3.12 Disruption of ARP2/3 complex prevents focal accumulation of PEN1 proteins 
into papillae. 
(A-D) Focal accumulation of GFP-PEN1 at the Bgh-attempted penetration sites in Col-0 and 
arp3-1. Leaves of Col-0 or arp3-1 expressing GFP-PEN1 inoculated with Bgh were examined 
for GFP-PEN1 signals. All images were taken with the same setting under a confocal microscope 
at 24 hpi. (A and B) Bgh-attempted penetration sites on leaf epidermal cells of Col-0 (A) and 
arp3-1 (B) without plasmolysis. The same inoculation sites were viewed by focusing on the 
peripheral surface (upper panel) or into cells (lower panel) of the leaf epidermis. (C) Bgh-
attempted penetration sites on leaf epidermal cells of Col-0 or arp3-1 after epidermal cells were 
plasmolyzed. (D) Relative fluorescence intensity of GFP-PEN1 signals at apoplastic papillae 
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after plasmolysis. Quantification was performed over 30 sites of 3 plants per each genotype. 
(***P < 0.001, mean ± SD, n = 30).  
(E-G) Accumulation of PEN3-GFP at the Bgh-attempted penetration sites in Col-0 and arp2-1 
without (E) or after (F) plasmolysis. Leaves of Col-0 or arp2-1 expressing PEN3-GFP inoculated 
with Bgh were examined for PEN3-GFP signals with same setting by confocal microscopy at 24 
hpi. (G) Relative fluorescence intensity of PEN3-GFP at apoplastic papillae after plasmolysis. 
Quantification was performed over 30 sites of 3 plants per each genotype. (P = 0.456, mean ± 
SD, n = 30).  
Fungal conidia and appressoria were staining with propidium iodide (PI, red). Arrowheads 
indicate Bgh-attempted penetration sites. app, appressorium. Scale bars, 10 µm. 
 

 

3.3.6 ARP2/3 complex is required for the endocytic recycling of PEN1 proteins  

Since the deposition of GFP-PEN1 into papillae is significantly decreased in arp3-1, I wondered 

whether the cellular dynamics of GFP-PEN1 are affected by the disruption of the ARP2/3 

complex. Confocal imaging revealed that GFP-PEN1 fluorescence signals at the PM of arp3-1 

leaf epidermal cells were reduced to 14% of that in wild type (Fig 3.13A and B), which means 

maintaining the steady-state level of GFP-PEN1 on leaves requires ARP2/3 complex. In contrast, 

disruption of ARP2/3 did not affect the fluorescence intensity of PEN3-GFP at the PM (Fig 

3.14). To confirm whether such an effect is specific to GFP-PEN1 or could be applied to all PM-

resident proteins, arp2-1 was crossed with the well-characterized PM-resident protein GFP-

LTI6b (Cutler et al., 2000). Confocal images suggest that inactivation of the ARP2/3 complex 

had no impact on the cellular homeostasis of GFP-LTI6b (Fig 3.14). 

Although PEN1 protein is stable in Arabidopsis leaves (Nielsen and Thordal-Christensen, 

2012), it undergoes constitutive endocytosis and recycling between the PM and early 

endosome/trans-Golgi network (TGN) (Nielsen et al., 2012). To analyze whether inactivation of 

the ARP2/3 complex affects the endomembrane trafficking of GFP-PEN1, the amphiphilic styryl 

dye FM4-64 was used to trace the endocytic pathway (Bolte et al., 2004). After 15 min of 

incubation, extensive GFP-PEN1-positive puncta were colocalized with the internalized FM4-

64-labelled endosomes at the cell periphery in wild type leaf cells (Fig 3.13C). In contrast, the 

number of GFP-PEN1-positive puncta was dramatically reduced in arp3-1 (Fig 3.13C). 

Considering that the signals of GFP-PEN1-positive puncta in arp3-1 were too weak to be 

distinguished from the background, I qualified the number of FM4-64-labelled endosomes and 

found a statistically significant decrease of FM4-64 internalization in arp3-1 compared with wild 
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type (Fig 3.13D). These evidences indicate that the ARP2/3 complex positively regulates not 

only the endocytosis of GFP-PEN1 but also the general endocytic pathway. 

Fungal toxin brefeldin A (BFA), which inhibits ARF-GEF GONM activity and induces 

abnormal aggregation of Golgi-TGN, has been reported to cause the restriction of GFP-PEN1 

into BFA bodies (Geldner et al., 2003; Nielsen et al., 2012). I analyzed the effect of inactivating 

the ARP2/3 complex on the process of BFA-induced accumulation of GFP-PEN1. Within 1 hour 

upon BFA treatment, GFP-PEN1 colocalized with the internalized FM4-64 and aggregated into 

large motile BFA bodies in 97% of wild type epidermal cells (Fig 3.13E-G). In contrast, only 

47% of arp3-1 cells contained BFA bodies, and the average size of GFP-PEN1 aggregates was 

dramatically smaller than in wild type. These BFA bodies displayed two different dynamics 

patterns, some of which firmly attached to the PM while others moved rapidly. The average size 

of BFA-induced FM4-64 aggregates was also significantly decreased in arp3-1 compared with 

wild type (Fig 3.13G). All these evidences further suggest that the general endocytic pathway 

reuqires the ARP2/3 complex. 
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Figure 3.13 ARP2/3 complex is required for maintaining steady-state levels of PEN1 
proteins at PM via an endocytic recycling pathway. 
(A and B) The steady-state level of GFP-PEN1 on PM. (A) Representative images of GFP-PEN1 
signals in leaf epidermis of Col-0 and arp3-1 mutant. Images were captured with the same 
acquisition settings by confocal microscopy. Scale bars, 20 µm. (B) Relative fluorescence 
intensity of GFP-PEN1 signals on PM. Quantification was performed over 3 plants per each 
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genotype. (***P < 0.001, mean ± SD, n = 30).  
(C and D) Internalization of GFP-PEN1 and FM4-64 endosomes. (C) Representative images of 
GFP-PEN1 signals captured 15 min after loading FM4-64. Scale bars, 10 μm. (D) Average 
numbers of FM4-64 labeled endosomes per 1000 μm2. Quantification was performed over 30 
cells for each genotype. (**P < 0.01, mean ± SD, n = 30).  
(E-G) Intracellular aggregation of GFP-PEN1 after BFA treatment. (E) Co-localization of GFP-
PEN1 signals with FM4-64 stained BFA compartments (BFA bodies) in epidermal cells of leaf 
segments 60 min after 50 µM BFA treatment. Arrowheads mark the BFA bodies with GFP-PEN1 
and FM4-64 co-localizations. (Scale bars, 20 µm). (F) Percentage of cells showing intracellular 
accumulation of FM4-64-labeled BFA bodies in Col-0 (935 cells) and arp3-1 (945 cells). (**P < 
0.01, mean ± SD, n = 3). (G) Average size of BFA bodies labelled with GFP-PEN1 and FM4-64, 
respectively. Quantification was performed with 153 (Col-0) or 134 (arp3-1) GFP-PEN1-
labelled BFA bodies, or 61 (Col-0) or 77 (arp3-1) FM4-64-labelled BFA bodies. (***P < 0.001, 
means ± SD). 
(H and I) Internalization of GFP-PEN1 into intraluminal vesicles of multivesicular bodies 
(MVBs) or lytic vacuoles for degradation. (H) Leaves of Col-0 and arp3-1 plants were incubated 
in 25 μM FM4-64 for 10 min, and subsequently incubated in 0.8 M KCl with 25 μM FM4-64 for 
30 min. Incorporation of GFP-PEN1 signals into the membranes of intraluminal vesicles (ILVs) 
of MVBs was clearly visible after salinity treatment. (I) Leaf tissues of Col-0 plants were 
incubated in the absence or presence of 10 μM concanamycin A (ConcA) for 60 min, and 
subsequently incubated in 0.8 M KCl with 25 μM FM4-64 for 30 min. Dispersal signals of GFP-
PEN1 within MVBs were observed in the presence of ConcA. The boxed areas were enlarged for 
viewing in lower panel. Scale bars, 20 μm. 
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Figure 3.14 Mutation of ARP2/3 complex subunits have different effect on the steady level 
of GFP-PEN1 and PEN3-GFP. 
(A) Representative images of GFP-PEN1, PEN3-GFP, and GFP-LTI6b in leaf epidermal tissue of 
2 weeks seedlings of Col-0 wild type and arp2-1 or arp3-1. Images were captured with the same 
acquisition settings by confocal microscope. Scale bars, 20 µm. (B) Relative fluorescence 
intensity of indicated protein markers along plasma membrane. Quantification was performed 
over 4 plants per each genotype. (***P < 0.001, mean ± SD, n=30). P = 0.310 for PEN3-GFP; P 
= 0.081 for GFP-LTI6b.  
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3.3.7 GFP-PEN1 is delivered to the lytic vacuole for degradation 

In addition to the critical role in GFP-PEN1 endocytosis, I questioned whether the ARP2/3 

complex is also involved in the degradation process of GFP-PEN1. Recently, studies using 

conditional expression of PEN1 only during cell division stages confirmed that the PEN1 pre-

synthesized at young leaf stage could be detected in papillae and rescues the penetration 

resistance in pen1-1 on fully expanded mature leaves (Reichardt et al., 2011; Nielsen and 

Thordal-Christensen, 2012), which indicates the degradation process of PEN1 is very slow. 

Besides that, little is known about the mechanisms underlying the degradation of PEN1 protein. I 

found that 6 h dark treatment could not induce the accumulation of GPE-PEN1 into the lytic 

vacuole of leaf cells, which is similar to another SNARE SYP132-GFP (Ueda et al., 2016). 

Previous reports have shown that salt stress could induce and accelerate the internalization of 

PM-resident proteins into the vacuolar lumen (Leshem et al., 2007; Luu et al., 2012; Ueda et al., 

2016). To gain more insight into the dynamic properties of PEN1, 0.8 M KCl was used to 

incubate leaf tissues to induce plasmolysis. In wild type the GFP-PEN1-labelled PM retrieved 

quickly from the cell wall and displayed massive visible Hechtian strands. Strikingly, after 

plasmolysis, the GFP-PEN1 were internalized into the limiting membranes and intraluminal 

vesicles’ membranes of multivesicular bodies (Fig 3.13H). To further confirm the targeting of 

salt stress-induced GFP-PEN1 to the intraluminal vesicles, I used concanamycin A, which has 

been shown to inhibit the activity of V-ATPases to reduce acidification of lytic compartments 

and	 prevent protein degradation in vacuoles (Droese et al., 1993; Tamura et al., 2003; Kleine-

Vehn et al., 2008). After pre-incubation with 10 μM concanamycin A for 60 min, the salt stress-

induced internalized GFP-PEN1 accumulated and resided in the intraluminal vesicles (Fig 3.13I). 

Multivesicular bodies are thought to be identical to the pre-vacuolar compartments in plants (Tse 

et al., 2004), and my findings unequivocally suggest that PEN1 protein is transported to the 

multivesicular bodies/pre-vacuolar compartments and then delivered to the lytic vacuole for 

degradation. However, after KCl-induced plasmolysis, GFP-PEN1 was also internalized into 

intraluminal vesicles in arp3-1 leaf cells (Fig 3.13H), which may suggest ARP2/3 complex has a 

small or minor role in the degradation process of GFP-PEN1, and that the reduced steady-state 

level of GFP-PEN1 in arp3-1 comes from impaired endocytosis rather than degradation.  
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3.3.8 PI(4,5)P2 regulates actin patch formation at fungal penetration sites  

PI(4,5)P2 is thought to be the upstream regulator of the WASP-WAVE network in animal and 

yeast (Saarikangas et al., 2010), so I investigated the potential roles of PI(4,5)P2 on W/SRC-

ARP2/3 pathway-mediated actin assembly in Arabidopsis leaves. After Bgh attack, all 

mCITRINE (mCIT)-tagged PI(4,5)P2 biosensors, including mCIT-1xPHPLCδ1, mCIT-2xPHPLCδ1 

and mCIT-1xTUBBY-C (Simon et al., 2014), were observed to accumulate around the 

penetration sites at ~10-13 hpi (Fig 3.15A; Fig 3.16). Since the double mutant pip5k1 pip5k2, in 

which PI4P 5-kinases PIP5K1 and PIP5K2 are knockout, displayed reduced PI(4,5)P2 levels 

(Ischebeck et al., 2013), the actin marker GFP-ABD2-GFP was crossed into this double mutant. 

Confocal images revealed that the actin cytoskeleton became rarefied in epidermal cells of 

pip5k1 pip5k2 whereas it displayed as an extensive network in wild type (Fig 3.15B). After 

inoculation with Bgh, actin in pip5k1 pip5k2 mutant exhibited as bundles directing towards the 

penetration sites and actin patches were rarely observed (Fig 3.15C). These evidences suggest 

that PI(4,5)P2 regulates the ARP2/3-mediated formation of actin patches. 



63 
 

 

Figure 3.15 PI(4,5)P2 regulates actin patch formation at fungal penetration sites. 
(A) Focal accumulation of PI(4,5)P2 at the Bgh-attempted penetration sites. Leaves of Col-0 
plants expressing a PI(4,5)P2 biosensor CITRINE-1xPHPLCδ1 were inoculated with Bgh 
conidiospores. Inoculated sites were viewed under a confocal microscope at 10 hpi. Asterisks 
indicate the Bgh-penetration sites. Scale bars, 10 µm. 
(B) Altered organization of actin cytoskeleton in leaf epidermal cells of pip5k1 pip5k2 mutants. 
Representative confocal images of leaf epidermal cells of Col-0 and pip5k1 pip5k2 plants 
expressing GFP-ABD2-GFP. Images are maximum-projection of Z-stacks. All images were 
taken at the same confocal setting. Scale bars, 20 µm. 
(C) Disruption of actin patches in pip5k1 pip5k2 mutant. Leaves of Col-0 and pip5k1 pip5k2 
plants expressing GFP-ABD2-GFP were inoculated with Bgh and examined by confocal 
microscopy at 13 hpi. Images are maximum-projection of Z-stacks. Scale bars, 10 µm. 
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Figure 3.16 Focal accumulation of PI(4,5)P2 at the Bgh-attempted penetration sites. 
Representative images of Bgh-infected Arabidopsis cells expressing different PI(4,5)P2 

biosensors at 12 hpi. (A) mCIT-1xPHPLCδ1(P14Y). (B) mCIT-2xPHPLCδ1 (P24Y). (C) mCIT-
1xTUBBY-C (P15Y). Fungal appressoria were staining with propidium iodide (PI). Asterisks 
indicate the Bgh-attempted penetration sites; app, appressorium. Scale bars, 10 µm. 
 

 
3.4 Discussion 

3.4.1 Pathogen-induced polarized actin network consists of two distinct actin structures—

actin cables and actin patches 

Plant cells can rapidly respond to potential fungal or oomycete pathogen invasions on their 

surface. Once sensing the contact or further invasion from pathogenic infection structures (such 

as penetration pegs), plant cells rapidly reorganize the normally nondirectional actin network to 

focus on infection sites. Currently, most evidences about the roles of actin in powdery mildew-

host interactions have largely relied either on fixed materials with immunocytochemistry 

(Opalski et al., 2005) or on limited piecemeal time points of living cell imaging (Takemoto et al., 

2006; Inada et al., 2016a). I performed time-course experiments to monitor the actin dynamics 

during Bgh-Arabidopsis interactions from 6 to 24 h post inoculation, and obtained evidence that 

polarized actin network is made up of two distinct actin structures—actin cables (Yang et al., 
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2014) and actin patches (Fig 3.1). During powdery mildew Bgh attack, actin patches were first 

observed locally around penetration sites at ~9 hpi, correlating with the time period that 

penetration pegs attempt to break through host cuticle and cell wall. Using fine confocal 

microscopy I observed powdery mildew-induced actin patch is a meshwork of branched AFs, 

which is consisted with the ultrastructure of yeast actin patches presented by EM techniques 

(Young et al., 2004; Rodal et al., 2005). Then, actin cables were observed to be polarized towards 

penetration sites at 13 to 14 hpi, with one end attaching to the pre-formed actin patches. Actin 

patches are more visually stable whereas actin cables appear more dynamics with rapid shape 

reorganization. Once penetrations are successfully blocked, actin cables disassemble gradually 

and return to the nondirectional network, while actin patches maintain at penetration sites until 

24 hpi. 

 

3.4.2 Actin filaments inside actin patch are de novo assembled and undergo repaid turnover 

Lat-A Treatment can completely abolish the actin filament network in Arabidopsis leaf cells, 

which means plant AFs undergo rapid turnover and such rapid turnover is a fundamental 

property for all eukaryotic actin cytoskeletons (Ayscough et al., 1997; Moseley and Goode, 

2006; Aghamohammadzadeh and Ayscough, 2009). Interestingly, the same dosage Lat-A only 

partially abolishes the AFs inside actin patches formed underneath Bgh-attempted sites (Fig 3.4). 

The dose-dependent disruption of pathogen-induced actin patches by Lat-A, in combination with 

the sequestration mechanism for Lat-A binding actin monomers through forming a 1:1 complex 

(Coué et al., 1987), suggests that although pathogen-induced patches are visually stable, the AFs 

inside them unquestionably undergo rapid assembly and disassembly. The different sensitivities 

of AFs in/around actin patches and in other regions to Lat-A treatment suggests two mechanistic 

possibilities: (1) if critical concentrations of actin polymerization are the same in both patches 

and other regions, the concentration of free actin monomers in/around patches should be more 

than that in other regions, or (2) if concentrations of free actin monomers are equal in/around 

patches and in other regions, the critical concentration of actin polymerization in patches should 

be lower than in other regions, or both. Considering the diffusion property of free actin 

monomers in the cytosol, the latter alternative appears more convincible. Local accumulation of 

actin binding proteins, for example, ARP2/3 complex and/or formins, should confer the host with 

a more powerful ability to assemble AFs around pathogen-attempted penetration sites. This 
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hypothesis is further supported by the fact that after long-time Lat-A pretreatment, the cortical 

actin cytoskeleton is completely disrupted to soluble monomers in leaf cells while actin patches 

still form underneath attempted penetration sites. Another possibility is that the AFs in/around 

actin patches are more resistant to depolymerization with the help of stabilizing proteins, such as 

villins (Klahre et al., 2000; Huang et al., 2005). 

 

3.4.3 Mechanisms underlie the formation of pathogen-induced actin patch 

In eukaryotic organisms, AFs are nucleated mainly by ARP2/3 complex and formins (Moseley 

and Goode, 2006; Pollard, 2007; Campellone and Welch, 2010; Blanchoin et al., 2014). 

Specifically, branched AFs are assembled by the ARP2/3 complex. In this study I found the actin 

cytoskeleton displays more bundles and fewer filaments in mutants arp2-1 and arp3-1 (Fig 3.7). 

Furthermore, the formation of pathogen-induced actin patches is largely impaired in these two 

mutants. On the other hand, loss of most functional motor protein myosins XI does not impair 

the ability to form branched filaments and pathogen-induced actin patches. The ability to form 

branched filaments and pathogen-induced actin patches is also impaired in mutants brk1 and 

nap1, which supports that ARP2/3-mediated actin assembly is tightly regulated by W/SRC in 

higher plants (Eden et al., 2002; Yanagisawa et al., 2013). Organization and dynamics of the 

actin cytoskeleton in animal and yeast are thought to be tightly regulated by membrane 

phosphoinositides, especially PI(4,5)P2 (Yin and Janmey, 2003; Hilpelä et al., 2004; Saarikangas 

et al., 2010; Bucki et al., 2019). The results reveal that the pip5k1 pip5k2 mutant displays 

tenuous actin networks in leaf cells and loses the ability to form actin patches, which indicates 

Arabidopsis PI(4,5)P2 conducts the polarization and rearrangement of the actin cytoskeleton 

during pathogen attack. 

 

3.4.4 Role of ARP2/3 complex-mediated actin assembly in penetration resistance 

The fundamental role of actin cytoskeleton in plant defense has been demonstrated, through 

pharmacological interference with various types of cytochalasins and latrunculins, in several 

plant-powdery mildew systems, including interactions between barley/wheat and non-adapted E. 

pisi (Kobayashi et al., 1997), Arabidopsis and non-adapted Blumeria graminis f. sp. tritici (Bgt) 

(Yun et al., 2003), barley and adapted Bgh (Miklis et al., 2007) and so on. However, the side 

effect of drugs that may target other cellular components or target pathogenic cytoskeleton could 
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directly or indirectly effect the experimental conclusions. So genetic interference becomes a 

more valuable approach to study the actin cytoskeleton in plant-pathogen interactions. 

Genetically disrupting the actin cytoskeleton, through transient overexpression of various actin-

depolymerizing factors (ADFs) inside barley leaf cells, compromises the basal and mlo-mediated 

resistance against adapted powdery mildew Bgh, and compromises the non-host resistance to 

non-adapted Bgt and E. pisi in an MLO-dependent manner (Miklis et al., 2007). On the other 

hand, knockout ADF4 gene by T-DNA insertion or knockdown ADF1-ADF4 by RNA-silencing 

in Arabidopsis enhance resistance against adapted C. orontii (Inada et al., 2016a). Interestingly, 

inactivation of actin motor protein myosins, through both treatment with inhibitors 2, 3-

butanedione monoxime and N-ethylmaleimide and genetic knockout of the main four XI 

isoforms, impairs penetration resistance against non-adapted Bgh (Yang et al., 2014). Recently, 

knock-down of ARPC3 by virus-induced gene silencing was reported to result in reduced 

resistance of wheat against rust Puccinia striiformis f. sp. tritici and enhanced susceptibility of 

tomato to powdery mildew Oidium neolycopersici (Qi et al., 2017; Sun et al., 2019). In this 

study, I gave evidence that the assembly of AFs directly by ARP2/3 complex plays a crucial role 

in Arabidopsis penetration resistance against non-adapted Bgh and basal resistance against 

adapted E. cichoracearum. Disrupting ARP2/3 complex only causes a moderate deficiency of 

penetration resistance against Bgh, which indicates maybe ARP2/3 complex is overlapping or 

redundant with another key nucleator formins in regulating antifungal resistance. Indeed, 

simultaneous knockout of Arabidopsis formins 4, 7 and 8 results in increased frequencies of cell 

death and haustoria development upon Bgh challenge (Sassmann et al., 2018). Arabidopsis 

thaliana genome contains 21 predicted formin genes (Deeks et al., 2002), so the contribution of 

other formins to antifungal resistance needs to be investigated. 

 

3.4.5 Role of ARP2/3 complex-mediated assembly on CWAs trafficking 

Resistance to wall penetration is a very complicated process and needs concerted contribution 

from callose, phenolic compounds, lignin, reactive oxygen species, secretory proteins and 

antimicrobial materials (McLusky et al., 1999), inside which every single component only plays 

a minor role in penetration resistance. For example, both mutants pmr4/gsl5 and pen3 displays 

only slightly decreased resistant to the non-adapted powdery Bgh (Jacobs et al., 2003; Stein et 

al., 2006). Consistent with the moderate deficiency of penetration resistance against Bgh, 
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disrupting the ARP2/3 complex does not block the deposition of callose, phenolic compounds 

and even PEN3-GFP into papillae (Fig 3.11; Fig 3.12). Böhlenius and co-workers suggested an 

acceptable model for callose lading into papillae, that PMR4 synthesizes callose on the PM 

outside leaflet in the entire or a large part of cell surface, and then callose is internalized into 

vesicles and sorted into multivesicular bodies which are subsequently transported to the attack 

sites (Böhlenius et al., 2010). This type of transportation provides highly efficient and rapid 

transport for large amounts of callose to penetration sites. Rapid intracellular transportation 

crossing the entire cell should be mediated by formin-assembled actin cables, and it is not 

surprising that ARP2/3-assembled branched AFs play a minor role in callose deposition. 

Strikingly, the deposition of GFP-PEN1 into papilla is significantly reduced in arp3-1 mutant 

and the compromised GFP-PEN1 deposition into papillae should contribute to the main 

deficiency of penetration resistance. 

 

3.4.6 Disruption of ARP3 compromises the endocytosis of PEN1 from PM, rather than the 

rearrangement of PM-resident PEN1 into papilla 

Using conditional expression of PEN1 with the KNOLLE promoter, Reichardt et al. found the 

PEN1 synthesized at cell division stage of young leaves can be maintained until the leaves fully 

expand and rescues penetration resistance in pen1-1, which suggests that PEN1 is extremely 

stable and functional in Arabidopsis leaves (Reichardt et al., 2011; Nielsen and Thordal-

Christensen, 2012). Maintaining the steady-state level of GFP-PEN1 at leaf cell relies on 

continuous endocytosis and GNOM-mediated recycling of premade proteins, rather than the de 

novo synthesis and default secretory pathway (Nielsen et al., 2012). Previous work demonstrated 

that -GFP-PEN1 endocytosis also largely relies on the assistance of actin motor protein myosin 

XI (Yang et al., 2014). In this study, I further confirm that the continuous endocytosis of GFP-

PEN1 is conducted by ARP2/3 complex-mediated actin assembly. The GFP-PEN1 deposited into 

papillae comes from the rearrangement of existing protein on PM, rather from de novo 

synthesized protein (Nielsen and Thordal-Christensen, 2012). The rearrangement of PM-resident 

GFP-PEN1 into papillae need GNOM activity, since the papillary accumulation of GFP-PEN1 

could be blocked by BFA and fully rescued by introducing a BFA-resistant GNOM variant 

(GNOMM697L) (Nielsen et al., 2012). Considering that the reduction extent of GFP-PEN1 

fluorescence at PM is equal to the reduced GFP-PEN1 fluorescence in papillae in arp3-1 with 
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carefully quantitative analysis, it seems like the decreased GFP-PEN1 deposition into papillae in 

arp3-1 results from the decreased total level of GFP-PEN1 at PM, which supports the hypothesis 

that disruption of ARP2/3 complex only compromises the steady-state level of GFP-PEN1 at 

PM, but does not effect the rearrangement of PM-resident GFP-PEN1 into papilla. Similarly, 

other studies also demonstrated that the focal accumulation of MLO-YFP or YFP-ROR2 to the 

penetration sites are not altered by disrupting actin cytoskeleton through overexpressing 

HvADF3 and that the GFP-PEN1 accumulation at papillae is also not affected by cytochalasin E 

treatment (Miklis et al., 2007; Underwood and Somerville, 2013). The results suggest that 

maintaining a steady-state level of GFP-PEN1 at leaf cell is dependent on ARP2/3 complex and 

myosin XI, whereas the recruitment of GFP-PEN1 from the PM to papillae is independent on 

ARP2/3 complex and myosin XI. 
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Chapter 4 Aggregation of monolignol biosynthesis enzymes towards 

fungal infection sites contributes to host penetration resistance in 

Arabidopsis 

 

4.1 Abstract 

In sessile plants, induced formation of papillae underneath the pathogen infection sites provide 

physical barriers, against pathogen invasion. Histochemical studies have revealed that lignin 

deposition into papilla occurs in a wide range of pathosystems, suggesting that lignification plays 

an important role in plant penetration resistance. However, genetic evidence for the involvement 

of monolignol biosynthesis in plant penetration resistance has been missing until now, and 

mechanisms underlying biosynthesis and transport of monolignols to the pathogen infection site 

are still elusive. We have previously shown that knockout mutants of a lignin biosynthesis gene 

encoding a ferulate 5-hydroxylase (F5H1) in Arabidopsis exhibit enhanced disease susceptibility 

to both host and non-host fungal pathogens and are compromised specifically in penetration 

resistance. In this study, using pharmacological, cellular, and genetic approaches, I demonstrate 

that rapid temporal-spatial accumulation of monolignol biosynthesis multienzyme complex 

towards penetration sites contributes to penetration resistance. Furthermore, I show the 

lignification of papilla is a cell-autonomous process, which is regulated by dynamic actin 

cytoskeleton rearrangement and partner motor myosins. The results reveal that lignifications 

involved in plant developmental processes and defense responses operate through distinct 

cellular pathways. 

 

4.2 Introduction 

Sessile plants have evolved a multi-layered defense system to protect themselves against the 

continuous threat of biotic stresses caused by pathogenic bacteria, fungi and oomycetes 

(Thordal-Christensen, 2003). Penetration resistance is the first line of plant defense against 

fungal invasion, mainly achieved by forming papillae to halt fungal appressoria at the 

extracellular space of host cells (Aist, 1976). Histochemical and solubility tests indicate that the 

phenolic compound lignin is a major component of papillae (Nicholson and Hammerschmidt, 

1992). Lignin is considered to act in several ways in plant defense against pathogen infection. 
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For example, lignification can establish mechanical barriers to physically block pathogen 

invasion, modify cell wall constitution to chemically resist the digestion of cell-wall-degrading 

enzymes, produce toxic compounds to actively poison the invader (Nicholson and 

Hammerschmidt, 1992).  

Lignification is a major cell wall modification process that imparts to plants the structural 

rigidity and hydrophobicity for upright growth, long-distance water transportation and response 

against biotic/abiotic stresses (Bonawitz and Chapple, 2010). Plant lignification is considered to 

start from the biosynthesis of monolignols on endoplasmic reticulum (ER) surface and/or in the 

cytosol, then transport of monolignols to the extracellular space, and eventually oxidative 

polymerization of monolignols within the cell wall. The biosynthesis of monolignols is initiated 

from the general phenylpropanoid pathway catalyzed by ten enzymes (Dixon et al., 2001; 

Humphreys and Chapple, 2002). It was hypothesized that the ten enzymes compose one or more 

multienzyme complexes anchoring on microsomal membranes, involving the physical 

organization of successive pathway enzymes (Winkel, 2004). Of those enzymes, three 

cytochrome P450-dependent monooxygenases, namely cinnamic acid 4-hydroxylase (C4H; 

CYP73A5), p-coumaroyl shikimate 3’ hydroxylase (C3’H; CYP98A3), and ferulate 5-

hydroxylase (F5H; CYP84) (Fraser and Chapple, 2011), were predicted to be the core enzymes 

organizing these multienzyme complexes, and anchor themselves to the cytoplasmic surface of 

the ER by their N-terminal hydrophobic signal-anchor sequences (Chapple, 1998). Such 

mulitenzyme complexes, colocalizing on the fluid microsomal membrane, are highly flexible 

systems that can rapidly and economically responsd to new physiological needs, not only by 

entrapping unstable or toxic intermediates, but also by controlling flux direction among different 

branch pathways (Winkel, 2004; Omura, 2010).  

Recent data have shown that the focal deposition of the cell wall appositions (CWAs), 

such as callose, lignin, cell wall proteins, reactive oxygen species, and three PENETRATION 

proteins (PEN1, PEN2, and PEN3) is an early and essential event contributing to plant 

penetration resistance (Hückelhoven, 2007; Meyer et al., 2009). With the focal deposition, 

cytoplasm streaming migrates towards the penetration sites, which contains peroxisome, Golgi, 

mitochondria, ER, nucleus and secretory vesicles (Koh et al., 2005; Böhlenius et al., 2010; Yang 

et al., 2014). The focal deposition of CWAs and the accumulation of intracellular compartments 

at fungal-attempted penetration sites are considered to be mediated by the polar rearrangement of 
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actin cytoskeleton (Hardham et al., 2007; Underwood and Somerville, 2008). Accordingly, 

disruption of AFs impairs host penetration resistance and increases the penetration frequency of 

various fungal and oomycete pathogens (Takemoto et al., 2003; Yun et al., 2003). Up to present, 

most of the knowledge about penetration resistance has focused on the already matured papilla 

which is the result but not the process of CWAs deposition, and little is known about when and 

where these CWAs are synthesized, and how precisely they are transported to the papilla region. 

In this study I confirm for the first time that F5H, the last P450 enzyme in the general 

phenylpropanoid pathway, is predominantly localized to the ER. Using pharmacological and 

genetic approaches, I experimentally define that the rapid aggregation of monolignol 

biosynthesis enzymes into fungal infection sites contributes to the penetration resistance of 

Arabidopsis against fungal pathogens. In addition, I propose that the pathogen-induced rapid 

lignification at penetration sites is a cell-autonomous process, which is actomyosin-dependent.  

 

4.3 Results 

4.3.1 F5H1-GFP is mainly expressed in epidermal cell on leaves and localized on ER in 

Arabidopsis 

The previous study has shown that the ferulate 5-hydroxylase (F5H1) had a critical role in the 

penetration resistance of Arabidopsis against both host and non-host fungal pathogens. To better 

understand the cellular localization and function of the enzyme ferulate 5-hydroxylase, the 

F5H1fragment with its native promoter was fused with a green fluorescent protein (GFP), and 

then transformed into f5h1-1 mutants. Confocal microscopy revealed that the native promoter-

driven F5H1-GFP was mainly expressed in the epidermal cells, rather than in mesophyll cells, 

on the rosette leaves of transgenic plants (Fig 4.1A). Furthermore, the signals of F5H1-GFP were 

strictly localized on the reticulate network of ER and no GFP signals were associated with 

cytosol (Fig 4.1B). To further test whether the F5H1-GFP was localized to the ER, the F5H1-

GFP was co-expressed with an ER marker CFP-HDEL (Nelson et al., 2007). The signal F5H1-

GFP was co-localized with CFP-HDEL (Fig 4.1C), indicating that the F5H1-GFP indeed 

targeting the ER, coinciding with the prediction that cytochrome P450 enzymes anchor at on the 

ER. 
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Figure 4.1 Expression and subcellular localization of F5H1 in Arabidopsis. 
(A) Native promoter-driven F5H1-GFP mainly expresses in the epidermal cells. Cross section of 
three-week-old leaves of Arabidopsis plant expressing F5H1:F5H1-GFP and red color indicates 
the chlorophyll fluorescence. Scale bars, 50 µm. 
(B) F5H1:F5H1-GFP localizes at the endoplasmic reticulum (ER). Scale bars, 10 µm. 
(C) Colocalization of F5H1:F5H1-GFP with ER marker CFP-HDEL. Scale bars, 10 µm. 
 

 

4.3.2 F5H1-GFP aggregation and lignin deposition at penetration sites is a synchronized 

rapid temporal-spatial event 

Organelles, such as ER, Golgi, and the nucleus, have been shown to migrate towards the 

penetration sites of powdery mildew Blumeria graminis f. sp. hordei (Bgh) during the infection 

process (Koh et al., 2005; Yang et al., 2014). I then examined the F5H1-GFP dynamics in leaf 

epidermal cells at Bgh penetration sites within the infection time-course. Time-lapse confocal 

imaging demonstrated that the dynamics of F5H1-GFP had a similar pattern with the organelle 

aggregation showed in a previous study (Yang et al., 2014). The migrating of F5H1-GFP through 

linear tracks towards penetration sites began at 9-11 hpi and gradually calmed down at 18-22 hpi 

(Fig 4.2A). UV-induced autofluorescence was widely used to indicate the lignin-like materials 

deposited during the formation of papillae, xylem and Casparian strip (Aist, 1976; Naseer et al., 

2012). To quantitatively evaluate the lignin deposition, I measured the relative autofluorescence 
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intensities at the papillae by confocal microscopy under strictly identical acquisition parameters, 

such as laser power, pinhole, detector gains, speed, zoom factor, and resolution. Statistics dada 

revealed that 71% of lignin-like materials were deposited within approximately 8 hours from 11 

to 19 hpi with Bgh inoculation (Fig 4.2B), consistent with the aggregation process of F5H1-GFP 

(Fig 4.2A). The relative intensity lignin-like autofluorescence at 36 hpi was used as the control, 

because at this time the deposition of cell wall components was thought to be completely 

fulfilled. The relative intensity of lignin-like autofluorescence was 12% at ~11 hpi, while this 

number increased to 83% at 19 hpi. The overlapping of F5H1-GFP aggregation and lignin 

deposition indicates that the lignin deposition is synchronously accompanied by the rapid F5H1-

GFP aggregation at Bgh-attempted penetration sites. During maximal recruitment, all F5H1-GFP 

signals inside the cell were focused on the penetration site (Fig 4.2C). The 3-dimension image 

that emerged by a maximum projection of z-stack illustrated a clear insight about the spatial 

accumulation. All these evidences suggest that the F5H1-GFP aggregation and lignin deposition 

at penetration sites is a synchronized repaid temporal-spatial event. 
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Figure 4.2 F5H1-GFP aggregation and lignin deposition at penetration site is a rapid event 
over time and space. 
(A) Association between F5H1-GFP aggregation and lignin deposition at Bgh-attempted 
penetration sites. Leaves expressing F5H1-GFP were inoculated with Bgh. At 11, 15 and 18 hpi, 
the infected epidermal cells were examined by confocal microscopy. Asterisks indicate the Bgh 
penetration site in epidermal cells.  
(B) Time-course response of autofluoresence intensities at Bgh penetration sites. Leaves of Col-0 
were inoculated with Bgh. Autofluoresence quantification was performed over three plants per 
each time points. (mean ± SD, n=30). 
(C) Spatial aggregation of F5H1-GFP inside the infected cell towards penetration site. Leaves 
expressing F5H1-GFP were inoculated with Bgh and examined by confocal microscopy at 15 
hpi. Images were taken with maximum projection of Z-stacks. 
App, appressorium; pap, papilla; c,conidium. Dotted lines indicate the epidermal cell with Bgh-
attempted penetration. Scale bars, 10 µm. 
 

 

4.3.3 De novo synthesized monolignols are required for the lignification of papillae and 

penetration resistance against Bgh 
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To determine whether the monolignols utilized in lignification of papillae came from either de 

novo biosynthesis or the stored precursors in the cytosol and/or vacuole, I pretreated the 

Arabidopsis leaves with a monolignol biosynthesis inhibitor, piperonylic acid (PA) (Schalk et al., 

1998), 1 hour before Bgh inoculation. Compared with mock-treatment, PA dramatically impaired 

penetration resistance of Arabidopsis Col-0 against noncompatible pathogen Bgh (Fig 4.3A and 

B; Fig 4.4). Then, I tested whether PA treatment had any side effects on the deposition of other 

CWAs, such as GFP-PEN1 or PEN3-GFP. Confocal images revealed that PA only affected the 

lignin deposition into papillae, but not interfered with the papillary deposition of GFP-PEN1 (Fig 

4.3C). Quantitative measurement of the autofluorescent intensity showed that the lignin-like 

materials deposited at the penetration sites with PA treatment were significantly reduced to about 

59.7% of that with mock-treatment, while the signal intensity of GFP-PEN1 at papillae had litter 

change (Fig 4.3D). When pre-infiltration of PA into the leaves of transgenic plants expressing 

PEN3-GFP, I obtained a similar result that PA blocks the deposition of lignin autofluorescence 

(about 53.2% of mock-treatment), but not the deposition of PEN3-GFP (Fig 4.3E and F). PA 

treatment also had no side effect on the deposition of callose into the papillae, as shown with 

aniline blue-staining (Fig 4.3A). All these data support that PA selectively inhibits the deposition 

of lignin-like materials into papillae and the de novo synthesized monolignols are required for 

papillary lignification and the penetration resistance against Bgh. 
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Figure 4.3 Interference with monolignol biosynthesis blocks lignin deposition and hinders 
penetration resistance against Bgh. 
(A) and (B) PA treatment hinders penetration resistance. Leaves of Col-0 were infiltrated with PA 
(0.5, 1, 5 mM) or DMSO solution for 1 h before inoculation with Bgh. At 36 hpi, inoculated 
leaves were fixed to examine fungal development. (A) Images were taken under a confocal 
microscope with maximum projection of Z-stacks. Fungal structures were stained with Alexa 
Fluor® 488 conjugated-WGA and callose deposition was stained by aniline blue (pink). Scale 
bar, 50 µm. (B) Frequencies of fungal penetration were determined by counting 150 interaction 



78 
 

sites for each of a total of three leaves (p < 0.01, mean ± SD, n=3). 
(C) to (F) PA treatment specifically blocks the deposition of lignin at Bgh-attempted sites. Leaves 
of Arabidopsis plants expressing GFP-PEN1 (C and D) or PEN3-GFP (E and F) were infiltrated 
with 1 mM PA or DMSO solution 1 h before inoculation with Bgh. At 17-19 hpi, inoculated 
leaves were examined under confocal microscope for quantifying relative fluorescence 
intensities of lignin autofluorescence and GFP signals simultaneously at the papillae (**P < 0.01, 
mean ± SD, n=30). Scale bar, 10 µm. 
app, appressorium; pap, papilla; ha, haustorium (arrowhead); eh, elongation hyphae.  
 
 

 
Figure 4.4 Inhibition of monolignol biosynthesis abrogates penetration resistance in 
Arabidopsis upon nonhost Bgh challenge. 
Leaves of 3-weeks old Col-0 plants were infiltrated with PA (0.5, 1 and 5 mM) and subsequently 
inoculated with conidiospores of Bgh. At 36 hpi, inoculated leaves were fixed, stained with 
aniline blue, and examined under light microscopy. Arrowhead indicates secondary elongation 
hyphae. Scale bar, 100 µm. 
 

 

4.3.4 Pathogen-induced lignin deposition requires actin and myosin 

Rearrangement of the actin cytoskeleton was predicted to be involved in the transport and 

secretion of cell components to papillae at the infection sites (Hardham et al., 2007; Geldner, 

2009). To determine whether the rapid lignin deposition requires the actin cytoskeleton, the actin 

polymerization inhibitor, Latrunculin A (Lat-A)(Spector et al., 1989; Ayscough et al., 1997), was 

used to pretreat the leaves of plants expressing F5H1-GFP. Upon pre-infiltration with Lat-A, the 

rapid migration of F5H1-GFP at 13~15 hpi was severely disrupted (Fig 4.5A). Furthermore, the 

lignin-like components deposited at the papilla and the papilla-neighboring cell wall on leaves of 

Col-0 were significantly reduced to about 55.9% of that in mock-treatment (Fig 4.5B and C). 

Myosins are molecular motors converting chemical energy from ATP hydrolysis to 

mechanical work that powers cargos directional movement along AFs (Vale, 2003). A previous 

study using epifluorescent microscopy have shown that the myosin 4KO mutant (xi-1 xi-2 xi-i xi-

k) displayed impaired deposition of cell wall components into papillae, including lignin-like 

materials (Yang et al., 2014). Here, using confocal microscopy under strictly identical acquisition 
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parameters, I quantitatively measured the deposition of the lignin-like materials in wild type and 

myosin 4KO mutant. At about 17~19 hours post Bgh inoculation, the autofluorescence at the 

papilla on myosin 4KO mutant was decreased to approximately 63.8% of that on Col-0 (Fig 

4.5D and E). All these data suggest that the focal deposition of lignin at the Bgh-infection sites 

depends on actin and motor myosins. Furthermore, when the leaves of monocot plant wheat was 

pre-infiltrated with Lat-A, I found the accumulation of lignin-like compounds at the pathogen 

penetration sites was also impaired (Fig 4.6), which highlights the fact that the pathogen-induced 

lignin deposition depending on actin cytoskeleton is a common feature to both dicot and 

monocot plants. 
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Figure 4.5 Pathogen-induced lignin deposition depends on actin and myosin. 
(A) Leaves expressing F5H1-GFP were infiltrated with 5 µM latrunculin A (Lat-A) or water 
(Mock) and subsequently inoculated with Bgh. At 14 hpi, the infected epidermal cells indicated 
by dotted lines were examined by confocal microscopy. Images were taken with maximum 
projection of Z-stacks. Asterisks indicate the Bgh penetration site in epidermal cells.  
(B) and (C) Lat-A reduced lignin deposition at Bgh penetration sites. Leaves of Col-0 were 
infiltrated with mock or 5 µM Lat-A for 1 h before inoculation with Bgh. At 17-19 hpi, 
inoculated leaves were wet-mounted to either (B) observe the autofluorescence or (C) quantify 
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relative fluorescence intensity at papillae and background of the same cell (**P < 0.01, mean ± 
SD, n=30). 
(D) and (E) myosin 4KO mutant (xi-k/1/2/i) exhibited decreased lignin deposition at the 
penetration sites. At 17-19 hours post inoculation with Bgh, leaves of myosin 4KO and Col-0 
were wet-mounted to either (D) observe the autofluorescence or (E) quantify relative 
fluorescence intensity at papillae (**P < 0.01, mean ± SD, n=30). 
app, appressorium; ha, haustorium; en, encasement; pap, papillae. Scale bars, 10 µm. 
 
 

 
Figure 4.6 Latrunculin A treatment prevents accumulation of lignin-like compounds at the 
pathogen penetration site in monocot wheat. 
Leaves of wheat infiltrated with 5 µM Latrunculin A (Lat-A) or water (Mock) were inoculated 
with conidiospores of Bgh. At 24 hours post inoculation, fresh leaves were examined under a 
fluorescence microscopy. app, appressorium; hau, haustorium; en, encasement; c, conidium; eh, 
elongation hyphae. Scale Bar, 10 µm. 
 

 

4.4 Discussion 

4.4.1 Ten enzymes in the general phenylpropanoid pathway compose a multienzyme 

complex on the ER surface 

The biosynthesis of monolignols in Arabidopsis is initiated from the general phenylpropanoid 

pathway, catalyzed by ten enzymes that were predicted to compose one or more multienzyme 

complexes (Dixon et al., 2001; Humphreys and Chapple, 2002; Fraser and Chapple, 2011). Of 
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those enzymes, three cytochrome P450-dependent monooxygenases, C4H, C3’H and F5H, are 

the core enzymes and were predicted to anchor themselves to the cytoplasmic surface of the ER 

(Chapple, 1998). Using a transgenic plant stably expressing F5H1-GFP, for the first time I 

demonstrate that F5H1 is predominantly localized on the ER in Arabidopsis (Fig 4.1). 

Combining with the previous reports that both C4H and C3’H localize on the ER (Ro et al., 

2001; Chen et al., 2011; Bassard et al., 2012), I get a clear insight that the multienzyme 

complexes involved in the general phenylpropanoid pathway are assembled and anchored on the 

cytoplasmic surface of the ER by these three P450 hydroxylases. The enzymes C4H, C3’H and 

F5H anchor themselves on the ER surface by a hydrophobic helix near the N-terminus (Chapple, 

1998), and also re-localize their partner enzymes close to the ER. For example, both PAL1 and 

PAL2 are strongly reticulate in C4H-overexpressing plants, while PAL1 is partially localized on 

ER and PAL1 appears totally cytosolic in wild type (Achnine et al., 2004). Upon co-expression 

with C3’H, both soluble partners 4CL1 and HCT re-localize on the ER surface, whereas co-

expression with C4H has a minor effect on the redistribution of 4CL1 and no effect on HCT 

(Bassard et al., 2012). Moreover, fluorescence resonance energy transfer (FRET) study supports 

that the association of C4H with HCT could be dramatically enhanced by co-expression with 

more partner enzymes, e.g. C3’H and 4CL1 (Bassard et al., 2012). 

 

4.4.2 Temporal-spatial accumulation of monolignol biosynthesis enzymes towards infection 

sites contribute to the penetration resistance 

Non-host resistance is defined as immunity of an entire plant species to all variants of a pathogen 

species, and can be broadly divided into penetration resistant and post-invasion resistance in the 

fungal infection (Collins et al., 2003; Lipka et al., 2005). In this study I found that the migration 

and accumulation of monolignol biosynthesis complex, using F5H1-GFP as a marker, towards 

penetration site begins at 9-11 hpi and gradually calms down at 18-22 hpi, during which period 

71% of lignin is deposited at the papillae (Fig 4.2). It is consistent with a time-course assay that 

demonstrates that the aggregation of organelles, e.g., mitochondria, Golgi, and peroxisomes, at 

the Bgh penetration sites was first observed at 9-10 hpi and gradually disappeared after 20 hpi 

(Yang et al., 2014). At the same time period, the 3D image clearly demonstrates that most of the 

F5H1-GFP signals inside the infected cell migrate towards and accumulate at the penetration 

site. Plant lignification process is generally described as the continuous events of three steps: 
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synthesis of monolignols in the cytosol, transport of monolignols cross the PM, and 

polymerization of monolignols within the cell wall (Liu et al., 2011). However, when, where and 

how these three steps precisely process remain elusive. Here, for the first time, I show that the 

monolignols are synthesized very close to the polymerization sites during the papillae 

lignification, through the temporal and spatial accumulation of monolignol biosynthesis enzyme. 

By blocking the de novo synthesis of monolignols with specific inhibitor piperonylic acid, lignin 

deposition at penetration sites is significantly reduced. As a consequence, penetration resistance 

of Arabidopsis against nonhost Bgh is hindered dramatically. [3H]Phe feeding experiments have 

already confirmed that the de novo synthesized monolignols are rapidly transported to the 

secondary cell wall for lignification, rather than are pooling inside the cytosol and/or vacuole of 

the living tracheary elements (Kaneda et al., 2008; Smith et al., 2013). All these evidences 

support that the rapid temporal-spatial aggregation of monolignol biosynthesis enzymes to the 

fungal infection sites and the de novo monolignol biosynthesis contribute to penetration 

resistance in Arabidopsis. 

 
4.4.3 Lignification at papillae is a cell-autonomous process 

According to the suppliers of monolignols, lignification processes in xylem formation are 

categorized as cell-autonomous and non-cell-autonomous processes (Pesquet et al., 2013; Smith 

et al., 2013). During the transition of parenchyma cells to fibers, the lignification of secondary 

cell wall occurs when the parenchyma cells are still alive, and the termination of lignification is 

accompanied by synchronous cell death. In this scenario, parenchyma cells control their own 

lignification process and utilize the monolignols supplied by themselves, which is called the cell-

autonomous lignification process (Smith et al., 2013). By contrast, during the transition of 

tracheary elements to the vessel, the tracheary elements undergo rapid programmed cell death 

and lose the viability to synthesize monolignols before lignification, requiring the neighboring 

parenchyma cells to supply monolignols to fulfill the lignification process. This postmortem 

lignification of tracheary elements into the vessel is considered as non-cell-autonomous 

lignification process (Pesquet et al., 2013; Smith et al., 2013). The formation of the Casparian 

strip in endodermal cells was reported to require the cell-autonomous lignification (Alejandro et 

al., 2012). Unlike the lignification in hypersensitive response in which infected cells are 

undergoing programmed cell death or have already dead, the infected cells are alive during the 
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lignification of papillae. Furthermore, most intruded cells survive after the termination of 

papillary lignification if the penetration resistance successfully blocks pathogen invasions. In this 

study, I show that the lignification of papillae in infected cells utilizes the monolignols 

synthesized around the penetration sites by themselves. All these evidences support that the 

lignification of papillae, as part of penetration resistance, is a cell-autonomous process. On the 

other hand, if undergoing rapid hypersensitive response-associated cell death, in infected cells 

the actin network diminishes gradually, accompanying with rapid degradation of organelles, such 

as ER and vacuole (Takemoto et al., 2006). Meanwhile, in neighboring cells, the AFs reorganize 

to be bundled and focus to the wall adjacent to the dead cell, and the ER accumulates at the cell 

periphery adjacent to the dead cell, too (Takemoto et al., 2006). These data suggest the 

monolignols utilized in the lignification of cell wall in the infected cells undergoing 

hypersensitive response probably come from the neighboring cell, and such lignification process 

belongs to the non-cell-autonomous process. 

 

4.4.4 The lignification of papillae depends on actin and myosin 

Here, I provide evidence that the actin cytoskeleton mediates the lignification of papillae, via 

delivering the monolignol biosynthesis enzyme close to the lignified papillae. Lat-A treatment 

disrupts the network of intracellular AFs, and further blocks the trafficking of F5H1-GFP through 

the actin-formed bundles, although whether disruption of actin cytoskeleton could influence the 

accumulation of peroxidases or laccases at the lignified region is not investigated yet. As a result 

of trafficking block, the lignin deposited at the papillae is dramatically reduced (Fig 4.5B and C). 

Using genetic materials, I further show that the actin-dependent lignification process is regulated 

by the motor proteins myosins (Fig 4.3D and E), which is consistent with the previous results by 

employing two distinct myosin-specific inhibitors, 2,3-butanedione monoxime (BDM) and N-

ethylmaleimide (NEM) (Yang et al., 2014). Although many plant cellular polarity systems can be 

brilliantly explained by the polar organization of actin cytoskeleton, e.g. root hair growth, innate 

immune signaling, and auxin transport (Dhonukshe et al., 2008; Kandasamy et al., 2009; Henty-

Ridilla et al., 2014), the role of AFs in lignification process is still in debate. Interestingly, the 

lignification process in establishment of the Casparian strip is considered to be neither actin-

dependent nor microtubule-dependent (Alassimone et al., 2010). In this study, the results suggest 

that the lignification of papillae during penetration resistance of plants against fungal invasion 
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requires the actin-dependent trafficking pathway. 
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Chapter 5 Specific recruitment of phosphoinositide species to the 

plant-pathogen interfacial membrane underlies Arabidopsis 

susceptibility to fungal infection 

 

5.1 Abstract 

Different phosphoinositides enriched at the membrane of specific subcellular compartments 

within plant cells contribute to organelle identity, ensuring appropriate cellular trafficking and 

function. During the infection of plant cells, biotrophic pathogens such as powdery mildews 

enter plant cells and differentiate into haustoria. Each haustorium is enveloped by an 

extrahaustorial membrane (EHM) derived from the host plasma membrane. Little is known about 

the EHM biogenesis and identity. Here, we demonstrate that among the two plasma membrane 

phosphoinositides in Arabidopsis, PI(4,5)P2 is dynamically up-regulated at powdery mildew 

infection sites and recruited to the EHM, whereas PI4P is absent in the EHM. Lateral transport of 

PI(4,5)P2 into the EHM occurs through a BFA-insensitive but actin-dependent  trafficking 

pathway. Furthermore, depleting PI(4,5)P2 in pip5k1 pip5k2 mutants inhibits fungal pathogen 

development and causes disease resistance, independent of cell death-associated defenses and 

involving impaired host susceptibility. The results reveal that plant biotrophic and 

hemibiotrophic pathogens modulate the subcellular distribution of host phosphoinositides and 

recruit PI(4,5)P2 as a susceptibility factor for plant disease. 

 

5.2 Introduction 

Filamentous phytopathogens have evolved numerous strategies to gain nutrients from host 

plants, but arguably one of the most specialized among these is that of the biotrophic fungi and 

oomycetes, which feed only on living plant cells for their growth and propagation. These 

pathogens, consisting of a diverse range of species from phylogenetically distinct groups: the 

fungal powdery mildews (Ascomycetes) and rusts (Basidiomycetes) and the oomycete downy 

mildews cause substantial economic losses in major agricultural crops and environmental 

destruction in natural ecosystems. A distinguishing feature of these obligate biotrophs is the 

formation of a feeding structure called haustorium, inside the host cell after a specialized fungal 

hypha penetrates a plant cell wall. The haustorium, however, remains separated from the host 
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cell cytoplasm, surrounded by a highly modified membrane, an extrahaustorial membrane 

(EHM), derived from the invaginated host plasma membrane (PM) (Gil and Gay, 1977; Roberts 

et al., 1993). Haustoria appear to play essential roles in plant-fungus recognition, uptake of 

nutrients into the pathogen and delivery of secreted effector proteins into host cells for the 

establishment of a successful biotrophic relationship (Heath, 1997; Hahn and Mendgen, 2001; 

Voegele and Mendgen, 2003; Catanzariti et al., 2006; Yi and Valent, 2013; Lo Presti et al., 2015). 

Similar to haustoria, the biotrophic hyphae of some hemibiotrophic fungi, such as Colletotrichum 

spp. and Magnaporthe oryzae, growing intracellularly in the infected host tissue, are surrounded 

by an extra-invasive hyphal membrane (EIHM) contiguous with the host PM, forming a tight 

biotrophic interface. The biotrophic stage of hemibiotrophic fungi, without killing host cells, is a 

crucial step for the pathogen to initiate infection and disease development. 

Although the EHM is considered to be derived from the host PM, earlier cytological 

studies revealed that the two membranes have distinct structure and composition characteristics 

(Gil and Gay, 1977; Micali et al., 2011). In Arabidopsis - powdery mildew interactions, all PM-

located proteins tested are absent at the EHM (Koh et al., 2005; Micali et al., 2011); instead, 

several proteins that are associated with the endomembrane system are detected at the EHM 

(Inada et al., 2016b; Berkey et al., 2017; Kwaaitaal et al., 2017). Thus, uncovering the 

proteinaceous nature of the EHM challenges existing models of the origin and constitution of the 

EHM, and provides fresh insight into understanding the cellular mechanisms underlying the 

biogenesis of the EHM. 

Membrane identities are acquired by the combined presence of specific proteins and 

lipids. Biological membranes are composed of a diverse array of lipids (Van Meer et al., 2008). 

Phosphoinositides (also known as phosphatidylinositol phosphates) are a family of anionic 

phospholipids that are present in minute amount in cell membranes. Each phosphoinositide 

species is partitioned in the distinct membranes and thereby contributes to organelle identity 

(Noack and Jaillais, 2017). The principal roles of phosphoinositides are to coordinate the 

complex interplay of membrane-associated cellular processes by regulating the exchange of 

metabolites or information across membranes, the controlled expansion or reduction of 

membrane area, the interaction of membranes with the cytoskeleton and intracellular organelles, 

and/or the polarized distribution of peripheral or membrane-integral proteins. In plants, five out 

of seven known phosphoinositides have been detected and PI4P constitutes about 80% of 
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phosphoinositides, followed in abundance by PI(4,5)P2, PI3P and PI(3,5)P2 (Heilmann and 

Heilmann, 2015; Noack and Jaillais, 2017). Both PI4P and PI(4,5)P2 are essential but are 

independent lipid determinants of the PM identity (Hammond et al., 2012). However, remarkable 

differences can be noted between plants and animals. In plants, the major pool of PI4P appears at 

the PM, whereas in animals, PI4P prominently resides in the Golgi/TGN compartments and to a 

lesser extent at the PM (Simon et al., 2014; Simon et al., 2016). Together with the mystery 

concerning the origin of the EHM, very little is known on the membrane lipid composition of the 

EHM. 

In this study, by using genetically encoded multiple biosensors for each phosphoinositide 

species in Arabidopsis thaliana that was challenged by the powdery mildew fungus Erysiphe 

cichoracearum, I show that between two predominant phosphoinositides, PI(4,5)P2 and PI4P, at 

the PM, PI(4,5)P2 pools are dynamically up-regulated at the pathogen infection sites and further 

integrated into the EHM, whereas PI4P maintains steady levels at the PM, but is absent in the 

EHM. Further pharmacological intervention revealed that the dynamic movement of PI(4,5)P2 

into the EHM occurs via a BFA-insensitive but actin-dependent transport pathway. Depletion of 

the PM PI(4,5)P2 pool by knocking out two major phosphatidylinositol 4-phosphate 5-kinases 

genes PIP5K1 and PIP5K2, responsible for PI(4,5)P2 biosynthesis at the PM in leaf tissues, 

prevents susceptible responses and disease development of host plants against biotrophic and 

hemibiotrophic fungal pathogens. Together, the results suggest that fungal pathogens target host 

phosphoinositide homeostasis at the PM and adopt PI(4,5)P2 as an essential susceptibility factor 

for plant disease development. 

 

5.3 Results 

5.3.1 Differential distribution of phosphoinositides at the haustorial periphery upon 

powdery mildew infection 

Phosphoinositides are key components of cellular membrane lipids. Recently, a full set of 

genetically encoded biosensors for detecting PI3P, PI4P and PI(4,5)P2 were developed to probe 

the localizations and dynamics of phosphoinositides within the cells and tissues of transgenic 

Arabidopsis (Vermeer et al., 2006; van Leeuwen et al., 2007; Vermeer et al., 2009; Simon et al., 

2014). These well-defined biosensors were used to investigate cellular distribution of 

phosphoinositides in Arabidopsis plants in response to the invasion of biotrophic and 
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hemibiotrophic fungal pathogens. Initially, I examined the cellular localizations of PI3P, PI4P 

and PI(4,5)P2 in leaves of transgenic Arabidopsis plants expressing mCITRINE (mCIT)-tagged 

variants of the biosensors mCIT-2xFYVEHRS, mCIT-2xPHFAPP1, and mCIT-1xPHPLCδ1, 

respectively (Simon et al., 2014), upon inoculation with the biotrophic powdery mildew fungus, 

Erysiphe cichoracearum (Ec). PI3P was previously shown to localize in late 

endosomes/prevacuolar compartments (PVCs) and to a lesser extent to the tonoplast in plant cell 

(Simon et al., 2014). Upon infection at 2 days post inoculation (dpi) with Ec conidiospores, 

confocal imaging revealed that signals for the PI3P biosensor mCIT-2xFYVEHRS were detected 

at a distinct membrane structure surrounding the Ec haustorium, as well as at punctate particles 

likely associated with late endosomes/PVCs attached to the membrane (Fig 5.1A). The signals 

for mCIT-2xFYVEHRS-targeted membrane formed an outer layer loosely surrounding the callosic 

encasement (stained by propidium iodide, PI) of the haustorial complex and was less constricted 

against the haustorial peripheral surface, which suggests that PI3P is integrated into the host 

tonoplast rather than targeting into EHM. Using biosensors for PI4P and PI(4,5)P2, the two most 

abundant phosphoinositides at the PM (Simon et al., 2014; Simon et al., 2016), confocal imaging 

showed that signals for PI4P sensor mCIT-2xPHFAPP1 in Ec-infected leaf epidermal cells were 

associated with the PM of Ec-infected host cells. Furthermore, mCIT-2xPHFAPP1 also appeared at 

the outer surface of the encasement, which is thought to be covered by host PM. However, the 

continuous signal stopped at the haustorial neck region and was completely absent at the 

haustorial periphery (Fig 5.1B; Fig 5.2A and B). In contrast, the signal for PI(4,5)P2 sensor 

mCIT-1xPHPLCδ1 in Ec-infected leaf epidermal cells accumulated at the periphery of Ec haustoria 

likely associated with the EHM in addition to its localization at the host PM (Fig 5.1C; Fig 5.2C 

and D). Detailed spatial imaging revealed that PI(4,5)P2 signals formed the outer and inner layers 

covering the surface of haustorial encasement, and occasionally displayed contiguous 

connections between the haustorial periphery and host PM (Fig 5.2C). 

To further validate the distinct accumulation patterns of PI4P and PI(4,5)P2 signals 

associated with Ec-infection, the signals for both PI4P and PI(4,5)P2 were simultaneously 

examined at the same infection site using Arabidopsis plants expressing both mCIT-1xPHPLCδ1 

and 2xCypET-1xPHFAPP1 (Fig 5.1D). Indeed, PI4P sensor 2xCypET-1xPHFAPP1 was completely 

absent on the haustorial periphery, whereas the signal for PI(4,5)P2 sensor mCIT-1xPHPLCδ1 

formed a peripheral layer surrounding the haustorium. Similar distribution patterns for each 
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phosphoinositide species were observed in Ec-infected epidermal cells regardless whether the 

sensors used had low or high affinity for their cognate lipid (i.e. using one or two repeats of an 

identical lipid-binding domain) or a different lipid-binding domain, i.e. mCIT-2xPHFAPP1, mCIT-

1xPHFAPP1 and mCIT-P4MSiDM for PI4P (Fig 5.1B; Table 5.1), and mCIT-1xPHPLCδ1, mCIT-

2xPHPLCδ1 and mCIT-1xTUBBY-C for PI(4,5)P2 (Fig 5.1C; Table 5.1). These results indicate 

that various phosphoinositide biosensors provide specific, reproducible detection on the 

localization of distinct phosphoinositide species in Arabidopsis leaf epidermal cells in 

association with Ec infection. Moreover, I established a protocol for whole mount 

immunolocalization of PI(4,5)P2 or PI4P in Ec-infected leaf epidermal cells using antibodies 

specifically recognizing PI(4,5)P2 or PI4P (Hammond et al., 2006; Hammond et al., 2009). The 

anti-PI(4,5)P2 antibody labeled a membrane layer around the haustorium as well as the cell 

periphery (Fig 5.1E). Staining with anti-PI4P antibody produced the intracellular punctate signals 

likely corresponding to Golgi in leaf epidermal cells (Fig 5.1E). As shown in an earlier study 

using the same anti-PI4P antibody, a punctate signal pattern was also observed in root epidermal 

cells (Tejos et al., 2014). This localization pattern was somewhat unexpected considering that 

signals for PI4P biosensors localize primarily to both PM and Golgi apparatus (Fig 5.1B) 

(Vermeer et al., 2009). However, it is known that different conditions were required for the 

preservation of PM and Golgi, and the immunofluorescence protocol for PI4P detection adapted 

from a previous study likely preserves Golgi staining opposed to those best for PM staining 

(Capasso and D’Angelo, 2019). Nevertheless, no distinct locations of anti-PI4P signals were 

detected surrounding the haustorial periphery (Fig 5.1E). No specific labeling was observed in 

the negative control  processed without the primary antibodies. Thus, the immunofluorescence 

data corroborate the localization patterns of PI(4,5)P2 and PI4P at the haustorial periphery that 

were revealed by using the biosensors in Ec-infected Arabidopsis cells. 
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Figure 5.1 Differential targeting of phosphoinositides to the haustorial periphery of the 
powdery mildew E. cichoracearum. 
(A) to (C) Leaves of Arabidopsis plants expressing biosensors were inoculated with Ec and 
viewed under the confocal microscope at 2 dpi. Fungal structures and plant cell walls were 
stained with propidium iodide (PI). ha, haustorium; en, encasement; EHM, extrahaustorial 
membrane. Scale bars, 10 µm. 
(A) Representative image of PI3P biosensor mCIT-2xFYVEHRS. 
(B) Representative images of PI4P biosensors mCIT-1xPHFAPP1, mCIT-2xPHFAPP1 and mCIT-
P4MSiDM. 
(C) Representative images of PI(4,5)P2 biosensors mCIT-1xPHPLCδ1, mCIT-2xPHPLCδ1 and 
mCIT-1xTUBBY-C. 
(D) Simultaneous labelling of PI(4,5)P2 (mCIT-1xPHPLCδ1) and PI4P (2xCyPet-1xPHFAPP1) 
during haustorium formation at 2 dpi. Scale bars, 10 µm. 
(E) Immunofluorescence of Ec-infected leaf epidermal cells with the antibodies to PI(4,5)P2 
[anti-PI(4,5)P2] and PI4P (anti-PI4P). Distribution of PI(4,5)P2 and PI4P in Ec-infected cells was 
revealed by whole mount immunolocalization of leaf epidermal tissues of Arabidopsis plants at 2 
dpi. Images of mock were taken in the absence of primary antibody. Asterisks indicate Ec 
penetration sites in epidermal cells. Scale bars, 10 µm. 
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Figure 5.2 Spatial distribution of PI4P and PI(4,5)P2 at penetration sites of the powdery 
mildew E. cichoracearum.  
Leaves of Arabidopsis plants expressing biosensors were inoculated with Ec and viewed under a 
confocal microscope at 2 dpi. Fungal structures and plant cell walls were stained with propidium 
iodide (PI). ha, haustorium; hn, haustorial neck, en, encasement. Scale bars, 10 µm.  
(A) and (B) Distribution of PI4P sensor mCIT-2xPHFAPP1 at the Ec-infection site. (A) The same 
inoculation site was focused sequentially at the peripheral surface (top), haustorial neck (middle) 
and haustorial body (bottom). Note that mCIT-2xPHFAPP1 signals appeared on the surface of cell 
wall encasement, but were absent the EHM. (B) 3D view of maximum projection of Z-stacks.  
(C) and (D) Distribution of PI(4,5)P2 sensor mCIT-1xPHPLCδ1at the Ec-infection site. (C) The 
same inoculation site was focused at the peripheral surface (top), haustorial neck (middle) and 
haustorial body (bottom). (D) 3D view of maximum projection of Z-stacks, showing that a layer 
of continuous mCIT-1xPHPLCδ1 signals appeared from the haustorial neck region to the EHM. 
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Table 5.1 Frequency of phosphoinositide biosensor accumulation at the extrahaustorial 
membrane of powdery mildew. 

PIPs Biosensors Positive/total* Frequency 
PI4P mCIT-2xPHFAPP1 (P21Y) 0/77 0%

mCIT-1xPHFAPP1 (P5Y) 0/38 0%
mCIT-P4MSiDM (P4M) 0/33 0%

PI(4,5)P2 mCIT-1xPHPLCδ1 (P14Y) 111/111 100%
mCIT-2xPHPLCδ1 (P24Y) 37/37 100%
mCIT-1xTUBBY-C (P15Y) 42/42 100%

*data means the number of haustoria which had biosensor signals at their extrahaustorial 
membrane in the total number of haustoria observed from at least 5 plants (one leaf/plant) per 
plant line at 48 hpi. 
 

 

5.3.2 PI(4,5)P2, but not PI4P, is selectively targeted to the EHM 

The haustorium is usually surrounded by a series of layers of cellular compartments, from inside 

to outside including (i) the extrahaustorial matrix (EHMx), (ii) the EHM, (iii) the host cytosol 

between the EHM and host tonoplast, and (iv) the host tonoplast. The haustorial encasement 

often forms around the haustorial neck region, separating host cytosolic contents and the 

tonoplast from the haustorial surface. 

To further test whether the PI(4,5)P2 was selectively targeted to the EHM, I conducted a 

comprehensive analysis of colocalization with a set of host cellular markers. Both PI3P and 

PI(4,5)P2 form distinct membranous layers at the haustorial periphery. To uncover the nature and 

identity of these membrane layers, each of three phosphoinositide biosensors was co-expressed 

with a tonoplast marker Tono-CFP (Nelson et al., 2007). At 2 dpi, the signal for PI3P sensor 

mCIT-2xFYVEHRS surrounding haustoria was tightly co-localized with Tono-CFP (Fig 5.3A and 

B), indicating that the PI3P is indeed targeting the tonoplast. By contrast, the PI(4,5)P2 biosensor 

mCIT-1xPHPLCδ1 did not co-localize with Tono-CFP and displayed a distinct membrane layer 

between the haustorial body and tonoplast (Fig 5.3A and B), which suggests that the PI(4,5)P2 is 

possibly integrated into the EHM. With regard to PI4P, the signals of mCIT-2xPHFAPP1 were 

continuous along the PM and terminated at the haustorial neck region (Fig 5.3A and B), 

indicating the absence of PI4P at the EHM.  

Previouly study reported that EHM-specific marker RPW8.2-RFP and its homologs YFP-

HR3 proteins remained to be attached to the haustorial complex while the cytoplasm was pulled 

off the haustorial surface upon plasmolysis of powdery mildew-infected cells (Berkey et al., 
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2017).  The Ec-inoculated leaves co-expressing mCIT-1xPHPLCδ1 and Tono-CFP were subjected 

to the plasmolysis. After incubating with 0.85 M KCl for ~30 min, the shrunk cytoplasm along 

with the Tono-CFP-labeled tonoplast was retracted from the haustorial complex whereas the 

localization of mCIT-1xPHPLCδ1 signals at the EHM was remained unaffected (Fig 5.3C), 

suggesting that mCIT-1xPHPLCδ1-labelled PI(4,5)P2 is indeed localized to the EHM.  

Due to the turgor pressure generated by host central vacuole in leaf epidermal cells, the 

cytoplasmic contents appear to form a discontinuous layer with variable thicknesses between the 

EHM or outer surface of encasement and the tonoplast (Koh et al., 2005). I examined the cellular 

distribution of a cytosolic marker (Cyto-YFP) (DeBono et al., 2009) in comparison with the 

PI(4,5)P2 biosensors in Ec-infected epidermal cells. Cyto-YFP yielded unevenly dispersed 

signals surrounding the haustoria and the outer surface of encasement (Fig 5.3D; Fig 5.4), and 

the signals were barely detected at the inner site of the encasement. By contrast, both PI(4,5)P2 

probes mCIT-1xPHPLCδ1 and mCIT-2xPHPLCδ1 exhibited an intense sharp layer with uniform 

thickness around the haustoria, and the detectable signals also appeared consistently at the inner 

site of the encasement (Fig 5.3D; Fig 5.4). Although the mCIT-1xPHPLCδ1 probe with a single 

PI(4,5)P2 binding motif displayed a cytosolic proportion of the signals (Simon et al., 2014), the 

fluorescence intensity in the cytosol was much weaker than at the PM and EHM. Notably, the 

probe mCIT-2xPHPLCδ1 with two PI(4,5)P2 binding motifs that was demonstrated to be 

exclusively localized to the PM (Simon et al., 2014) displayed a sharp accumulation at the EHM 

as well as at the PM in Ec-infected cells. 

During infection process, the host nucleus often moves towards infection sites within 

haustorium-containing cells (Inada et al., 2016b; Scheler et al., 2016). Both mCIT-1xPHPLCδ1 and 

mCIT-2xPHPLCδ1 formed a distinct layer surrounding the hausotirum, separating the haustorium 

from the nucleus, whereas no clear boundary appeared between the haustorium and its 

neighbouring nucleus by either the Cyto-YFP-labeled cytosol or the Tono-YFP-labeled tonoplast 

(Fig 5.3D). Notably, the EHM marker RPW8.2-YFP (Wang et al., 2007; Wang et al., 2009) also 

displayed a sharp boundary layer between the haustorium and the adjacent nucleus, while the 

Tono-YFP-labeled tonoplast surrounded both the haustorium and the nucleus (Fig 5.3D). 

To further closely examine the localization of phosphoinositides in association with the 

EHM, the mCIT-tagged biosensors were co-expressed with the EHM-specific marker RPW8.2-

RFP (Wang et al., 2007). At 2 dpi, a continuous layer of both mCIT-1xPHPLCδ1 and mCIT-
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2xPHPLCδ1 encompassing the haustoria was tightly colocalized with the RPW8.2-RFP (Fig 5.3E). 

Evidently, signals for both PI(4,5)P2 biosensors mCIT-1xPHPLCδ1 and mCIT-2xPHPLCδ1 as well 

as for RPW8.2-RFP were also found at the haustorial neck region despite the stronger signals for 

PI(4,5)P2 biosensors at this region. Further colocalization studies revealed that the PI4P 

biosensor mCIT-2xPHFAPP1 coverd the encasement surface, but absent from the RPW8.2-RFP 

labelled EHM, while the PI3P biosensor mCIT-2xFYVEHRS formed an additional layer outside 

the RPW8.2-RFP-labelled EHM, targeting to the tonoplast (Fig 5.3E). Taken together, these 

results reveal that PI4P and PI(4,5)P2, two of the most abundant phosphoinositides at the PM in 

plant cells (Vermeer et al., 2009; Simon et al., 2014; Simon et al., 2016), are likely associated 

with independent lipid determinants of membrane identity, and only PI(4,5)P2, not PI4P, is 

selectively integrated into EHM during haustorial biogenesis (Fig 5.3F). 

To investigate whether the distribution of phosphoinositides at the EHM was a common 

characteristic of the interactions between host plants and haustorium-forming pathogens, the 

localizations of PI3P, PI4P and PI(4,5)P2 were examined in leaves of Arabidopsis plants 

expressing corresponding biosensors upon infection with the white rust oomycete, Albugo 

candida. At 2 days post inoculation with zoospores, confocal imaging revealed that the PI3P 

biosensor mCIT-2xFYVEHRS formed a membrane layer enveloping the A. candida haustorium, 

likely targeting to the host tonoplast (Fig 5.5A). Similarly to the powdery mildew, the signals for 

PI4P biosensor mCIT-2xPHFAPP1 discontinued at the haustorial neck region and was completely 

absent from the peripheral surface of A. candida haustoria (Fig 5.5B), whereas both PI(4,5)P2 

biosensors mCIT-1xPHPLCδ1 and mCIT-2xPHPLCδ1, were recruited to the EHM of white rust (Fig 

5.5C). These data indicate that haustorium-forming pathogens promote the redistribution of host 

phosphoinositides during infection processes, and the EHM from different host-pathogen 

systems has the similar, but unique phosphoinositide compositions.  
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Figure 5.3 PI(4,5)P2, but not PI4P, is selectively targeted to the extrahaustorial membrane 
of the powdery mildew E. cichoracearum. 
(A) Representative images of Ec-infected Arabidopsis epidermal cells co-expressing tonoplast 
marker Tono-CFP and PIP biosensors: mCIT-2xFYVEHRS for PI3P, mCIT-2xPHFAPP1 for PI4P, or 
mCIT-1xPHPLCδ1 for PI(4,5)P2 at 2 dpi.  
(B) Plots show relative fluorescence intensity along the paths of dotted arrows in left panels 
corresponding to (A). 
(C) Arabidopsis leaves co-expressing PI(4,5)P2 biosensor mCIT-1xPHPLCδ1 and Tono-CFP were 
inoculated with Ec and subjected to plasmolysis at 2 dpi. Cell walls of an infected epidermal cell 
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were marked by dotted line. After plasmolysis, PI(4,5)P2 signals retained on the haustorial 
peripheral surface were indicated by arrowheads.  
(D) Arabidopsis leaves expressing mCIT-1xPHPLCδ1, mCIT-2xPHPLCδ1, RPW8.2-YFP, Cyto-YFP 
or Tono-GFP were inoculated with Ec and stained by PI at 2 dpi. Arrowheads indicate the 
boundary between the haustorium (ha) and the host nucleus (N). Cell wall encasement (en) and 
nucleus were stained with PI.  
(E) Representative images of Ec-infected Arabidopsis epidermal cells co-expressing EHM 
marker RPW8.2-RFP and PIP biosensors: mCIT-1xPHPLCδ1 and mCIT-2xPHPLCδ1 for PI(4,5)P2, 
mCIT-2xPHFAPP1 for PI4P, or mCIT-2xFYVEHRS for PI3P at 2 dpi.  
(F) Diagram illustrating the distribution of host phosphoinositide species in different membrane 
compartments associated with an Ec haustorium in infected epidermal cell. PM, plasma 
membrane; EHM, extrahaustorial membrane; Tn, tonoplast; N, nucleus; en, encasement. Scale 
bar, 10 µm. 
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Figure 5.4 Differential distribution of host cellular membrane compartments in association 
with the haustorium of the powdery mildew E. cichoracearum. 
Leaves of Arabidopsis plants expressing indicated probes were inoculated with Ec and viewed 
under a confocal microscope at 2 dpi. The probes included PI(4,5)P2 sensors mCIT-1xPHPLCδ1 
and mCIT-2xPHPLCδ1, and fluorescent protein-tagged markers RPW8.2-YFP for EHM, PMA-
GFP for PM, Cyto-YFP for cytosol, Tono-GFP for tonoplast, and GFP for ER. Fungal structures 
and plant cell walls were stained with PI. ha, haustorium; en, encasement; EHM, extrahaustorial 
membrane. Scale bars, 10 µm.  
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Figure 5.5 Differential distribution of phosphoinositides to the haustorial periphery of 
Albugo candida. 
Cotyledons of Arabidopsis plants expressing indicated biosensors were inoculated with 
zoospores of A. candida isolate Acem1 and viewed under a confocal microscope at 2 dpi. ha, 
haustorium. Scale bars, 5 µm. 
(A) Representative images of PI3P biosensor mCIT-2xFYVEHRS. 
(B) Representative images of PI4P biosensor mCIT-2xPHFAPP1. 
(C) Representative images of PI(4,5)P2 biosensors mCIT-2xPHPLCδ1 and mCIT-1xPHPLCδ1. 
 

 

5.3.3 Cellular trafficking pathways responsible for the recruitment of PI(4,5)P2 into EHM 

Fluorescence recovery after photobleaching (FRAP) is widely used to quantify protein and lipid 

mobility in the membrane (Martinière et al., 2012). To investigate the dynamics of PI4P and 

PI(4,5)P2 at the PM, quantitative FRAP was conducted to monitor signal changes of their 

respective biosensors in defined regions of the PM in leaf epidermal cells. FRAP experiments 

revealed that the signal for PI4P sensor mCIT-2xPHFAPP1 at the PM had a relatively slow 

recovery time after bleaching, displaying a similar pattern with the overexpressed PM-resident 
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protein (GFP-LTI6b) at a recovery rate of 75% fluorescence over more than 20 sec as reported 

previously (van Leeuwen et al., 2007; Simon et al., 2016). By contrast, bleaching signals of 

PI(4,5)P2 sensor mCIT-1xPHPLCδ1 was negligible, and 75% of the fluorescence was quickly 

recovered within 3 sec (Fig 5.6A and C). To investigate the dynamics of PI(4,5)P2 at the EHM, 

the FRAP was performed at the EHM in Ec-infected leaves expressing mCIT-1xPHPLCδ1 at 24 

hpi. The mCIT-1xPHPLCδ1 signals at the EHM consistently displayed incomplete bleaching and 

rapid recovery, and the recovery curve was similar to that displayed at PM (Fig 5.6B and C). 

These results indicate that PI4P was relatively immobile at the PM, whereas PI(4,5)P2 displayed 

a high rate of turnover and great mobility when anchored on the EHM and the PM. 

To test whether pharmacological inhibition of membrane trafficking has any impact on 

the dynamic accumulation of PI(4,5)P2 at the EHM, the PI(4,5)P2 signals at the EHM were 

quantified in the presence or absence of latrunculin A, oryzalin, brefeldin A (BFA), methyl-β-

cyclodextrin (MβCD), or wortmannin. Interestingly, treatment with latrunculin A that sequesters 

G-actin and prevents F-actin assembly (Spector et al., 1983) led to a significant depletion of 

PI(4,5)P2 from the EHM, whereas treatments with oryzalin that depolymerizes microtubules 

(Morejohn, 1991) had no effects on PI(4,5)P2 accumulation at the EHM (Fig 5.6D and E). 

Strikingly, inhibition of vesicle-mediated trafficking by BFA that inactivates the ARF-GEF 

GNOM activity (Geldner et al., 2003; Nielsen et al., 2012) had no significant effect on the 

targeting of PI(4,5)P2 to the EHM. Treatment with MβCD, which depletes the PM sterols (Ohtani 

et al., 1989), resulted in significant inhibition of PI(4,5)P2 accumulation at the EHM. I then 

investigated the effects of wortmannin, a well-characterized inhibitor of both PI 3-Kinases and 

type III PI 4-Kinases (Matsuoka et al., 1995; Nakanishi et al., 1995; Cutler et al., 1997). 

Treatment with wortmannin at a high concentration (30 µM) caused a significant depletion of 

PI(4,5)P2 at the EHM (Fig 5.6D and E). These results indicate that the dynamic accumulation of 

PI(4,5)P2 at the EHM is dependent on the formation of actin cytoskeleton and sterols, and less 

sensitive to GNOM-mediated vesicular transport; the PI(4,5)P2 pool at the EHM is likely derived 

from de novo synthesis from the precursor PI4P via the type III PI 4-kinases.  

  



101 
 

 

Figure 5.6 Cellular trafficking pathways responsible for recruiting PI(4,5)P2 into the EHM. 
(A) to (C) FRAP analysis of mCIT-1xPHPLCδ1, mCIT-2xPHFAPP1 and GFP-LTI6b. Representative 
images of indicated probes for pre-bleach, bleach, post-bleach (3 and 30 sec) at PM (A) or EHM 
(B) are presented. Red rectangles mark the bleached regions. Scale bar, 10 μm. (C) Best-fit two-
phase exponential curve to model the normalized fluorescence intensity after bleaching events 
(data are normalized with pre-bleach fluorescence intensities). 
(D) and (E) Effects of pharmacological inhibitors on the targeting of PI(4,5)P2 into EHM. (D) 
Representative images showing the targeting of mCIT-1xPHPLCδ1 to EHM at 24 h post Ec 
inoculation after indicated treatments. The leaves were infiltrated with Mock (H2O), 5 µM 
latrunculin A (Lat-A), 1 mM oryzalin, 300 µM BFA, 1 mM MβCD, or 30 µM wortmannin one 
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hour before inoculation with Ec. The haustorial neck regions are indicated by arrowheads. Scale 
bar, 10 μm. (E) Quantification of relative fluorescence intensity for mCIT-1xPHPLCδ1 at EHM. 
Data are normalized over the intensity at EHM from the mock treatment. Data are means ± SD (n 
= 30). Different letters indicate statistically significant differences determined by one-way 
ANOVA with Tukey’s HSD (p < 0.01). 
 

 

5.3.4 PI(4,5)P2 dynamics in host cells in response to infection by powdery mildew fungus 

To gain insight into the PI(4,5)P2 dynamics in host cells in response to the powdery mildew 

attack, I examined the PI(4,5)P2 signals in leaf epidermal cells at Ec invasion sites during an 

infection time course. Confocal imaging revealed that at an early infection stage at ~11 hours 

post inoculation (hpi), the PI(4,5)P2 signals aggregated towards the Ec-attempted penetration 

sites and displayed a focal accumulation at this site (Fig 5.7A). After successful penetration, 

PI(4,5)P2 signals integrated into the EHM that surrounds initially visible haustorial primordia 

and later fully developed haustoria. 

A strong induction of PI(4,5)P2 levels was observed in the leaf epidermal cell that hosted 

a fully developed Ec-haustorium when compared with neighboring non-infected cells (Fig 5.7B). 

A close view revealed that induced PI(4,5)P2 signals were intensified on the peripheral surface of 

infected epidermal cells in association with the PM. As expected, strong PI(4,5)P2 signals also 

sharply labeled the EHM. Infected and non-infected epidermal cells maintained a similar 

background of PI(4,5)P2 signals in the cytosol (Fig 5.7B). Notably, no induction of the free YFP 

expression was detected in Ec-colonized cells compared with neighboring non-infected cells of 

transgenic plants expressing pUBQ10:YFP with the same promoter driving the expression of the 

PI(4,5)P2 biosensor mCIT-1xPHPLCδ1 (Fig 5.8), suggesting that the powdery mildew infection 

has no significant effects on pUBQ10 promoter activity. 

To examine the dynamic details of enhanced production of PI(4,5)P2 signals in PM, the 

Ec-infected leaves were treated with FM4-64, a lipophilic styryl dye widely used as a fluorescent 

probe for detection of PM internalization during the endocytosis and membrane trafficking 

(Jelinkova et al., 2010). After 15-min uptake, FM4-64 labeled PM appeared as amorphous 

aggregates that were observed in both Ec-infected and non-infected epidermal cells (Fig 5.7C 

and D). In the epidermal cell hosting a haustorium, induced PI(4,5)P2 signals contrast with a 

background signal in adjacent non-infected cells clustered into membrane domains that were 

apparently coincided with FM4-64 labeled amorphous aggregates. This finding suggests that 
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induced PI(4,5)P2 pools in leaf epidermal cells harbouring an Ec-haustorium are tightly 

associated with the PM trafficking, likely regulating cellular activities of the host cells 

responsible for a compatible disease interaction.  

 

 

Figure 5.7 Induced PI(4,5)P2 dynamics in host cells in response to powdery mildew 
infection. 
(A) Time course responses of PI(4,5)P2 dynamics revealed by mCIT-1xPHPLCδ1 probe in Ec-
infected epidermal cells at 9 to 14 hpi. Notably, signals of mCIT-1xPHPLCδ1 were focally 
accumulated underneath the penetration site initially at ~11 hpi and then targeted the EHM 
during haustorial development. Asterisks indicate the penetration sites that are enlarged in insets 
for close views; arrowheads indicate the EHM. 
(B) Enhanced production of PI(4,5)P2 specifically in Ec-colonized cells. The lower panel is the 
enlarged view of an Ec-colonized cell at 24 hpi, showing enhanced PI(4,5)P2 signals at the EHM 
as well as along PM of the infected cell. Fungal structures and plant cell walls were stained with 
PI. Induced accumulation were observed in 47 of 79 Ec-colonized cells.  
(C) and (D) Association of induced PI(4,5)P2 production with PM and endocytic processes in Ec-
colonized cells. Ec-inoculated leaves at 24 hpi were incubated in FM4-64 for 15 min. (C) An Ec-
infected (a) and a neighboring non-infected cell (b) are highlighted in dash-lined boxes. The 
same inoculation sites were viewed on the peripheral surface (upper panel) or inside the cell 
(lower panel) of leaf epidermis. (D) Enlarged views of Ec-infected cell (a) and non-infected cells 
(b). Note that PI(4,5)P2 signal revealed by mCIT-1xPHPLCδ1 was induced only in the Ec-
colonized cell, and co-localized with FM4-64-labled endocytic PM compartments on the 
peripheral surface of the infected cell. 
app, appressorium; c, conidium; ha, haustorium; en, encasement. Scale bars, 10 µm. 
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Figure 5.8 Increased production of PI(4,5)P2 in E. cichoracearum-colonized leaf epidermal 
cells.  
Representative confocal images of Ec-infected epidermal cells of Col-0 plants expressing 
UBQ10:mCIT-1xPHPLCδ1 as a biosensor for PI(4,5)P2 or UBQ10:EYFP for free YFP under the 
same promoter. Images were taken at 24 hpi at the same confocal setting and viewed with 
maximum projection of Z-stacks. Infected cells are indicated by arrowheads. Induced 
accumulation of UBQ10:mCIT-1xPHPLCδ1 was observed in 47 of 79 Ec-colonized cells, 
whereas no induction of pUBQ10:YFP was observed in ~80 Ec-colonized cells. 
app, appressorium; ha, haustorium. Scale bars, 50 µm. 
 

 

5.3.5 PI(4,5)P2 production via PI4P 5-kinases is an essential susceptibility factor in plant-

pathogen interactions 

PI4P 5-kinase (PIP5K) converts PI4P to PI(4,5)P2 in eukaryotes (Toker, 1998; Choi et al., 2015). 

The Arabidopsis genome contains eleven isoforms of PIP5Ks that are classified into two distinct 

subfamilies: type A includes PIP5K10 and PIP5K11 with domain structures similar to PI4P 5-

kinases in mammals and yeasts, while type B includes isoforms PIP5K1-PIP5K9 with additional 

N-terminal Lin and MORN domains (Mueller-Roeber and Pical, 2002; Heilmann and Heilmann, 

2015). The Affymetrix microarray data from the Genevestigator 

(https://www.genevestigator.com) (Hruz et al., 2008) revealed that PIP5K1, -2, -3, -7, -8, -9 and -

11 expressed at varying but substantial levels in rosette leaves, especially in mature leaves (Fig 

5.9A). To validate the microarray data and to explore which isoform(s) of PIP5K possibly 
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contributes to the PI(4,5)P2 production upon powdery mildew attack, RT-PCR analysis was 

employed for expression profiling of PIP5K isoforms in Arabidopsis leaves with or without Ec 

inoculation (Fig 5.9B). RT-PCR results showed detectable expressions of PIP5K1, -2, -5, -7, -8, 

and -9 in mature Arabidopsis leaves. Among those, PIP5K1 and PIP5K2 were constitutively 

expressed at high levels whereas the expression of PIP5K8 was slightly induced by Ec-infection 

compared with non-inoculated leaves. 

To elucidate the possible function of the expressed PIP5K genes in Arabidopsis-powdery 

mildew interactions, a reverse genetic approach was undertaken by employing T-DNA insertion 

mutants for pathogenicity tests. I obtained and confirmed homozygous T-DNA mutant lines for 

PIP5K1 (SALK_146728), PIP5K2 (SALK_012487), PIP5K5 (SALK_147475), PIP5K7 

(SALK_151429), PIP5K8 (SAIL_561_F09) and PIP5K9 (WiscDsLox434B6) (Fig 5.9C). Since 

both PIP5K1 and PIP5K2 displayed high levels of expression in Arabidopsis mature leaves, and 

the PIP5K1 and PIP5K2 displayed the highest catalytic activities in vitro among ubiquitously 

expressed PIP5Ks from Arabidopsis (Fig 5.9A and B) (Stenzel et al., 2008; Ischebeck et al., 

2013), a double mutant pip5k1 pip5k2 was generated by crossing of respective single insertion 

lines. The double pip5k1 pip5k2 mutant is smaller than that of the wild type at seedling and 

rosette stages, characterized by reduced leaf expansion and retarded development as revealed 

previously (Fig 5.10) (Ischebeck et al., 2013; Tejos et al., 2014). The triple (pip5k1 pip5k2 

pip5k5; pip5k1 pip5k2 pip5k8) and quadruple (pip5k1 pip5k2 pip5k5 pip5k8) mutants were 

further generated by crossing the single (pip5k5 or pip5k8) with the double mutant (pip5k1-/- 

pip5k2-/+). These triple and quadruple mutants displayed similar phenotypes to those in the 

double mutant, but the triple (pip5k1 pip5k2 pip5k8) and quadruple (pip5k1 pip5k2 pip5k5 

pip5k8) mutants displayed further retarded growth compared with the double (pip5k1 pip5k2) 

and the triple (pip5k1 pip5k2 pip5k5) mutants (Fig 5.10). The results indicate that these 

expressed PIP5K genes exhibit partially redundant and additive roles in Arabidopsis growth and 

development at rosette stages among which PIP5K1 and PIP5K2 play the most predominant 

functions. 

When challenged with Ec, all single mutants supported the wild type levels of hyphal 

growth, and Ec was able to sporulate at 7 dpi (Fig 5.9D; Fig 5.11A and B). However, Ec 

development and growth were severely impaired on the pip5k1 pip5k2 double mutant in 

comparison with wild type and single mutants (Fig 5.9D; Fig 5.11A and B). On the mature leaves 
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of pip5k1 pip5k2 double mutant, Ec displayed a remarkably lower penetration rate, and formed 

smaller colonies with statistically significant reduction in second hypha length and branches, 

total haustorial numbers per colony and total conidiophores per colony than those of the wild 

type (Fig 5.11C-H). Thus, disruption of both PIP5K1 and PIP5K2 genes renders knockout 

mutants highly resistant to the compatible powdery mildew fungus. 

As two predominant genes involved in Arabidopsis susceptibility to haustorium-forming 

pathogens and in plant growth and development, the impact of disruption of both PIP5K1 and 

PIP5K2 genes on PI(4,5)P2 homeostasis was further investigated in leaf epidermal cells of the 

mutant with or without Ec-inoculation. the PI(4,5)P2 biosensor mCIT-1xPHPLCδ1 were introduced 

into the pip5k1 pip5k2 mutant, and the fluorescence intensity at the PM was examined. 

Quantitative imaging revealed that the mCIT-1xPHPLCδ1 signal intensity at the PM was 

significantly reduced in the mutant compared to wild type plants (Fig 5.12A and B). 

Semiquantitative RT-PCR revealed that wild type and pip5k1 pip5k2 mutant expressed 

comparable levels of the mCIT-1xPHPLCδ1 transcripts (Fig 5.12C), indicating that reduced levels 

of mCIT-1xPHPLCδ1 signal intensity in the pip5k1 pip5k2 mutant are not resulted from the 

transgene silencing. On the PM of leaf epidermal cells of wild type plants, PI(4,5)P2 biosensors 

displayed the coalescence of clustered signals, forming distinct microdomains. However, this 

characteristic distribution of PI(4,5)P2 was substantially diminished in the PM of pip5k1 pip5k2 

mutant (Fig 5.12A). Together, the data indicate that isoforms PIP5K1 and PIP5K2 are key 

members of Arabidopsis PI4P 5-kinase family, involved in the maintenance of the PM pool of 

PI(4,5)P2 in leaf epidermal cells. Furthermore, when challenged with Ec, the relative 

fluorescence intensity of mCIT-1xPHPLCδ1 at the EHM was dramatically reduced in Ec-infected 

epidermal cells of pip5k1 pip5k2 mutant compared with wild type (Fig 5.12D), suggesting that 

targeting of PI(4,5)P2 to the EHM was also impaired in the mutant. Interestingly, although the 

PI(4,5)P2 signals were significantly reduced at both PM and EHM in epidermal cells of pip5k1 

pip5k2 mutant, the epidermal cell hosting Ec-haustoria still displayed stronger PI(4,5)P2 signals 

than that of adjacent non-infected epidermal cells (Fig 5.12E). This observation suggests that 

other isoform(s) of PI4P 5-kinase family rather than PIP5K1 and PIP5K2 are likely involved in 

the induction of PI(4,5)P2 pools in the Ec-infected epidermal cells although I could not exclude 

the possible prevention of PI(4,5)P2 degradation that may occur in the Ec-infected epidermal 

cells. 



107 
 

Since PIP5K1 and PIP5K2 are mainly responsible for replenishing the PI(4,5)P2 pools in 

the PM of epidermal cells and at the EHM, I next determined whether the in situ localization of 

PIP5K1 and PIP5K2 directly contributes to the biosynthesis of PI(4,5)P2 at the location. The 

transgenic Arabidopsis plants expressing PIP5K1:PIP5K1-YFP and PIP5K2:PIP5K2-YFP were 

generated for further examination. After introducing the PIP5K1:PIP5K1-YFP and 

PIP5K2:PIP5K2-YFP transgenes into the pip5k1 pip5k2 mutant by crossing, I found that ectopic 

expression of either construct could rescue the retarded growth and development of the pip5k1 

pip5k2 mutant (Fig 5.10). These data indicate that the stable transgenic expression of both 

PIP5K1-YFP and PIP5K2-YFP are fully functional. In leaf epidermal cells, both PIP5K1-YFP 

and PIP5K2-YFP localized predominantly at the PM (Fig 5.13A and B), resembling the 

localization patterns found in root cells (Ischebeck et al., 2013; Tejos et al., 2014). Upon Ec 

attack, both PIP5K1-YFP and PIP5K2-YFP accumulated at the Ec-penetration sites around the 

haustorial neck region. Noticeably, no detectable signals of PIP5K1-YFP or PIP5K2-YFP could 

be observed at the EHM (Fig 5.13C and D). These results suggest that the expression of both 

PIP5K1 and PIP5K2 attributes to generating PI(4,5)P2 at the PM, whereas the PI(4,5)P2 at the 

EHM results from the lateral transport of pre-existing PM pools to the EHM.  
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Figure 5.9 Expression profiling of Arabidopsis PI4P 5-kinase genes and characterization of 
T-DNA insertion mutants. 
(A) Tissue-specific expression of eleven Arabidopsis PI4P 5-kinase genes. Public affymetrix 
DNA microarray data sets for Arabidopsis were mined to generate a heat map using 
Genevestigator (https://www.genevestigator.com). Predicted expression levels are indicated in 
the left-top corner inset. 
(B) RT-PCR analysis of Arabidopsis PI4P 5-kinases and defense-related genes in Arabidopsis 
leaves in response to Ec inoculation. Leaves of 4-week-old Col-0 plants without or with Ec 
inoculation were harvested for RNA extraction at indicated time points. The level of elF4A1 was 
used as an internal control for normalization. PCR products were amplified from 28 cycles. 
(C) Genomic organization and location of T-DNA insertion sites of leaf expressed PI4P 5-kinase 
genes in Arabidopsis. White boxes represent coding DNA sequences (CDS), black lines 
represent introns, gray bars correspond to untranslated regions (UTR), and red triangles indicate 
T-DNA locations. Sizes of CDS, TUR and introns were drawn with Gene Structure Display 
Server 2.0 (http://gsds.cbi.pku.edu.cn) according to the TAIR 10 Gene Models. 
(D) Development of Ec on leaves of single or double mutants. Representative images of 
Arabidopsis leaves of the indicated genotypes show colony morphology at 7 dpi. Fungi were 
stained with aniline blue, and arrowheads indicate the conidiospores that cause initial infection. 
Scale bars, 100 µm.  
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Figure 5.10  Growth phenotypes of the Arabidopsis knockout mutants and complemented 
mutant plants of PI4P 5-kinase genes. 
Plants with the indicated genotypes were selected by PCR, grown on soil, including Col-0 wild 
type, pip5k1 pip5k2 double mutant, pip5k1 pip5k2 pip5k5 triple mutant, pip5k1 pip5k2 pip5k8 
triple mutant, pip5k1 pip5k2 pip5k5 pip5k8 quadruple mutant, and the pip5k1 pip5k2 double 
mutants ectopically expressing PIP5K1-YFP or PIP5K2-YFP under their native promoter. Scale 
bar, 5 cm. 
(A) 4-week old plants. 
(B) 6-week-old plants. 
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Figure 5.11 Loss of PIP5K1 and PIP5K2 functions prevents growth and development of the 
compatible powdery mildew fungus. 
(A) Macroscopic infection phenotypes of Col-0 wild type and pip5k1 pip5k2 mutant at 10 dpi 
with Ec. 
(B) Impaired growth and development of Ec on mature leaves of pip5k1 pip5k2 mutant. Leaf 
tissues of wild-type and pip5k1 pip5k2 plants at 2, 5, and 7 dpi were stained with aniline blue and 
viewed by light microscopy. Scale bars, 100 μm. 
(C) Reduced formation of haustoria in mutant pip5k1 pip5k2. Fungal structures on the leaf 
surfaces (top panel) and haustoria in epidermal cells (bottom panel) at 7 dpi were stained with 
Alexa Fluor 488 conjugated-WGA, while callose deposition (middle panel) was detected by 
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aniline blue. Images were taken under a confocal microscope with maximum projection of Z-
stacks. Scale bars, 50 μm. 
(D) to (H) Quantitative analysis of Ec growth on leaves of wild type and pip5k1 pip5k2 plants. 
(D) Penetration rate of Ec. More than 100 sites for each leaf were scored at 2 dpi. Data are means 
± SD, n = 4. (E) and (F) Branch numbers and total lengths of secondary hyphae per colony at 2 
dpi. Data are means ± SD, n = 75 (wt) or 31 (pip5k1 pip5k2). (G) Haustorial numbers per colony 
at 2 dpi. Data are means ± SD, n = 31 (wt) or 31 (pip5k1 pip5k2). **P < 0.01, ***P < 0.001, 
student t-test. (H) Number of conidiophores per colony at 7 dpi. Conidiophores were counted 
from at least 30 colonies in five leaves for each genotype, which was repeated three times with 
similar results. Data are means ± SD, n = 30, ***P < 0.001, student t-test. 
 

 

 
Figure 5.12 Impaired cellular homeostasis of PI(4,5)P2 in pip5k1 pip5k2 mutants. 
(A) and (B) Cellular distribution of PI(4,5)P2 in leaf epidermal tissue of Col-0 and pip5k1 pip5k2 
plants expressing mCIT-1xPHPLCδ1. (A) The same sites were viewed on the peripheral surface 
(left panel, single image), inside the cell (middle panel, single image) or 3D with Z-stack (right 
panel, maximum projection) of the leaf epidermis. Scale bars, 20 µm. (B) Relative fluorescence 
intensity of mCIT-1xPHPLCδ1 at the PM. Data are means ± SD, n = 30. **P < 0.01, student t-test.  
(C) Expression profiling of mCIT-1xPHPLCδ1 transgene in pip5k1 pip5k2 and Col-0. 
Semiquantitative RT-PCR of mCIT-1xPHPLCδ1 was performed on total RNA extracted from 4 
weeks Arabidopsis leaf tissues. The primer pairs are located to the mCITRINE region. The 
transcript level of elF4A1 was used as an internal control to normalize amount of cDNA 
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template. 
(D) Impaired targeting of mCIT-1xPHPLCδ1 to the EHM in the pip5k1 pip5k2 mutant. 
Representative confocal images were taken at 24 hpi at the same confocal setting. Scale bars, 10 
µm. Relative fluorescence intensity of mCIT-1xPHPLCδ1 was measured at the EHM. Data are 
means ± SD, n = 30. **P < 0.01, student t-test. 
(E) Increased PI(4,5)P2 signals in leaf epidermal cells harbouring a haustorium of Ec. 
Representative confocal images of Ec-infected epidermal cells of Col-0 and pip5k1 pip5k2 plants 
expressing UBQ10:mCIT-1xPHPLCδ1. Images were taken at 24 hpi at the same confocal setting 
and viewed with maximum projection of Z-stacks. Infected cells are indicated by arrowheads. 
Scale bars, 50 µm. 
EHM, extrahaustorial membrane; ha, haustorium.  
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Figure 5.13 Cellular localization of PIP5K1-YFP and PIP5K2-YFP in Arabidopsis. 
(A) and (B) Expression and cellular location of PIP5K1-YFP and PIP5K2-YFP in Arabidopsis 
leaf tissues. True leaves of Arabidopsis plants expressing pPIP5K1:PIP5K1-YFP (A) and 
pPIP5K2:PIP5K2-YFP (B) were stained with PI and examined under confocal microscope before 
plasmolysis (upper panel) or after plasmolysis (lower panel). 
(C) and (D) Both PIP5K1-YFP and PIP5K2-YFP focally accumulated at Ec penetration sites, but 
were absent from the EHM. Arabidopsis plants expressing pPIP5K1:PIP5K1-YFP (C) and 
pPIP5K2:PIP5K2-YFP (D) were inoculated with Ec. The infection sites (arrowheads) were 
examined under confocal microscope with PI staining at 24 hpi. The same sites were viewed on 
the peripheral surface (upper panel) or inside the cell (lower panel) of the leaf epidermis.  
ha, haustorium; app, appressorium. Scale bars, 20 µm. 
 

 

5.3.6 Mechanisms underlying powdery mildew resistance in pip5k1 pip5k2 mutant 

A crucial question regarding the disease resistance in pip5k1 pip5k2 double mutant is what 

resistance mechanisms might be involved. To elucidate the potential mechanisms contributing to 

the powdery mildew resistance in pip5k1 pip5k2 mutant, I examined the host cellular responses 

during infection process. On mature leaves of the pip5k1 pip5k2 mutant, successfully penetrated 

Ec displayed remarkably retarded growth, producing significantly smaller colonies than those on 

wild type (Fig 5.11). I further determined whether the resistance in pip5k1 pip5k2 is mediated by 

basal defense responses by staining infected leaves with aniline blue to highlight callose 

deposition, a sensitive cellular marker for basal defense responses (Hauck et al., 2003). In both 
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wild-type and pip5k1 pip5k2 plants, callose deposition was detected only at Ec-penetration sites 

at 2 dpi, whereas the edr1, a mutant that is constitutively primed for SA-inducible defenses and 

associated with cell death at powdery mildew infection sites (Frye and Innes, 1998), displayed 

enhanced callose depositions in Ec-infected epidermal cells that underwent accelerated cell death 

during infection (Fig 5.14A). Resistance triggered in edr1 mutants was also associated with 

enhanced H2O2 accumulation and autofluorescence at Ec-infected epidermal cells (Fig 5.14B and 

C). In contrast, both wild type and pip5k1 pip5k2 plants exhibited similar patterns of H2O2 

production and autofluorescence on Ec-colonized leaves. Apparently, no cell death accompanied 

by enhanced callose deposition, H2O2 accumulation and autofluorescence was observed in 

infected epidermal cells underneath fungal colonies on pip5k1 pip5k2 as well as wild type (Fig 

5.14A to C). Thus, I conclude that the resistance in pip5k1 pip5k2 to the powdery mildew is not 

due to pathogen-triggered cell death-associated responses; rather it may depend on reduced host 

susceptibility. 

MLO (Mildew Locus O), a protein with seven transmembrane domains reminiscent of a 

G-protein coupled receptor, is a conserved susceptibility factor of both dicot and monocot plants 

to various powdery mildew species (Consonni et al., 2006). It has been shown that the MLO 

proteins in barley leaves focally accumulate beneath powdery mildew penetration sites 

coincident with the initiation of pathogen entry into host cells (Bhat et al., 2005). In Arabidopsis, 

the three co-orthologs (AtMLO2, AtMLO6 and AtMLO12) of barley MLO are partially 

functionally redundant, with a predominant role for AtMLO2 in the establishment of 

compatibility with the powdery mildew fungus (Consonni et al., 2006). the transgenic lines 

expressing MLO2-GFP (Jones et al., 2017) were used to investigate spatial and temporal 

dynamics of MLO2 proteins at Ec-penetration sites. In leaf epidermal cells without Ec-challenge, 

most of the MLO2-GFP fusion proteins localized at the cellular periphery as well as at 

cytoplasmic punctate structures that have previously been shown to co-localize with the Golgi 

marker Man49-mCherry (Jones et al., 2017) (Fig 5.15A). Upon challenge with Ec, a striking 

focal accumulation of the fusion protein appeared beneath fungal appressoria at ~11 hpi (Fig 

5.16A). Polarized MLO2-GFP accumulation at the Ec-penetration site appeared to be 

independent of actin cytoskeleton function since disruption of actin cytoskeleton by latrunculin A 

has a negligible impact on the MLO2-GFP accumulation (Fig 5.16B and C) (Bhat et al., 2005). 

Remarkably, at 12-13 hpi coincident with host cell penetration from the appressoria, most 
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MLO2-GFP proteins aggregated to Ec-penetration sites, resulting in dramatic signal quenching 

specifically within infected cells (Fig 5.15A; Fig 5.16A). However, after successful penetration 

of Ec at ~14 hpi, distribution of cytoplasmic MLO2-GFP in Ec-infected cells resumed the similar 

patterns as the surrounding non-infected cells (Fig 5.15A), and at the Ec-penetration sites, 

MLO2-GFP proteins were incorporated into extracellular encasements surrounding the neck 

region of haustoria (Fig 5.15B). To examine whether the dynamic response and function of 

MLO2 is involved in modulating Ec-penetration in the pip5k1 pip5k2 mutant, the MLO2-GFP 

transgene was introduced into the pip5k1 pip5k2 mutant by crossing. At 11-14 hpi when the Ec-

attempted penetration failed to develop haustoria in pip5k1 pip5k2 epidermal cells, focal 

accumulation of MLO2-GFP was greatly reduced or abolished beneath the Ec penetration sites 

(Fig 5.15C; Fig 5.16A), whereas where the fungus occasionally penetrated into epidermal cells, 

strong focal accumulation of MLO2-GFP proteins was detected surrounding the penetration 

sites, despite that the wild type and pip5k1 pip5k2 mutant plants displayed similar levels of the 

MLO2-GFP transcripts(Fig 5.15D). Taken together, these findings demonstrate that a rapid, 

transient recruitment of MLO2 proteins into the fungal invasion site coordinates successful 

appressoria-mediated penetration, and in the pip5k1 pip5k2 mutant, an absence of focal 

accumulation of MLO2-GFP at the fungal penetration site correlates with the penetration failure 

of the powdery mildew fungus. 

In eukaryotic cells, PI(4,5)P2 is critical for the assembly and organization of AFs (AFs) 

(Moseley and Goode, 2006; Pollard, 2007). I next examined the potential impact of altered 

PI(4,5)P2 homeostasis in the pip5k1 pip5k2 mutant on AF organization and dynamics upon Ec 

invasion. In non-inoculated Col-0 wild type plants expressing GFP-ABD2-GFP which permits 

acquisition of highly resolved AF images (Wang et al., 2008a), cortical AFs labelled by GFP-

ABD2-GFP appeared to be branched and randomly oriented, forming a dense meshwork along 

the surface of the outer periclinal and anticlinal cell walls of leaf pavement cells (Fig 5.15E). In 

contrast, cortical AFs in pip5k1 pip5k2 cells were remarkably thinner and exhibited less 

branching than those in wild type, and tended to form disorganized bundles. The results 

demonstrate that depletion of PM PI(4,5)P2 leads to diminished AF assembly and defects in AF 

organization. Upon powdery mildew attack at 12 hpi, fine AFs in wild-type epidermal cells 

formed an intense network surrounding the pathogen-attempted penetration site, whereas in 

pip5k1 pip5k2 cells, no distinct AF network appeared underneath fungal penetration sites, and 
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AFs were preferentially organized into thick parallel bundles radiating across epidermal cells 

toward the infection site (Fig 5.16D). After the fungus successfully penetrated into epidermal 

cells, static and dense AFs, but not microtubules, closely surrounded developing haustoria in 

wild type epidermal cells at 20 hpi (Fig 5.16E and F). At the same infection stage in pip5k1 

pip5k2 mutant, GFP-ABD2-GFP exhibited relatively high levels of diffuse cytoplasmic 

fluorescence compared with that of wild type, and AFs were barely visible on the surface of 

developing haustoria (Fig 5.16E). At 7 dpi, the powdery mildew infection resulted in rapid 

colony development and fungal sporulation on the surface of wild type leaves and within the 

epidermal cells hosting mature haustoria, abundant thick AF bundles were highly dynamic and 

frequently arrayed from surface of the mature haustorium towards cortical region of the cells 

(Fig 5.16G). In the pip5k1 pip5k2 mutant, AF bundles in Ec-infected cells dispersed in 

connection with the Ec-infection site, displaying reduced cohesive attachment to the haustorial 

surface (Fig 5.16G). The impaired AF network at the fungal penetration site as well as on the 

haustorial surface suggests that pip5k1 pip5k2 mutant and the powdery mildew fungus endure 

reduced cellular interface activity in an otherwise susceptible interaction. 

 

 

Figure 5.14 Defense responses in pip5k1 pip5k2 mutants against powdery mildew infection. 
(A) to (C) Detection of callose deposition, H2O2 accumulation and autofluorescence material 
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production in Ec-infected Col-0, pip5k1 pip5k2 and edr1 plants at 48 hpi. Arrowheads indicate 
cell death in edr1 mutant accompanied with callose deposition, H2O2 accumulation, and 
autofluorescence; c, conidia. Scale bars, 20 μm. (A) Callose deposition. Ec-inoculated leaves 
were fixed, stained by both aniline blue and Alexa Fluor 488 conjugated-WGA. The images were 
obtained by merging the confocal optical sections (Z stacks). (B) H2O2 production. Ec-inoculated 
fresh leaves were stained by DAB, fixed and viewed by compound microscopy. H2O2 
accumulation was indicated by brownish color. (C) Accumulation of autofluorescence materials. 
Ec-inoculated leaves were fixed, and the autofluorescence was directly viewed by fluorescence 
microscopy. 
  



118 
 

 
Figure 5.15  Cellular dynamics of MLO2 and reorganization of actin filaments in pip5k1 
pip5k2 mutant. 
(A) Time course responses of MLO2-GFP aggregation towards the Ec-penetration sites on Col-0 
leaves at 10 to 14 h post Ec inoculation. Arrowheads indicate the appressorium-mediated 
penetration sites that are enlarged in insets. 
(B) Apoplastic depositions of MLO2-GFP at the Ec-penetration sites. Ec-inoculated leaves of 
Col-0 expressing MLO2-GFP were stained with PI at 14 dpi, and images were captured after 
plasmolysis. Arrowheads indicate the boundary of retracting PM from the cell walls. 
(C) Dynamic responses of MLO2-GFP on pip5k1 pip5k2 leaves at ~14 h post Ec inoculation. 
Left panel, an Ec-infection site associated with failed penetration attempt; right panel, an Ec-
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infection site associated with a successful penetration event. GFP signals were captured with 
confocal microscopy at identical setting for all images.  
(D) Expression profiling of MLO2-GFP transgene in pip5k1 pip5k2 and Col-0 wildtype. 
Semiquantitative RT-PCR of MLO2-GFP transgene was performed on total RNA extracted from 
4 weeks Arabidopsis leaf tissues of indicated genotypes. The primer pairs are targeted to the 
GFP region. The transcript level of elF4A1 was used as an internal control to normalize amount 
of cDNA template. 
(E) Altered organization of actin filaments in leaf epidermal cells of pip5k1 pip5k2 mutant. 
Representative confocal images of leaf epidermal cells of Col-0 wild type and pip5k1 pip5k2 
plants expressing GFP-ABD2-GFP. Images were taken at the same confocal setting with a 
maximum-projection of Z-stacks. 
Asterisks indicate the contact sites underneath conidia. Arrowheads indicate the penetration sites. 
app, appressorium; pp, penetration peg. Scale bars, 20 µm. 
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Figure 5.16 Impaired cellular responses associated with host susceptibility to powdery 
mildew infection in pip5k1 pip5k2 mutant. 
(A) Recruitment of MLO2-GFP into Ec penetration sites is impaired in pip5k1 pip5k2. Leaves of 
Col-0 and pip5k1 pip5k2 plants expressing MLO2:MLO2-GFP at 13 hpi were examined by 
confocal microscopy. The images were obtained by merging the confocal optical sections (Z-
stacks). 
(B) and (C) Focal aggregation of MLO2-GFP at Ec penetration sites is regulated via an actin-
independent mechanism. Leaves of Col-0 plants expressing MLO2:MLO2-GFP were infiltrated 
with water (Mock) or 5 μM Lat-A and subsequently inoculated with Ec. At 13 hpi, the infected 
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epidermal cells were examined by confocal microscopy. (B) Representative images obtained by 
merging the confocal optical sections (Z-stacks). (C) Relative fluorescence intensity of MLO2-
GFP around penetration sites. Quantification was performed over 30 sites per treatment. Data are 
means ± SD, n = 30. P = 0. 665, student t-test. 
(D-G) Dynamics of actin filaments (AFs) at the Ec-penetration sites and on the peripheral 
surface of haustoria in leaf tissues of Col-0 and pip5k1 pip5k2 plants expressing GFP-ABD2-
GFP. (D) Spatial organization of AFs underneath the Ec-penetration sites at 12 hpi. (E) Spatial 
organization of AFs on the haustorial surface during haustorial development at 20 hpi. (F) AFs 
but not microtubules dynamically reorganized on the haustorial surface. Leaves of Col-0 plants 
simultaneously expressing GFP-ABD2-GFP and mCherry-MAP4 at 20 hpi were examined by 
confocal microscopy. The same inoculation sites viewed on the peripheral surface of leaf 
epidermis (upper panel, Z-stacks), on haustorial surface (middle panel, Z-stacks) or on haustorial 
cross-section (lower panel, single section). (G) Dynamic responses of AFs associated with 
mature haustoria at 7 dpi. 
Arrowheads indicate the Ec-penetration site; ha, haustorium; en, encasement; app, appressorium. 
Scale bars, 10 μm. 
 

 

5.3.7 PI(4,5)P2 acts as a susceptibility factor for the non-haustorium-forming hemibiotroph 

Colletotrichum higginsianum 

Crucifer anthracnose fungal pathogen Colletotrichum higginsianum (Ch) displays a multistage 

hemibiotrophic infection strategy on host Arabidopsis (Liu et al., 2007b). The pathogen invades 

Arabidopsis plants through direct penetration of host cell walls, forming invasive primary 

hyphae in epidermal cells. Following a brief biotrophic phase, the large primary hyphae switch to 

thin necrotrophic secondary hyphae that are associated with necrotic lesion development (Liu et 

al., 2007b). Similar to the situation of haustoria, the biotrophic hyphae of Colletotrichum spp. are 

completely encased by a specialized membrane structure, namely extra-invasive hyphal 

membrane (EIHM). This specialized EIHM is suggested to resemble the functionality of the 

EHM in haustorium-forming biotrophs (Lo Presti et al., 2015). To determine the distribution of 

PI4P and PI(4,5)P2 in association with this EIHM, plants expressing respective biosensors, 

mCIT-2xPHFAPP1 and mCIT-1xPHPLCδ1, were inoculated with Ch and examined by confocal 

microscopy. Remarkably, signals for both mCIT-2xPHFAPP1 and mCIT-1xPHPLCδ1 were located 

around the biotrophic primary hyphae (Fig 5.17A and B) in contrast to the absence of mCIT-

2xPHFAPP1 at the EHM surrounding the powdery mildew haustorium, suggesting that the EHM 

encompassing powdery mildew haustoria and the EIHM surrounding Ch primary hyphae are not 

one homogenous entity, but instead are composed of distinct phosphoinositide pools. 
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Nevertheless, the PI(4,5)P2 appears as a conserved predominant phosphoinositide of both 

membrane compartments. 

To evaluate the susceptibility of pip5k1 pip5k2 mutant to Ch, intact plants of Col-0 and 

pip5k1 pip5k2 mutant were sprayed with conidia of Ch. At 3 dpi, wild-type leaves displayed 

water-soaking lesions, and infected plants subsequently became withered and eventually died at 

4 dpi. In contrast, pip5k1 pip5k2 plants barely produced visible anthracnose symptoms (Fig 

5.17C). Likewise, droplet inoculation on detached leaves further revealed that necrotic water 

soaked lesions surrounded by chlorotic halos developed at the inoculation sites of Col-0 leaves 3 

dpi, and water-soaked lesion expansion and tissue maceration rapidly spread over the inoculated 

leaf. The infection on leaves of pip5k1 pip5k2 plants was strictly restricted at the inoculated site 

and did not spread beyond the inoculated area at extended incubation time until 6 dpi (Fig 5.18). 

Thus, PI(4,5)P2, the resulting product of PIP5K1 and PIP5k2, is an important determinant factor 

of host susceptibility to both haustorium-forming biotrophic and non-haustorium-forming 

hemibiotrophic fungal pathogens. 

To investigate which stage of fungal development was impaired in the pip5k1 pip5k2 

mutant, leaf tissues of Col-0 and pip5k1 pip5k2 plants inoculated with Ch were collected for 

microscopic examination. At 2 dpi, large primary hyphae colonized leaf epidermal cells of Col-0 

and pip5k1 pip5k2 plants (Fig 5.17D). In infected cells of Col-0 plants at 3 dpi, abundant thin 

secondary hyphae arose from primary hyphae and spread into several adjacent cells in leaf 

tissues displaying water-soaking lesions. At 4 dpi, leaf tissues of Col-0 completely collapsed 

with systemic colonization by fungal secondary hyphae (Fig 5.17D). In contrast, in epidermal 

cells of pip5k1 pip5k2 plants until 4 dpi, most infection sites were associated with extensive 

growth of primary hyphae, resulting in the first infected cells becoming filled with fungal 

hyphae. To confirm whether extensive growth of primary hyphae within infected leaf epidermal 

cells of pip5k1 pip5k2 plants at 4 dpi was still associated with the biotrophic phase of the 

interaction, infected leaf tissues were submitted for plasmolysis to assess the viability of host 

cells. Epidermal cells of pip5k1 pip5k2 plants with extensive colonization of primary hyphae as 

well as adjacent non-infected cells displayed plasmolysis, and intact tonoplast membrane was 

clearly visible within the plasmolyzed cytoplasm of the infected cell (Fig 5.17E and F). These 

results suggest that the presence of PI(4,5)P2 at the biotrophic interface formed in the Ch-

Arabidopsis interaction regulates the disease susceptibility, and mutation of both PIP5K1 and 
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PIP5K2 genes inhibits the transition from the biotrophic to the necrotrophic stage, thus 

preventing the development of visible necrotic symptoms. 

 

Figure 5.17 Regulation of PI(4,5)P2 controls disease development in plants and the lifestyle 
of the hemibiotrophic fungal pathogen C. higginsianum. 
(A) and (B) Association of mCIT-2xPHFAPP1 sensor for PI4P and mCIT-1xPHPLCδ1 for PI(4,5)P2 
with the biotrophic stages of Ch life cycle. Both PI4P and PI(4,5)P2 signals targeted the surface 
of infection vesicles (iv) (A) and primary hyphae (ph) (B). The images were obtained by merging 
the confocal optical sections (Z stacks). Asterisks indicate the penetration sites that are enlarged 
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in the insets for close views. 
(C) Disease development on Col-0 and pip5k1 pip5k2 plants. Ch-inoculated plants were 
photographed at 3 and 4 dpi. 
(D) Microscopic images of Ch-infected leaf tissues. In pip5k1 pip5k2 leaves, extensive bulbous 
primary hyphae were restricted within the first infected epidermal cells during the infection time 
course 2-4 dpi, whereas in Col-0 plants thin necrotrophic hyphae developed at 3 dpi and rapidly 
spread into neighboring cells. Infected leaf tissues were stained with trypan blue. 
(E) and (F) Extended biotrophic stages of Ch infection in pip5k1 pip5k2 mutant. (E) Viability of 
Ch-infected cells at 4 dpi is shown by the host protoplasm contracting from cell wall (CW) after 
plasmolysis. Right panel is the enlarged view of the boxed area in which tonoplast (TN) is 
clearly distinguishable from the PM. (F) Leaf sample showing the same Ec-infected site in (E) 
was fixed and stained for fungal hyphae with trypan blue. 
Scale bars, 20 μm. 
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Figure 5.18 Loss of PIP5K1 and PIP5K2 functions prevents disease development of C. 
higginsianum infection on detached Arabidopsis leaves. 
Detached leaves of Col-0 wild type and pip5k1 pip5k2 plants were inoculated with droplets of 
Ch conidiospore suspension. Inoculated leaves were incubated in a moist chamber at 20°C. 
Images were taken during an infection time course. At 6 dpi, both adaxial and abaxial surfaces of 
inoculated leaves of pip5k1 pip5k2 mutant were viewed, showing the restricted lesions within the 
inoculated area. 
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5.4 Discussion 

5.4.1 Differential distribution of phosphoinositides confers the EHM the ability to reject 

PM-anchored proteins 

The structural singularity of EHM has been well documented for the haustoria formed by 

powdery mildew and rust fungi. This membrane is continuous with the plant PM (Littlefield and 

Bracker, 1970), but the properties and molecular composition of the EHM are distinct from those 

of the PM. Electron micrographs reveal that an electron-dense haustorial neckband appears at the 

junction of the host PM, and the EHM exhibits a thick and convoluted appearance, which is 

distinct from the thin, smooth host PM (Gil and Gay, 1977; Celio et al., 2004; Micali et al., 

2011). Furthermore, the EHM appears to lack several common plant PM proteins, instead 

possessing a unique set of membrane proteins of the endomembrane system (Gil and Gay, 1977; 

Spencer-Phillips and Gay, 1981; Koh et al., 2005; Micali et al., 2011). This study shows that the 

host PM and EHM are different in the constituent lipids of the membrane: both PI4P and 

PI(4,5)P2 are the most predominant phosphoinositide species in the PM of plant cells (van 

Leeuwen et al., 2007; Vermeer et al., 2009; Simon et al., 2014; Simon et al., 2016), whereas only 

PI(4,5)P2, but not PI4P, is integrated into the EHM of powdery mildew (Fig 5.1). This distinct 

distribution pattern also appears on the EHM among other haustorium-forming biotrophs, such 

as the white rust Albugo candida (Fig 5.5) and the downy mildew Hyaloperonospora 

arabidopsidis (Shimada et al., 2019). By contrast, both PI(4,5)P2 and PI4P present at the extra-

invasive hyphal membrane (EIHM) enclosing the invasive hyphae of hemibiotroph 

Colletotrichum higginsianum (Fig 5.17) (Shimada et al., 2019) and at the periarbuscular 

membrane (PAM) formed during arbuscular mycorrhizal symbiosis (Ivanov and Harrison, 2019). 

This discrepancy signifies the distinct nature of the EHM with EIHM and PAM, and inspires us 

to further explore the impact of missing PI4P on the EHM characteristics and of the potential 

role of PI(4,5)P2 on functionality of haustoria. 

In mammalian cells, PI4P is generated in many cellular membranes, including a main 

pool in the Golgi/TGN, and two relatively minor pools at the PM and late endosomes/lysosomes 

(Hammond et al., 2014). PI4P enriched at the cytosolic face of the trans-Golgi recruits many 

cytosolic proteins that bind to PI4P and function in Golgi-to-PM trafficking (Lenoir and 

Overduin, 2013; Makowski et al., 2017). In contrast, PI4P in plant cells massively accumulates at 

the PM, establishing it as a critical hallmark of this membrane (Simon et al., 2014; Simon et al., 
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2016). Critical roles of PI4P at the PM in animal and plant cells were only recently recognized as 

PI4P defines the PM identity by generating a high electrostatic field that contributes to the PM 

localization and function of proteins with polybasic motifs including several proteins involved in 

cytoskeleton dynamics and hormone and receptor-like kinase signaling (Hammond et al., 2012; 

Simon et al., 2014; Simon et al., 2016). Additionally, recent data indicate that multiple PI4P 

binding proteins function as non-vesicular lipid transporters and drive membrane lipids export 

from the endoplasmic reticulum to other organelles through the reciprocal transfer of PI4P from 

the organelles to the ER at the membrane contact sites (Cockcroft and Raghu, 2018). Thus, PI4P 

together with its effector proteins plays an essential role in membrane biogenesis as well as in 

cell signaling and cellular trafficking. The lack of PI4P at the EHM likely contributes to the 

inability to anchor proteins to EHM and further neglects the impact of PI4P-driven physical 

membrane property at the EHM. 

 

5.4.2 The PI(4,5)P2 of EHM is derived from the PM through an actin-dependent trafficking 

process 

Using PI4P as the precursor, PI4P 5-kinases participate in the biosynthesis of PI(4,5)P2, which 

primarily takes place on the PM (Simon et al., 2014). Notably, both PIP5K1 and PIP5K2 are 

ubiquitously expressed in Arabidopsis and located at the PM (Ischebeck et al., 2013), but are 

absent from the EHM (Fig 5.13), suggesting that PIP5K1 and PIP5K2 are not directly involved 

in in situ synthesis of the PI(4,5)P2 at the EHM, and the PI(4,5)P2 pool at the EHM is likely 

derived from external sources at the PM, which is consistent with the absence of its precursor 

PI4P at the EHM (Fig 5.1). Instead, the connections of PI(4,5)P2 signals that is likely bundled to 

the cytoskeleton were observed between the host PM and the EHM (Fig 5.2C). Further 

disruption of AFs by latrunculin A prevents the trafficking of PI(4,5)P2 signals, resulting in a 

weak signal intensity of PI(4,5)P2 on the EHM (Fig 5.6D and E), indicating that the transport of 

PI(4,5)P2 to the surface of EHM is mediated by the actin cytoskeleton. Intriguingly, targeting of 

PI(4,5)P2 signals to the EHM is not inhibited by brefeldin A (BFA), a fungal toxin that inhibits 

the activity of ARF-GEF GNOM-mediated vesicular trafficking in both endocytic and secretory 

pathways. These results support that targeting of PI(4,5)P2 to the EHM does not involve the 

BFA-sensitive, GNOM-mediated vesicular transport. Whether other BFA-insensitive ARF-GEFs, 

such as BIG3 and/or BIG5/MIN7 (Geldner et al., 2003; Nomura et al., 2011; Richter et al., 
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2014), mediate the transport of PI(4,5)P2 to the EHM remains to be determined. In eukaryotic 

cells, PI(4,5)P2 is concentrated in sterol-rich domains at the PM (Pike and Miller, 1998; Graber 

et al., 2014; Stanislas et al., 2015). Upon depletion of phytosterols in Arabidopsis leaves by 

MβCD treatment, PI(4,5)P2 signals are significantly reduced at the EHM as well as on the PM 

(Fig 5.6D and E), revealing that phytosterols modulate lateral diffusion of PI(4,5)P2 from the PM 

en route to the EHM. Taken together, the data illustrate that during establishment of powdery 

mildew haustoria, PI(4,5)P2 at the EHM is derived from the domain-associated PI(4,5)P2 pool 

synthesized from PI4P at the PM, and the lateral translocation of PI(4,5)P2 from the PM to the 

EHM appears to occur by a BFA-insensitive but actin-dependent pathway. 

 

5.4.3 Reduced disease incidence of fungi in pip5k1 pip5k2 results from the impaired 

susceptibility, rather than the enhanced resistance 

Upon powdery mildew infection, PI(4,5)P2 contents are specifically elevated in the infected 

cells. The increased PI(4,5)P2 signals appears to be tightly associated with the host PM 

dynamics, and are focally aggregated around the pathogen penetration site and further integrated 

into the EHM. Active recruitment of PI(4,5)P2 into the interaction sites with the invading 

pathogen suggests that the altered PI(4,5)P2 homeostasis modulates cellular activities of host 

cells in response to pathogen infection. PI(4,5)P2 is a minor component of the PM, but is a 

master regulator of various functions (Tan et al., 2015). PI(4,5)P2 is able to directly recruit and/or 

activate many integral and peripheral membrane proteins that function in several essential 

cellular processes in eukaryotic cells, such as regulation of cellular trafficking, actin 

polymerization, focal adhesion assembly, and polarity establishment (Tan et al., 2015; Noack and 

Jaillais, 2017). In plants, PI(4,5)P2 is involved in the regulation of auxin transport (Mei et al., 

2012; Ischebeck et al., 2013), stomatal opening (Lee et al., 2007), root hair development (Kusano 

et al., 2008; Stenzel et al., 2008), pollen tube growth (Ischebeck et al., 2008; Sousa et al., 2008; 

Ischebeck et al., 2010; Ischebeck et al., 2011; Gillaspy, 2013), and abiotic stress responses 

(Williams et al., 2005). Many of these processes occur in a strict spatially and temporally 

regulated fashion, requiring precision targeting and optimal concentrations of PI(4,5)P2 

(Krishnamoorthy et al., 2014; Noack and Jaillais, 2017). This study shows that inactivation of 

PI4P 5-kinase activity by knocking out PIP5K1 and PIP5K2 results in depletion of PM PI(4,5)P2 

in Arabidopsis, which subsequently causes diminished assembly and organization of the cortical 
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AFs in pip5k1 pip5k2 mutant cells. These results are further reinforced by the fact that among 

different phosphoinositides, PI(4,5)P2 is the best-characterized regulator of actin cytoskeleton in 

yeast and mammalian cells. PI(4,5)P2 interacts directly with several central actin-binding 

proteins such as profilin, cofilin/ADF, formins, N-WASP, and capping proteins, as well as many 

signaling and scaffolding proteins, which interact with actin-binding proteins to control their 

activities and/or subcellular localization. As a consequence, PI(4,5)P2 contributes to promote the 

formation of AF structures adjacent to the inner leaflet of the PM (Saarikangas et al., 2010; Senju 

and Lappalainen, 2019). Although the actin cytoskeleton and its accessory elements are highly 

conserved across eukaryotic species, the importance of the regulation of most actin-binding 

proteins and associated proteins by PI(4,5)P2 has yet been validated in plants. 

In the pip5k1 pip5k2 mutant upon the powdery mildew infection, the depletion of 

PI(4,5)P2 also results in a concomitant reduction of the organization and dynamics of AFs 

underneath the pathogen penetration site as well as surrounding the haustorial surface. Given that 

the actin cytoskeleton of host cells is commonly harnessed by intracellular pathogens to promote 

their own survival, replication, and cell-to-cell spread in various animal systems (Galán and 

Collmer, 1999; Galán and Zhou, 2000; Gouin et al., 2005), diminished AF assembly and 

dynamics in pip5k1 pip5k2 mutant at the interacting sites with the powdery mildew fungus may 

lead to defects in actin-dependent cellular processes that are required for the powdery mildew 

disease development. For instance, AF arrangement on the haustorial surface was suggested to 

guide the spatial shaping of haustoria and/or to deliver the molecules needed by pathogen to 

feeding structures (Schmidt and Panstruga, 2007). The pip5k1 pip5k2 mutant is also defective for 

focal accumulation of MLO2-GFP at the pathogen-attempted penetration site and displays an 

enhanced penetration resistance against powdery mildew. The role of MLO genes as a major 

susceptibility factor to powdery mildews was demonstrated in a wide range of monocot and dicot 

species (Kusch and Panstruga, 2017). Polarized MLO accumulation at pathogen penetration sites 

appears to be independent of actin cytoskeleton functions (Fig 5.16) (Bhat et al., 2005; Feechan 

et al., 2013). It is therefore conceivable that PM PI(4,5)P2 also regulates actin cytoskeleton-

independent cellular trafficking that is required for MLO localization during powdery mildew 

infection. 

The depletion of PI(4,5)P2 in pip5k1 pip5k2 mutant results in reduced disease incidence 

by inhibiting multiple stages of pathogen development of both biotrophic powdery mildew and 
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white rust as well as the hemibiotrophic Colletotrichum fungi. On pip5k1 pip5k2 leaves, 

powdery mildew establishment displays a low penetration rate, less haustorial development, and 

poor hypha growth. Likewise, restricted symptom development in pip5k1 pip5k2 mutant is 

associated with the prevention of the switch from a biotrophic to a necrotrophic lifestyle of 

hemibiotrophic C. higginsianum. Evidently, no cell death was detected at either powdery mildew 

or C. higginsianum infection sites on pip5k1 pip5k2 plants. Moreover, upon powdery mildew 

inoculation pip5k1 pip5k2 mutant displays similar levels of accumulation of autofluorescent 

compounds, callose deposition, and H2O2 production at infection sites as compared to the wild 

type. These results indicate that these cellular defense activities have a negligible contribution to 

enhanced disease resistance in pip5k1 pip5k2 mutant. 

In conclusion, the results demonstrate that the inhibition of multiple stages of disease 

progression in pip5k1 pip5k2 mutant does not involve the activation of cellular defenses and cell 

death. The reduced disease incidence of powdery mildew and Colletotrichum anthracnose 

appears to be the result of impaired susceptibility of the mutant. 
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Chapter 6 General Discussion and future perspectives 

The powdery mildew, caused by fungal species of the Erysiphales, is one of the most significant 

causes of crop disease and yield loss worldwide. The characteristics that most powdery mildews 

grow epiphytically and intracellular haustoria are the only fungal structures present within plant 

leaf epidermal cells have allowed easy observation by light and fluorescence microscopy. 

Furthermore, the ability of some powdery mildew species, such as Erysiphe cichoracearum and 

Erysiphe orontii, to infect the model plant Arabidopsis thaliana provides great advantages to 

help us understand their interactions with host plants (Micali et al., 2008; Kuhn et al., 2016). 

Depending on whether powdery mildew fungi are compatible or non-compatible, host plants 

have three types of response: penetration resistance, post-invasion resistance and susceptibility. 

In the non-compatible interactions, such as Arabidopsis – Bgh, most invasions are blocked by 

either penetration resistance or post-invasion resistance. Penetration resistance is mainly 

achieved by forming papillae as a reinforcement of the cell wall underneath pathogen-attempted 

entry sites (Kuhn et al., 2016). Papillae contain callose, phenolic compounds, secretory proteins 

and reactive oxygen species (Thordal-Christensen et al., 1997; Underwood and Somerville, 

2008; Meyer et al., 2009). The deposition of three molecular components, such as callose, lignin 

and PEN1 are well-documented and have been confirmed to play critical roles in penetration 

resistance. However, how they are transported from the synthesis sites to the apoplastic papillae 

is still largely unknown. In the compatible interactions, such as Arabidopsis – Erysiphe 

cichoracearum, most invaded powdery mildew form haustoria inside host cells to absorb 

nutrients for completing life cycles. However, much less information is currently available about 

the haustorial biogenesis and functions. In this thesis, I investigate the cellular mechanism 

underlying the transport of these penetration resistance-related components in the fungal 

infection process and the roles of phosphoinositide species on the plant susceptibility to pathogen 

infections. 

 

Role of ARP2/3 complex in penetration resistance against powdery mildew 

Plant cells have the ability to respond rapidly to the potential invasion of fungal or oomycete 

pathogens. Once sensing the invasion, plant cells reorganize the normally nondirectional actin 

network to focus on the infection sites, to deliver the resistance-related materials. Currently, most 

reports about the involvement of actin cytoskeleton in plant-powdery mildew interactions were 
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processed on fixed materials with immunocytochemistry (Opalski et al., 2005) or on limited 

piecemeal time points of living cell imaging (Takemoto et al., 2006; Inada et al., 2016a). Here, I 

performed the full time-course experiments to monitor the actin dynamics during Arabidopsis - 

Bgh interactions from the initiation of penetration peg (~6 hpi) until the interactions being 

completely established (~24 hpi), which suggests that the reorganized actin network during 

interactions is made up of two distinct actin structures — actin cables and actin patches. Early 

studies have shown the involvement of AFs and motor protein myosin XI in plant penetration 

resistance, through modulating organelle movement and cell wall appositions (CWAs) at fungal 

penetration sites (Yang et al., 2014). My studies further demonstrate that the AFs in host cells 

form an actin patch underneath fungal invasion sites as one of the earliest cellular responses 

upon Bgh attack.  

Plant actin cytoskeleton forms an intricate network that is composed of linear and 

branched AFs. The branched AFs are nucleated by the ARP2/3 complex. Then using the genetic 

approach to disrupt ARP2/3 complex subunits, I found the actin cytoskeleton displays more 

bundles and fewer filaments and the formation of pathogen-induced actin patches is largely 

impaired in mutants arp2-1 and arp3-1. Furthermore, the ability to form branched filaments and 

pathogen-induced actin patches is also impaired in mutants brk1 and nap1. Based on these data, I 

propose that the formation of pathogen-induced actin patches is mediated by ARP2/3 complex 

and its upstream activators W/SRC.  

The critical roles of actin cytoskeleton in plant defense have been demonstrated mainly 

either through the pharmacological interference with cytochalasins and latrunculins (Kobayashi 

et al., 1997; Yun et al., 2003; Miklis et al., 2007), or through transient overexpression or 

silencing of actin-depolymerizing factors (Miklis et al., 2007; Inada et al., 2016a). In this thesis, I 

show that the ARP2/3 complex-mediated actin assembly is required for focal accumulation of 

PEN1 into papillae and the endocytic recycling of PEN1 back to the PM, and propose that the 

assembly of AFs directly mediated by ARP2/3 complex plays a crucial role in penetration 

resistance against non-adapted powdery mildew Bgh. 

 

Aggregation of monolignol biosynthesis enzymes towards fungal entry sites contributes to 

penetration resistance 

As a major branch of phenylpropanoid metabolism, lignin content is extremely resistant to water 
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and to cell wall-degrading enzymes secreted by the microbe, and is supposed to be the effective 

physical barriers against pathogen invasion and mechanical damage (Ride, 1983). In addition, 

induced lignification/lignin deposition has also been proposed as an active defense of plants 

against pathogens (Hijwegen, 1963; Vance et al., 1980; Dixon and Paiva, 1995). Formation of 

papillae underneath pathogen entry sites is one of the first defense lines for host plant cells to 

prevent pathogen invasions, and lignin-like materials are reported to accumulate inside the 

papillae. Previous studies in our lab demonstrated that by knocking out the key monolignol 

biosynthesis gene encoding a ferulate-5-hydroxylase (F5H1), Arabidopsis f5h1 mutant exhibits 

enhanced disease susceptibility to both host and non-host powdery mildews. However, much less 

information is currently available about the cellular mechanisms underlying biosynthesis and 

transport of monolignols to the pathogen infection sites. My study highlights that the temporal-

spatial accumulation of monolignol biosynthesis multienzyme complex towards penetration sites 

contributes to penetration resistance. 

In Arabidopsis the ten enzymes synthesizing monolignols in the general phenylpropanoid 

pathway are hypothesized to compose a multienzyme complex, which anchors on the 

cytoplasmic surface of ER through three core P450 proteins, C4H, C3’H and F5H (Winkel, 

2004; Omura, 2010). For the first time, my results demonstrated that the F5H1 is predominantly 

localized on the ER in transgenic Arabidopsis plant stably expressing F5H1-GFP (Fig 4.1). As 

the last P450 protein in this multienzyme complex, F5H is a perfect candidate to monitor where 

monolignols are synthesized and transported. Using F5H1-GFP as a probe, I found the F5H1-

GFP aggregation and lignin deposition at penetration sites is a synchronized repaid temporal-

spatial event (Fig 4.2). I propose that the de novo synthesized monolignols around penetration 

sites provide the substrates for the papillary lignification and further confer plant resistance 

against Bgh. According to whether the lignifying cells can provide the monolignols by 

themselves, the lignification processes are categorized into cell-autonomous and non-cell-

autonomous processes (Pesquet et al., 2013; Smith et al., 2013). I show that the lignification of 

papillae in infected cells utilizes the monolignols synthesized by themselves around the 

penetration sites, which supports that the papillary lignification, as part of penetration resistance, 

is a cell-autonomous lignification process. In the scenario of hypersensitive response, infected 

cells undergo rapidly programmed cell death, and the monolignols utilized in the cell wall 

lignification are possibly supplied by neighboring cells, which indicates that the lignification 
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process in hypersensitive response is the non-cell-autonomous process.  

 

Specific recruitment of phosphoinositide species at the plant-pathogen interfacial 

membrane 

For the obligate biotrophs, such as the fungal powdery mildews and rusts and the oomycete 

downy mildews and white rusts, a common feature is the formation of a feeding structure, 

namely haustorium, inside host cell to absorb nutrients. The haustorium is tightly enveloped by a 

highly modified extrahaustorial membrane (EHM). Similar to obligate biotrophs, the 

hemibiotrophic pathogens, such as the fungal Colletotrichum, Magnaporthe and the oomycete 

Phytophthora infestans, form a specialized invasive hypha inside host cells during the biotrophic 

stage. Similarly, the invasive hypha is also enveloped by an extra-invasive hyphal membrane 

(EIHM). Little is known about the biogenesis of EHM and EIHM. Although the EHM is 

physiologically continuous with host PM and has been considered to be derived from host PM, 

earlier cytological studies revealed the distinct structure and composition characteristics between 

the two membranes (Gil and Gay, 1977; Micali et al., 2011). Furthermore, all known PM-located 

proteins are absent at the EHM formed in the Arabidopsis - powdery mildew interactions (Koh et 

al., 2005; Micali et al., 2011). Thus, uncovering the nature of the EHM would help us understand 

the biogenesis and function of the EHM. Using genetically encoded biosensors for each 

phosphoinositide species in Arabidopsis thaliana, I show that the host PM and EHM consist of 

different phospholipid constituents. Both PI(4,5)P2 and PI4P are recruited to the PM (van 

Leeuwen et al., 2007; Vermeer et al., 2009; Simon et al., 2014; Simon et al., 2016), whereas only 

PI(4,5)P2 but not PI4P is integrated into the EHM of powdery mildew (Fig 5.1). This distinct 

distribution pattern of phospholipid also appears on the EHM among other haustorium-forming 

biotrophs, such as the white rust Albugo candida (Fig 5.5) and the downy mildew 

Hyaloperonospora arabidopsidis (Shimada et al., 2019). By contrast, both PI(4,5)P2 and PI4P 

are present on the EIHM formed by the infection of hemibiotrophic Colletotrichum higginsianum 

(Fig 5.17) (Shimada et al., 2019). The different combinations of PI(4,5)P2 and PI4P confer 

different properties to the host PM, EHM and EIHM, and signifies the potential role of PI(4,5)P2 

on the haustoria functionality. 

The levels of PI(4,5)P2 in host cells display specifically increasing upon powdery mildew 

infection (Fig 5.7). On the other hand, I show that inactivation of PI4P 5-kinase activity by 
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knocking out the key isoforms PIP5K1 and PIP5K2 results in depletion of PI(4,5)P2 on the PM, 

which subsequently causes disturbed organization of AFs at the cortical, underneath the pathogen 

penetration site as well as surrounding the haustorial surface in pip5k1 pip5k2 mutant (Fig 5.16). 

The arrangement of AFs on the haustorial surface was suggested to play important roles in 

guiding the formation of haustoria and the delivery of molecules from host to haustoria (Schmidt 

and Panstruga, 2007). Besides, depletion of PI(4,5)P2 in pip5k1 pip5k2 mutant results in reduced 

disease incidence of both biotrophic powdery mildew and hemibiotrophic Colletotrichum. The 

pip5k1 pip5k2 mutant does not display increased accumulation of either autofluorescent 

compounds, callose or H2O2, and does not display any pathogen-trigged cell death upon 

pathogen invasion, which suggests that the reduced development of powdery mildew and 

Colletotrichum anthracnose appears to be the result of impaired susceptibility, rather than 

enhanced resistance. 

 

Future perspectives  

Although this project provides substantial information about the cellular and molecular 

mechanisms underlying compatible and incompatible interactions between host Arabidopsis and 

pathogens powdery mildews, several questions remain unanswered: 

(1) The assembly of AFs is controlled by many actin-binding proteins. For example, ARP2/3 

complex binds to the side of a pre-existing actin filament and initiates the assembly of branched 

daughter filament, whereas formins produce unbranched filaments for actin bundles/cables. What 

are the potential roles of formins in the interaction between Arabidopsis and powdery mildew 

Bgh? 

(2) In the hypersensitive response-associated cell death, lignin is deposited into the cell wall of 

the whole infected cells. What is the cellular mechanism of monolignol transport in this type of 

lignification? Is this similar to the lignification process in the formation of papilla? 

(3) PI(4,5)P2 has been confirmed as a susceptibility factor for the compatible powdery mildew 

development. What are the potential roles of PI(4,5)P2 during the incompatible interaction 

between Arabidopsis and powdery mildew Bgh. 
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Appendix 

Oligonucleotide sequences of primers used in this study 
Primer names Sequences (5’-3’) Purpose Notes 

SALK_003448-FP GCTGCTTTTTGTTTGTCGAA 
Genotyping SALK_003448 

SALK_003448-RP AGAGCAAGTCTCCCCACCAA 

SALK_010045-FP TGCTGAAATCGCTTGAAAAG 
Genotyping SALK_010045 

SALK_010045-RP CTGACCAGTCTTTGGCGTTT 

SALK_201281-FP TAGAGAAGTGGTGATGGGTGC 
Genotyping SALK_201281 

SALK_201281-RP TCGAAAAACAAATTGTTTCGC 

SALK_073297-FP TCACACATTGCAGGGGAATA 
Genotyping SALK_073297 

SALK_073297-RP AATATGCCGAAATGAGGCTG 

SALK_052687-FP CCTGCAATTTCCATGGTTAAA 
Genotyping SALK_052687 

SALK_052687-RP TGGTAAATGCATCACGAATTG 

SALK_123936-FP GGAGAGAAAGATCGAATCGAAG 
Genotyping SALK_123936 

SALK_123936-RP CGGTCCCCAGTAGAAAGTCC 

SALK_039449-FP TATGGCTGGTCTCGTTGGCAT 
Genotyping SALK_039449 

SALK_039449-RP CACATTCAAAACACCATGAGCA 

SALK_057481-FP CATTCCTCCACTGAGATGCTC 
Genotyping SALK_057481 

SALK_057481-RP CTGCTTGAAGGAGTCGCTATG 

BRK1-1-FP TTGAATCGAAAAAGGGCGAAT 
Genotyping CS86554 

BRK1-1-RP CGAAATCGAGAAAACTCCAAAA 

SALK_014298-FP TAATTGCAATGCTTGCTCATG 
Genotyping SALK_014298 

SALK_014298-RP TTTGAATTTTGTCAGCCCAAG 

SALK_106757-FP TAGAGACAACCGGTATGCAGC 
Genotyping SALK_106757 

SALK_106757-RP AACGGTTTACATGCTCACACC 

SALK_LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping SALK lines 

BglII-ARP2-FP CCATCACAGATCTGTAGAATGAAGATTTATAGC 
Cloning 

pARP2:ARP2-
EYFP SmaI-ARP2-RP GAAAGCCCGGGAGCTTGGCTCATTTTATTCAAAC 

pip5k1-RP AAGATGGGTGCATGTACGAAG 
Genotyping SALK_146728 

pip5k1-LP TTCCACCTGAAATCCACTGAC 

pip5k2-RP GGAAGTTTGACTGGGGAGAAG 
Genotyping SALK_012487 

pip5k2-LP TCATACTGGCAGACGTGTTT 

5K5_147475_LP TAAAATGAATCAACCACCACG 
Genotyping SALK_147475 

5K5_147475_RP CTTCTCTTGGCCGTACAACTG 

5K7_1_LP TGCTATGTCGCAGAAACAATG 
Genotyping SALK_151429  

5K7_1_RP TAAGTCAAACATGCCCCATTC 

5K8-F09-LP GGCAACATCCTAAGAAGAACC 
Genotyping SAIL_561_F09 

5K8-F09-RP TGAAAGGGAATACATGCAAGG 
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5K9-4B6-LP GGATCGAAAGCTCTTGGAAAC 
Genotyping WiscDsLox434B6 

5K9-4B6-RP AGCAAGTTCTTGGAAGCACAG 

SALK_LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping SALK lines 

SAIL_LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC Genotyping SAIL lines 

PIP5K1-RT-LP CCGGATTTTAGCTGGCAGGA 
RT-PCR At1g21980 

PIP5K1-RT-RP CGCGCAGCTTTCTTCACATT 

PIP5K2-RT-LP AGCAGAACGAATGGCGAGAA 
RT-PCR At1g77740 

PIP5K2-RT-RP CTAATGCCGCAGGGTCTTCA 

PIP5K3-RT-LP CGACGAGACCACAACACTCA 
RT-PCR At2g26420 

PIP5K3-RT-RP GTGACTTGTAGGCGTGCTCT 

PIP5K4-RT-LP GCCCTTCGGGAGCTATCATC 
RT-PCR At3g56960 

PIP5K4-RT-RP AGAGAGACGAGGGGCTGATT 

PIP5K5-RT-LP CGAACGCCCATTGGTGAATC 
RT-PCR At2g41210 

PIP5K5-RT-RP GTCACGGAAACGCCTAGAGT 

PIP5K6-RT-LP GGTCACTCCATCCATAGGCG 
RT-PCR At3g07960 

PIP5K6-RT-RP CTTCGGATCAACGGCTGAGA 

PIP5K7-RT-FP2 ACAAGCTGTTACGGGAAGCC 
RT-PCR At1g10900 

PIP5K7-RT-RP2 AATGCTCTGAGTGTGCTCCC 

PIP5K8-RT-LP CGTGAACCCTCCATTCCTCC 
RT-PCR At1g60890 

PIP5K8-RT-RP GTGTAGGCTCGATGGCTGAA 

PIP5K9-RT-LP CAGTCTTTTGCTCGGTGTGC 
RT-PCR At3g09920 

PIP5K9-RT-RP ACGTCGCAGCAGTCATGTAA 

PIP5K10-RT-LP TGAACCCGGTTTACGGTAGC 
RT-PCR At4g01190 

PIP5K10-RT-RP CCGGTTTCTCTCGTCACTCG 

PIP5K11-RT-LP GCACAAACCAACGCTTCTGA 
RT-PCR At1g01460 

PIP5K11-RT-RP GGATGGACGGCTGAGATTGT 

PR-1_RT_F2 ATAACACAACAATAACCATTATCAACTT 
RT-PCR At2g14610 

PR-1_RT_R2 TTTTAAAAAGGCCACATATTTTACAT 

elF4A1_RT_F2 CCAGAAGGCACACAGTTTGA 
RT-PCR At3g13920 

elF4A1_RT_R2 AGAGCTTCTGGTGGCATTGT 

mCIT-1xPHPLCδ1-
LP 

GCCACAAGTTCAGCGTGTCC 
RT-PCR mCIT-1xPHPLCδ1 

mCIT-1xPHPLCδ1-
RP 

GCTTCTCGTTGGGGTCTTTG 

MLO2-GFP-LP TCTTCAAGAGCGCCATGC 
RT-PCR MLO2-GFP 

MLO2-GFP-RP TTATTTGTATAGTTCATCCATGCC 

SpeI-PIP5K1-FP GGactagtTGGCTTCACCTTACCTGTTCCTAC 
Cloning pPIP5K1-EYFP 

KpnI-PIP5K1-RP GGggtaccGCCCTCTTCAATGAAGATCCTACT 

XbaI-PIP5K2-FP GCtctagaGGCACCGTCTATGTCGTTGGATTC 
Cloning pPIP5K2-EYFP 

SmaI-PIP5K2-RP TCCcccgggGCCGTCTTCGATGAAGATTCTGCT 

 


