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Abstract

Plant parasitic nematodes are pathogens of great economic importance causing major
losses in various food crops world-wide. A reliable, effective and efficient control method is
establishing resistant cultivars of which understanding plant defense against nematodes is
the first step towards this solution. Plant defence relies on recognition of Pathogen-
Associated Molecular Patterns (PAMPS) by surface-localised Pattern-Recognition Receptors
(PRRs) prior to pathogen penetration. Upon PAMP perception, PRRs trigger intracellular
signalling cascades leading to activation of PAMP-Triggered Immunity (PTI). PRRs
perceiving a wide-range of PAMPs have now been characterized for various models of plant-
pathogen interactions; however, even though Nematode derived PAMPs (NAMPS) such as
ascarosides have been identified, none of their perceiving receptors have been
characterized. Here we show that invasion of Arabidopsis roots by parasitic nematodes
triggers PTI-like responses including an upregulation of defense related genes. Treating
Arabidopsis roots with a nematode aqueous solution (NemaWater) similarly induced
expression of defense genes. Among the upregulated genes were a number of plasma-
membrane — localized Receptor-Like Kinases (RLKs) belonging to Leucine Rich Repeat
(LRRs), Never In Mitosis A (NIMA) rElated Kinases (NEKs), Cysteine-Rich RLKs (CRKS)
and Phytosulfokine Kinase (PSK) families. Nematode infection assays with candidate genes
demonstrated that loss of NILR1 (for NEMATODE-INDUCED LRR-RLK 1) expression
enhances the susceptibility of plants to a broad range of hematodes suggesting that NILR1
is a PRR that perceives a conserved nematode-derived NAMP. This finding is equally
supported by experiments showing that nilrl is defective in ROS burst as well as in seedling
growth inhibition upon NemaWater treatment compared with wild-type control. In addition,
presence ROS burst by NemaWater on rice plants suggested triggering of PTI by a NILR1
homologue in rice.

We further showed AtNEKS5 and NILR3 as potential NAMP receptors due to susceptibility of

their knock out mutants to sedentary nematodes while two CRKs; CRK 19 and CRK10



portrayed roles in defense against nematodes in a species dependent manner. In addition,
we demonstrated that the co-receptor BAK1 can be utilized to mine for potential receptors
and signalling components involved in immunity against nematodes through successful
BAK1-GFP pull down assay. The identification of NILR1 among others PRR perceiving
NAMPs and successful baiting of BAK1 to pulldown nematode derived immunity
components are major steps forward in understanding plant basal defense against
nematodes. Consequently, these findings will not only increase knowledge into plant-
nematode interaction but also pave way for further exploration of plant immunity studies. As
a direct effect, the vital information from this study remains as a resource for molecular

breeding of nematode resistant plants and a solution to yield loss due to nematode.



Zusammenfassung

Pflanzenparasitdre Nematoden sind Pathogene von grofRer 6konomischer Relevanz, da sie
weltweit enorme Verluste in diversen Nutzpflanzensorten verursachen. Eine verlassliche,
effektive und effiziente Regulierung ist die Verwendung resistenter Kultivare, wobei das
Verstandnis der Verteidigungsstrategien von Pflanzen gegen Nematoden ein erster Schritt
zu dieser LOsung ist. Pflanzliche Verteidigungsstrategien beruhen auf der Erkennung
sogenannter ,Pathogen-Associated Molecular Patterns” (PAMPS) durch ,Pattern-
Recognition Receptors® (PRRs) bevor der Pathogen eindringt. Durch die Perzeption von
PAMPs l6sen PRRs intrazellulare Signalkaskaden aus, die zur Aktivierung der PAMP-
Triggered Immunity (PTI) fuhren. PRRs, die eine Viezahl von PAMPs erkennen, werden
inzwischen in unterschiedlichen Modellen iiber die Planze-Pathogen Interaktionen
beschrieben. Jedoch, obwohl nematodenbezogene PAMPs (NAMPSs), wie zum Beispiel
Ascaroside, identifiziert wurden, wurde bislang kein entsprechender Rezeptor
charakterisiert. Hier zeigen wir, dass die Invasion von Arabidopsiswurzeln durch
pflanzenparasitdre Nematoden PTI &hnliche Signale ausldst, einschliellich einer
Hochregulation von Genen der Pflanzenabwehr. Die Behandlung von Arabidopsiswurzeln
mit einer wassrigen Nematodenlésung (NemaWater) induziert auf eine @hnliche Weise die
Expression von Abwehrgenen. Unter den hochregulierten Genen befinden sich eine Reihe
.Receptor-Like Kinases" (RLKs) der Plasmamembran, die zu den Familien der ,Leucine Rich
Repeat (LRRs), Never In Mitosis A (NIMA) rElated Kinases (NEKSs), Cysteine-Rich RLKs
(CRKs)" und ,Phytosulfokine Kinase* (PSK) gehdren. Nematoden-Infektionsstudien
demonstrierten, dass der Verlust des Kandidatengens NILR1 (for NEMATODE-INDUCED
LRR-RLK 1), die Anfalligkeit der Pflanzen gegeniiber einer Reihe von Nematodenarten
erhdht. Dieses Ergebnis legt nahe, dass es sich bei NILR1 um ein NAMP erkennendes PRR
handelt. Gleichzeitig wird diese Annahme durch Experimente unterstiitzt, die zeigen, dass

die transgene Pflanze nilrl eine beeintrachtigte ROS Ausschittung sowie eine Hemmung



des Keimlingswachstums nach Behanding mit NemaWater aufweist. Zusatzlich suggerierte
die ROS Ausschittung in Reispflanzen durch NemaWater Behandlung, dass in diesem Fall
ein NILR1 Homolog PTI ausldst. AuRerdem zeigten wir, dass es sich bei AINEK5 und NILR3
um potentielle NAMP Rezeptoren handelt, da die entsprechenden Knockout-Mutanten
anfalliger gegeniber sedentdren Nematoden waren, wahrend die Rollen von CRKs; CRK 19
und CRK10, in speziesabhangigen Abwehrmechanismen vermutet werden. Zuséatzlich
konnten wir demonstrieren, dass der Korezeptor BAK1 in einer ,GFP pull down* Analyse zur
Suche nach potentiellen Rezeptoren und Signalkomponenten, involviert in
Immunitadtsmechanismen gegen Nematoden, verwendet werden kann. Die ldentifizierung
von NILR1 neben anderen PRR erkennenden NAMPs und das erfolgreiche Kédern von
BAK1 zum Detektieren von nematodenbezogenen Immunitatskomponenten sind wichtige
Schritte zu einem Verstandnis der basalen Pflanzenabwehr gegen Nematoden. Folglich
werden diese Erkenntnisse nicht nur das Wissen uber die Pflanzen-Nematoden Interaktion
bereichern, sondern auch den Weg ebnen fir zuklnftige Untersuchungen des
Pflanzenimmunsystems. Als direkter Effekt stellt diese Studie eine Resource fir molekulare
Zluchtung nematodenresistenter Pflanzen sowie eine Strategie zur Reduktion von

Ernteausfallenn dar.
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Chapter 1

INTRODUCTION

1.1 Nematodes

Nematodes are worm-like moulting animals believed to have been observed as early as
during the ancient civilizations dating back to 450 B.C, by great minds like Hippocrates. They
are described as long, thin and hair-like animals and the word nematode is derived from the
greek word Nematoidea which is a combination of vipa (néma, nématos) meaning thread
and -eidn¢ (-eidés) meaning species. During the 18" and 19" century, different types of
nematode were continuously discovered and identified mainly based on observations and
morphology. It is also during this time period that free-living and parasitic nature of
nematodes was first described in both animals and plants. This paved way and greatly
contributed to understanding basic nematode biology and hence taxonomic classification of
nematodes. However, it is in the last century that nematodes have been well studied mainly
due to realization of their economic importance, and as such Nematology; the study of

nematode, has become a well advanced and integrated study in mainstream biology to date.

Nematodes inhabit all kinds of habitats except dry soils and are numerous in number with a
prediction of one hundred million species in marine ecosystems alone. However, only about
26,646 nematode species cutting across different habitats have been described so far
(Lambshead 1993; Hugot et al., 2001). Regardless of their habitats, nematodes are
structurally transparent consisting of three layers including ectoderm, mesoderm and
endoderm (Kennedy and Harnett, 2001). They have muscles on their outer wall which is
essential for their movement as well as moulting from the inner hypodermis. Their wavy-like
movement is aided by the elasticity of their body since the spaces between the body wall

and the body-long alimentary canal is filled with fluids (Lee et al., 2002).



Introduction

As living organisms, nematodes have been classified as animals on the phylogenetic tree.
The discovery of molecular-biology techniques in the past decades have made empirical
analysis of the evolutionary history of the phylum nematoda possible, through a network
stemming from kingdom animalia. The first molecular phylogenetic notation of Nematode
was framed through ribosomal small units mapping and as a result, Nematoda is now
claimed to be a sister phylum to Nematomorpha, both of which belong to taxa Ecdysozoa
(Fig 1) (Blaxter et al., 1998; Schmidt-Rhaesa, 1997; Dunn et al., 2008). Even though these
two phyla are quite similar, Nematomorpha species are described as horse hair worms due
to hair-like structure on their body and have a parasitoid life cycle different from Nematoda
species. Nematoda is comprised of three subclasses; Chromadoria, Enoplia and Dorylaimia
(De Ley and Blaxter, 2004). Among these, chromadoria and Enoplia are mainly marine
nematodes, and Dorylaimia are mainly plant parasites. Nematodes have been further
classified based on their feeding behaviour, structural morphology and parasitism as
Parasitic or free-living (Blaxter et al., 1998; Dorris et al., 1999). Majority of nematodes are

free-living and feed on fungi, algae and bacteria.

A well-known free-living nematode is Caenorhabditis elegans. In 1963, Sydney Brenner
discovered the potential role that coulc be played by Caenorhabditis briggsae in the
expansion of his developmental and neurological studies to other field that were quite left out
in mainstream science at the time (Brenner 1988, 2002). Later, it was discovered that
Caenorhabditis elegans was the easy to grow, genetically modify and had the advantage of
a short life cycle of the two genii. C elegans thus became a model organism who's similarity
in cellular and molecular processes to the rest of the metazoans, has become a point of
reference for the rest of the Animalia kingdom (Felix, 2008). It was particularly a major
breakthrough in animal and human science when C elegans became the first multi cellular
organism whose complete cell lineage and entire connectome was described (The C.
elegans Sequencing Consortium, 1998; Jarell, 2012). C elegans is currently utilized by more

than 1000 laboratories across the globe (Bolker, 2012).
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Introduction
Figure 1. Nematode molecular phylogenetic framework.

Nematodes, whether parasitic or free-living, have much in common in almost every stage of
their biology. For example they switch to parasitic and free-living status within their life cycle
mainly at the third juvenile or larval stage. However, parasitic nematodes major difference
from free-living nematodes is their propensity for host interaction, an adaptation that has
been evolutionary acquired due to need to counter host defence and competition for
resources with the hosts (Maule, 2011). Brugia malayi (Chromadoria; Spiruromorpha) was
the first parasitic nematode to have its whole genome sequenced. There are currently 19
publicly accessible nematode genomes of which the majority is parasitic (Ghedin et al.,
2007). Nematode parasitism is mainly directed to animals and plants. Animal parasitic
nematodes invade and parasitize animals; vertebrates and invertebrates including human
beings, causing damage and in some cases death, for example the guinea worm
(Dracunculus medinensis) and intestinal worm (Ascaris lumbricoides), which is believed live
inside more than 1 billion human beings (Muller, 2011; Dold and Holland, 2011). They also
include entomopathogenic nematodes which usually are utilized as biological pest controls
(Dillman and Sternberg, 2012). Plant parasitic nematodes on the other hand account for 7%
of the nematode phylum. They parasitize wide range of plant species for example the root-
knot nematode (Meloidogyne incognita) (Decraemer and Hunt, 2006). However, regardless
of their host choices, both animal and plant parasitic nematodes share some characteristics;
the ability to locate and infect their host, to manipulate host for survival and nutrition and to

suppress development at a critical stage in their life cycle.

1.1.1 Plant parasitic nematodes

These nematodes are also referred to as Phyto-parasitic nematodes. Phyto-parasitic
nematodes are microscopic in size ranging from 0.25 mm to 3.0 mm. They possess a hollow
needle-like mouth spear called a stylet which is the signature morphological characteristic

traversing the whole plant parasitic nematode class. Phyto-parasitic nematodes occur in
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distinctive stages; egg, juvenile and cyst. The juvenile stage is the main invasive one of all

the stages.

In view of their life cycle, plant parasitic nematodes have a wide variety of interactions with
their host. Depending on their life style, they are classified as endoparasitic or ectoparasitic
and migratory or sedentary. Migratory ectoparasitic nematodes like the Trichodorus spp, the
vector of Tobacco rattle virus, move within the soil and use roots tips and root hairs as a
source of nutrients ephemerally (Decraemer and Geraert, 2006; Jones, 2013). Migratory
endoparasitic nematodes on the other hand enter and move within the host while drawing
nutrients from it; for example Radopholus spp (Fallas, 1996). The movement inside the plant
not only cause extensive tissue damage but also increases chance of infection from other
pathogens. Semi-endoparasitic nematodes have an initial migratory stage but enter the plant
at one stage later in their parasitic cycle forming a feeding structure within the host; for

example Heterodera glycine.

Decraemer and Hunt in 2006 reported the number of Phyto-parasitic nematodes species to
be as high as 4100. In addition, a survey conducted in 2012 highlighted top 10 plant-
parasitic nematodes in molecular plant pathology; Root-knot (Meloidoyne spp.), cyst
(Heterodera and Globodera spp.), Root lesion (Pratylenchus spp.), Burrowing (Radopholus
similis), Ditylenchus dipsaci, Pine wilt (Bursaphelenchus xylophilus), Xiphinema index,
Nacobbus aberrans, Aphelenchoides besseyi, and Reniform (Rotylenchus reniformis)
nematodes. Losses due to nematodes in agriculture globally are estimated at about 80
billion US dollars annually, and the figure is proposed to be higher considering the
unreported cases from farmers in developing countries, who are unaware of symptoms of
nematode attack (Nicol et al., 2011). Management of these nematodes has for the past
decades included cultural practices such as crop rotation, planting timing, flooding, and
biological controls with antagonist and physical methods like solarisation and farrowing that
have so far been effective. However most of these practices are only practical in small scale

farming which is not sustainable if food production is to be increased (McDonald and Nicol,
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2005). On the other hand, use of inorganic chemical pesticides such as nematicides and
fumigants, has been on the lead as an effective method that actually eliminates the
nematode. Unfortunately, they are expensive, harmful to the environment and the speed into
which nematodes gain resistance renders them inefficient and ineffective in the long term.
These negative impacts have prompted gradual withdrawal of pesticides such as methyl
bromide which was banned by the European Union in 2010, hence further making the
nematode problem more severe in absence of an immediate alternative (UNEP 2000;
Kearns et al., 2014). In rue of this problem, an effective, stable, eco-friendly and long lasting

solution to parasitic nematodes menace is required.

Scientists believe that a reliable and effective way of tackling the nematode problem is
through introduction of nematode resistant and free transgenic plants. Recent successes in
application of biotechnology tools and genetic advances are promising. Even though
nematodes are obligate biotrophs and are difficult to culture in virto as research organism,
and nematode at parasitic stages could live inside plant roots making the biochemical
analysis of their secretions cumbersome, recent advances in molecular biology tools like
RNA interference have made functional analysis of nematode genes possible. In addition,
whole genome sequencing and ability of cyst and root-knot nematodes; most economically
important nematodes, to infect Arabidopsis thaliana; a common model plant in plant
pathology, have had great impact on nematode research (Sijmons et al., 1991; Opperman et
al., 2008; Abad et al., 2008; Kikuchi et al., 2011). As a direct result, plant nematode
interactions studies have greatly advanced to cellular level with genetics to support it (Curtis
et al., 2007; Jones, 2012). These studies form the basic understanding to which creation of

nematode free transgenic plants can be achieved.

1.1.1.1 Cyst nematode Heterodera schachtii

Cyst nematodes are sedentary biotrophs which forms a “cyst”; a pear shaped reddish-brown

dead body. Nematode cysts can survive under all kinds of environmental conditions for as
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long as 20 years in the absence of a host (Wharton and Ramlov, 1995; Jones et al., 1998).
Since the life of cyst nematode takes place in the soil, they are parasitized at egg, juvenile
and or cyst stage by various microorganism, preys and insects (Kerry, 1988; Nordbring-
Hertz et al., 2006; Khan and Kim, 2007). For example, nematophagus fungi have been
reported to have nematicidal potential against nematodes. Mites on the other hand feed on
them (Yang et al., 2011). Cyst nematodes belong to family Hoplolaimide in Order
Tylenchida. They are also placed in subfamily Heterodeninae with 8 genera (Heterodera,
Globodera, Cactodera, Dolichodera, Punctodera, Paradolichodera, Vittatidera and
Betulodera) and 115 species (Turner and Evans, 1998; Turner and Subbotin, 2013). Even
though the most economically damaging genera are Heterodera and Globodera, the former
remains as the largest genus within this subfamily encompassing 82 species. The most
damaging of the species include soybean (Heterodera glycines), potato (Globodera pallida
and G. rostochiensis) and cereal (H. avenae, H. filipjevi and H. latipons) cyst nematode.
However, a lot of information about cyst nematodes is drawn from research on the sugar
beet (Heterodera schachtii), soybean and potato “golden” cyst nematodes (Bohlman, 2015).
Cyst nematodes are the most invasive and specialized plant parasitic nematodes with a
limited number of hosts. In addition, due to their specialized life style, their host range differs
a lot between species within their class. In 1965, Steele reported H. schachtii to have the
largest number of host plants; 218 species in 23 plant families with about 80% of them
belonging to Brassicaceae and Chenopodiaceae families. Among these species, Sugar beet
(Beta vulgaris) is the main host and most affected plant of economic importance. For
example, it’'s used to make the sugar hence its common name sugar beet cyst nematode. In
addition, Arabidopsis thaliana was identify to be a host of H. schachtii and as a result, both
the nematode and the plant have since been utilized as model system for plant-nematode

interaction studies (Sijmons et al., 1991).

Morphologically, nematodes cysts are about 300-1700 pm long and 200-800 pm wide. Using

the stylet, nematodes penetrate plant cells and allow entry or movement into or inside the
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host. They have dorsal muscles and protractor muscles which moves the stylet forward while
backward movement occurs by shear elasticity of the oesophagus. The head region also has
the circumpharyngeal nerve ring from which, the dorsal and ventral nerves control sensory
functions and movement especially when nematode is locating a host or a female to mate
with. The stylet draws secretions from the dorsal gland and amphids which contain effectors
that suppresses host defence. Amphids, the main chemo-sensors in C. elegans have
neurons specialized in detection of a variety of stimuli. However, in plant parasitic
nematodes, it remains just as a speculation that they play a role in sensing root leachates or

diffusates during invasion (Bergmann, 2006; Sobczak, 1999).

The stylet, oesophagus, intestines, rectum and anus forms the digestive system. The
oesophagus contains the metacorpus, procorpus and basal bulb. The key function of the
metacorpus is to draw nutrients from the plant into the intestine and secretions from glands
to the plant (Hewezi and Baum, 2013). Glands have glands cells, which contain secretory
granules responsible for production of the effectors. Cyst nematodes have three main
glands; one dorsal gland and two subventral glands. Subventral glands produce the cell-wall
degrading enzymes for example cellulases, pectate lyases and expansins meaning they are
highly active at the second juvenile stage which is the main infective stage (Davis et al.,
2011; Chen et al., 2005; Vanholme et al., 2007). The dorsal oesophageal glands on the
other hand are responsible for the production of effectors when juveniles are migrating inside

the root and inducing the feeding site (Tytgat et al., 2002; Wyss, 1992).

The nematode’s body is covered with a cuticle which is moulted off by the hypodermis at
every Juvenile stage. The cuticle is believed to contain proteins, lipids and carbohydrates
which could play a role in host immunity through preventing recognition by the plants during
nematode attack. For example, peroxidase has been reported on the surface of juveniles
and could be a protectant from Reactive Oxygen Species (ROS) produced at nematode
migratory stage during the nematode invasion (Eisenback, 1985; Waetzig, 1999; Robertson

et al., 2000; Curtis, 2007). The cuticle allows exchange of gas and solutes and water
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diffusion. Nematodes also have an inner pseudocoelom which is built along the longitudinal
muscles and forms the hydroskeleton with which, together with the cuticle, maintain body

shape and aid in locomotion by acting against internal turgor pressure.

Sexually, cyst nematodes are dimorphic. The males are slightly bigger than females and
have spicules for mating. During mating, the protractor muscles moves the spicules forward
from the cloaca into the female vulva to release sperms and retractor muscles backwards
from the female. On the other hand, the female nematodes have double sets of genitalia,
each having the ovary, the oviduct, uterus, and the spermatheca for holding sperms
deposited in the vagina. Inside the female are eggs and each is have a three layered shell;
the outer vitelline layer important for fertilization, the middle chitin layer, which contains chitin
mircofibril core proteins that gives strength to the egg, and the semipermeable inner lipid
layer that allows gases and ion movement (Burgwyn et al., 2003). While some eggs are laid
in gelatinous matrix which hatches into J2s, others emerge directly from the cyst. Upon
fertilization and complete maturation, the female harbours eggs in its body and its cuticle
hardens and turns into a cyst. Cyst nematodes also have a tale region at its rear end where

there are two phasmids.

Cyst nematodes are well adapted to their life cycle which begins in the soil with a cyst
containing viable eggs and in presence of a host plant (Fig 3). Juveniles are held within the
egg in a perivitelline fluid, which contains trehalose (Womersley and Smith, 1981). Trehalose
restrict the movement of the second stage juveniles (J2) and thus for the nematode to be
hatched out of the cyst, host factors for example glycinoeclepin A, a-solanine and a-
chacoine, induces Calcium dependent reactions that increases permeability of the inner lipid
layer permitting efflux of trehalose (Wesemael et al, 2006). At this point there is also influx of
water into the egg which activates the J2 metabolically. Once J2s are mobile, they cut a slit
in the egg shell mechanically using the stylet although Cotton et al., 2014 also suggested
that chitinase might be involved in degradation of the middle chitin layer of the egg shell

allowing J2s to exit from the cyst. The J2s finds the root point where to initiate invasion

‘annj * ombe



Introduction

based on physical-chemical gradients of CO, pH, redox potential and temperature (Wang et
al., 2009). Usually, J2s invade the root at the elongation zone using the stylet and by the
help of cell-wall degrading enzymes, to makes an entry hole (Chen et al., 2005; Vanholme et
al., 2007). J2s then move on the outer layers of the root intracellularly through the cortex
until they reach the vascular cylinder. Here they try out different cells until they find a suitable
cambial or procambial cell which becomes the Initial Syncytial Cell (ISC) (Wyss and Zunke,
1986). For about 7hrs, J2 maintain its stylet in the ISC without movement awaiting plant
responses. In the event there are defense responses for example callose disposition or
protoplast disintegration, J2s escapes the ISC and finds another cell to form the ISC.
(Golinowski et al., 1997; Sobczak et al., 1999). Once an ISC established in absence of plant
defence responses, the stylet movement is restarted injecting secretions into the cytoplasm
which induces formation of a feeding tube. It is through the feeding tube that nematodes
draw nutrients of all kinds of metabolites and small proteins from the feeding site (Miller et
al, 1981; Wyss, 1992; Bockenhoff and Grundler, 1994; Akker et al., 2014). At this stage, J2
whose dorsal gland is now enlarged to produce effectors injects these secretions which
supresses host defense responses and reprogram developmental processes (Hewezi and
Baum, 2013). In contrast, the activities of subventral glands are reduced and cell-wall
degrading enzymes are now produced by the plant after the nematode-induced
reprogramming. As a direct consequence, the cell wall of hundreds of neighbouring cells to
the ISC disintegrates forming a multi-nucleate big cell which increases in size due to
endoreduplication. This becomes the syncytium (De Almeida et al., 2013). In the syncytium,
the vacuole disintegrates into small vacuoles suspended in the cytoplasm together with
many plastids, mitochondria, ribosome and endoplasmic reticulum. The syncytium is the sole
source of nutrients for the nematode which makes its metabolism to increase significantly
(Szakasits et al., 2009). J2 remain immobile and moults to third stage juvenile (J3), a point at
which the nematode start to internally differentiate into male or female. Both male and
female depends on syncytium for nutrition even though females consume 29 times more

food and have 10 times larger syncytium compared to the males.
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Figure 3. Life cycle of cyst nematode. The second stage Juveniles (J2s) emerges from the
cyst, enter the plant at the elongation zone and move intercellularly until the vascular
bundles (A). The J2s select one cell as an Initial Syncytium Cell (ISC) (B). The cell walls of
the neighbouuring cells to the ISC dissolve and elarges the ISC into a single syncytium. The
J2 molts into J3 ad start to differentiate as male and female. The nematode remains
immobile (C). J3 moults to J4 (D). J4 differentiate completely as male and female where the
male moves outside the plants and leaves its shell (E). The male moves in the soil search for
a female to mate with for fertilization (F). The eggs develop inside the female body. The
female dies and oxidizes to have a reddish brown colour which harbours the eggs. Within
the eggs, the J1 develops to J2 which can infect the plant in the next cycle (G). (Modified

from Art for science, 2015).

This is of course due to female reproduction role of producing hundreds of eggs which
increases their body size as it gradually develops (Kerstan, 1969; Miiller et al., 1981; Miiller,
1985: Grundler et al., 1991). Male J3 stop feeding and its syncytium starts to degrade while

its female counterpart enlarges. J3 from both of the genders then moults into fourth stage
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juvenile (J4) of which the male develops within its cuticle. Depending on the environmental
conditions and nutrients supply, most J4 undergoes a last moult into a completely
differentiated female in abundance and or a male in adverse conditions. The male then
become mobile again, shed off its shell and moves out of the root. The now mature female
nematode produces sex pheromones which attracts the male to mate (Jaffe et al., 1989;
Aumann et al., 1998). Upon fertilization, the eggs develop into single-celled embryos and the
female further enlarges to form an ovoid shape. The embryo, still within the egg develops
further into J1 and the female dies. Her cuticle hardens, oxidizes and become the reddish-
brown cyst which carries and protects the eggs. A final moult occurs from the J1 to J2, ready
to begin a new nematode cycle (Tylka et al., 1993; Niblack et al., 2006). Depending on

temperatures, the life cycle of cyst nematode can take between 21 to 30 days to complete.

1.1.1.2 Root-knot nematodes

Root-knot nematodes share a lot of similarity to cyst nematodes and are mainly classified in
genus Meloidogyne. Meloidogyne is of Greek origin, meaning "apple-shaped female". They
were first reported in 1855 by Berkeley on cucumbers. There are approximately 100
Meloidogyne species described to date (Jones et al., 2013). The most widespread and
economically important species are M. incognita, M. javanica, M. arenaria, M. hapla, M.
chitwoodi and M. graminicola. Root-knot nematodes are primarily tropical to sub-tropical
organisms although M. hapla and M. chitwoodi are well adapted to temperate climates.
Unlike cyst nematodes, they can parasitize any vascular plant and as such have a wide host
range making them difficult to manage (Jones and Goto, 2011). General management
methods apply to root-knot nematodes. Genes from tomato (Mi), prunus (Ma and RMia),
carrot (Mj) and pepper (Me) have been reported to confer resistance to Meloidogne species.
Mi-1 gene has gone further to be cloned successfully for commercial purposes, even though
their success in the field is highly depended on temperature and Mi gene dosage (Jacquet et

al., 2005).
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Most of these nematodes are 400 to 2000 um long. Generally, females of root-knot
nematodes have a globose body, with a short neck containing their stylet, metacarpus,
esophageal gland cells and distinct lips. The female cuticular morphological features of the
perineum are used for perineal pattern analysis which is used in establishing differences
among Meloidogyne species. The males on the other hand often have visible spicules for
mating and a blunt-rounded tail. Many Meloidogyne species are parthenogenic or
facultatively parthenogenic and as such, can reproduce without fertilization from a male.

Generally, males are fewer and longer compared to females.

As of their life cycle, Melodogyne spp is quite similar to cyst nematodes. However, unlike
cyst nematode, root-knot nematodes move within the plant intercellularly downwards to the
elongation zone to escape the casparian strip after invasion in order to enter the vascular
bundle. Their feeding site is actually a group of cells known as "giant-cells. Parasitized cells
rapidly become multinucleate as nuclear division occurs in the absence of cell wall formation
(uncoupled cytokinesis), resulting in bigger cells. Contrary to cyst nematodes” syncytium,
giant cells undergo continuous cycle of mitosis and their nuclei are irregular with large
nucleoli. The giant-cells produce large amounts of proteins and also act as nutrient sinks,
drawing plant nutrients such as carbohydrates into it. The root-knot nematode forms the
feeding tube which acts as a sieve to filter cytosol as the nematode feeds. Esophageal gland
cell secretions triggers increase in the production of plant growth regulators, demonstrated to
play a role in increasing cell division and size. Cells neighbouring the giant-cells also
become hypertrophied and divide rapidly, resulting in gall formation (Berg et al., 2008). Galls
appear as knots in the roots and thus the name root knot nematodes. Inside the gall, the J2
becomes sessile by atrophy of the somatic musculature of their body excluding the head.
The nematode moults three times after which its adult stage resumes feeding. Just like cyst
nematodes, Meloidogyne spp were reported to parasitize Arabidopsis. In addition, M. hapla

and M. incognita genomes data are publicly available. This has further paved way for plant-
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root knot nematode interaction studies which entails a deeper understanding of plant

responses to nematodes at cellular and molecular level (Sijmons et al., 1991).

1.2 Plant defense

In nature, plants often suffer from diseases caused by biotic stress agents like bacteria,
fungi, viruses, nematodes and oomycetes as well as abiotic stress components which mainly
encompass environmental factors like drought, salinity, Ozone, temperature among others.
In addition, herbivores, both small and big animals, feed on or cause mechanical damage to
plants, a scenario which is not considered as a disease even though it affects the plant in
similar manner. Through evolution, plants have adapted to thrive in spite of their enemies by
having an elaborate defense system which can be either constitutive or inducible (Dieter,
2008). Constitutive defense is the pre-existing measures against possible threats in plants. It
is the main first line of defense against herbivores and pathogens. It is characterized by
physical barriers like barks and waxy cuticle which are also adapted as thorns (Carissa
bispinosa), spikes (Acacia erioloba), prickles (Solanum pyracanthum), shrinkage (Mimosa
pudica), Milky latex (Euphorbia pulcherrima) and Trichromes (Capsicum pubescens) among
others. The plant cell wall, in addition, is like an exoskeleton surrounding the plant cell and
consists of cellulose microfibrils, pectin, hemicelluloses, proteins and lignin which all can
vary in composition. These plant modifications ward off or cause allergic reactions to
herbivore and prevent pathogen entry into the plant. In addition, volatile organic compounds
such as toxic alkaloids, terpenoids, phenolic compounds and saponins are also produced by
plants as a chemical defense whose odour, bitterness and reaction deters attackers.
Chemical defense is usually utilized by plants in the event where the physical barriers are
non-existent or have been overcome by the herbivores and or pathogen (Osbourne, 1996;
Tierens et al., 2001). For example phenolic compounds like protocatechuic acid and
catechol in scales of red onion inhibit conidia germination of Colletotrichum circinans on its

surface.
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Contrary to animals, plants do not have mobile immune cells and a somatic adaptive
immune system. However, they are reliant on immunity within each cell which ignites
defense responses upon invasion and thus referred to as induced defense. This is a kind of
plant immunity which before and after pathogen invasion can be divided into primary and
secondary immunity respectively. Primary defense occur before the pathogen entry inside
the plant. At cellular level it is referred to as innate immunity due to its conserved nature and
is characterized by Plant Recognition Receptors (PRRs), which recognizes a conserved
signature ligand from the pathogen or the herbivore (Ausubel, 2005). These molecules from
pathogens are called Pathogen Associated Molecular Patterns (PAMPS) and as such
pathogen induced plant innate immunity is also referred to as PAMP Triggered Immunity
(PTI). PRRs can also recognize plant indigenous molecules produced when pathogens
cause mechanical cellular damage during infection and these molecules are called Damage
Associated Molecular Pattern (DAMPSs). Recognition of DAMPs elicits similar responses as
would PAMPs of which a signal is transduced to the cell nucleus where activation of defense
responses is induced. When a pathogen overcomes PTI, mainly by ligand modifications to
avoid recognition by immune receptors, it henceforth gains access to the cell cytosol. Here it
introduces secretions that are targeted to modify plant cellular processes or supress PTl in
favour of the pathogen, which further increases invasion by more pathogen and growth of
more mutualistic symbionts. These secretions have been reported to include various
compounds particularly effectors and as such, the phenomenon is called Effector Triggered

Susceptibility (ETS).

Some plants have evolved ways of preventing colonization of the plant cell by the pathogen
by co-evolutionary acquiring the R-genes. R-genes (virulence genes) encode the
polymorphic Nucleotide Binding and Leucine Rich Repeat (NB-LRR) proteins that directly or
indirectly bind to pathogen effectors (avirulence factors), inducing defense responses and
thus Effector Triggered Immunity (ETI) (Jones and Dangl, 2006). This phenomenon was first

described in the model of recognition of specific resistance genes “gene-for-gene”. The
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paradigm that activated immune responses in ETI occur faster, robust and prolonged
compared to those in PTI (Jones and Dangl, 2006). The R genes functions quite similar to
resistant genes conferring immunity in animals as NB-LRR proteins are broadly related to
animal CATERPILLER/NOD Like Receptors (NLR) proteins. ETI mediates plant resistance
against obligate biotrophs or hemi-biotrops but not necrotrophs, through a hypersensitive
response (HR) characterized by cell death at points of infection (Matzinger, 2002;
Glazebrook, 2005). So far there are only two types of cell death that have been described;
vacuolar and necrosis cell deaths. In vacuolar cell death, a combination of autophagy-like
process and release of hydrolases from collapsed lytic vacuoles causes removal of cell
contents primarily during organ formation. Necrosis on the other hand occurs typically under
abiotic stress and involves early rupture of the plasma membrane and shrinking of the
protoplast. HR causes the pathogen nucleus to disintegrate into a homogenous mass and its
cytoplasm dense. As a direct consequence, pathogen growth beyond the dead cell is halted.
Generally, HR is meant to isolate the infection at the invasion point and thus prevent
extensive infection and pathogen colonization (van Doorn et al., 2011). HR has been well
studied in various diseases caused by different microbial agents like Synchytrium
endobioticum causing wart disease of potato, Phytophthora infestans causing late blight
disease of potato and Pyricularia oryzae causing blast of rice among others. R gene
resistance is also associated with activation of Salicylic Acid (SA) signalling pathway which
mainly involves three well known genes; Protein Arginine Deiminase (PAD) 4, Non-
expressor Pathogenesis Related Gene (NPR) 1 and Enhanced Disease Susceptibility (EDS)
1. The high concentration of SA generated during ETI has particularly promotes NPR1
degradation and as such NPRL1 is considered a repressor of ETI, which is contrary to its role
in PTI as a positive regulator of SA-mediated basal resistance. Interestingly, HR activates of
SA signalling throughout the plant an indication of the cross talk among ETI defense
responses. SA induces activation of pathogenesis-Related (PR) genes directly involved in
disease resistance against pathogens sensitive to SA dependent responses. This

phenomenon is known as Systemic Acquired Resistance (SAR) which localizes infection by
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the primary pathogen which in turn results in the induction of a wide spread and long lasting
resistance to secondary pathogens in plant systemic tissues (Falk, 1999; Wildermuth, 2001,
Zhang et al., 2003; Durrant and Dong, 2004). In addition to SA, some defense responses are
dependent binaurally or singularly on Jasmonate (JA) and Ethylene (ET) pathways. These
pathways occur parallel to one another with very few cases where they tend to have a
negative interaction. JA-dependent signalling occurs through increased JA synthesis and
consequently increases the expression of defense related genes such as Plant Defensin
(PDF) 1 and transcription factors Ethylene Response Factor (ERF) 1, Related to APetala
(RAP) 2, Jasmonate-INsensitive (JIN) 1 and Ethylene-Insensitive (EIN) 2 involved in defense
responses. Cellulose synthases in the plant cell wall is involved in regulation of JA levels
while JA-amino synthetase is required for conjugation of JA and several amino acids like
isoleucine. The conjugated version of isoleucine is reported to be the active form of JA and
thus JAR1 gene which encodes JA-amino synthetase is required for JA biosynthesis and in
turn regulating JA levels. There is a complex hormonal cross talk between SA and JA/ET
pathways of which most are confirmed to be activated in a mutually repressive manner and
as such, resistance based on either pathway heavily depends on the pathogen involved. SA
pathway-dependent defense responses are involved in resistance against biotrophic and
hemibiotrophic pathogens; organism that rely on living tissues for nutrition. JA and ET
pathways-dependent on the other hand responses against insect wounding and
necrotrophs; organisms that obtain nutrients from dead cells (McDowell and Dangl, 2000;
Wildermuth et al., 2001; Glazebrook et al., 2003; Van Wess et al., 2003; Dong, 2004; Trusov
et al., 2006). This phenomenon has been observed in various cases like during infection with
Pseudomonas syringae where NahG transgene induced SA levels reduction triggers
overexpression of JA-induced genes. At the same time, treating Arabidopsis with SA and JA
at the same time abolished JA-mediated induction of the PDF1.2 gene, while infection by the
hemibiotrophic bacterial pathogen Pseudomonas syringae. PV. tomato (Pst) DC3000, which
enhanced SA production, led to reduced resistance to the necrotrophic fungal pathogen

Alternaria brassicicola in neighbouring cells (Spoel et al., 2003, 2007; Van der Does et al.,
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2013). The antagonistic behaviour of these hormonal pathways has been reported to be
highly dependent on SA-signalling gene (NPR1), SA biosynthesis, metabolism regulating JA-
inducible transcription factor NAC and downstream transcription factors WRKYs and TGAs
genes (Spoel et al., 2003; Li et al., 2004; Mao et al., 2007; Zander et al., 2010). The main
player NPR1 protein contains a BTB/POZ and an Ankyrin repeat domains involved in
protein-protein interaction. It is suggested that NPR1 regulates PR gene expression through
direct interaction and as a cofactor of the TGA transcription factors (Zhang et al., 1999,
2003; Zhou et al., 2000). Regardless of their antagonistic relationship, SA and JA pathways
are not always antagonistic even though in very few cases. One such case is in rice where
JA signalling positively regulates plant resistance to the biotrophic pathogen Xanthomonas
oryzae PV. oryzae (X00). This was suggested to be caused by activation of a common
defence system by both hormonal pathways. Other studies have also found that their
antagonistic relationship is highly dependent on their concentrations (Mur et al., 2006;
Yamada et al., 2012; Tamaoki et al., 2013). Plant defense hormones i.e. SA, JA, and ET
precisely regulates plant immune responses both locally and systemically thus coordinate
defense in different parts of the plant and against different types of pathogens (Erb et al.,

2012; Pieterse et al., 2012; Wasternack, 2013).

Besides hormonal signalling, some studies have reported that a phytoalexin such as
camalexin (3-thiazol-2'yl-indole) as a plant antimicrobial effector in ETI often considered as a
defense marker protein. Its synthesis is induced by pathogens such as Pseudomonas
syringae, Alternaria brassicicola, and Botrytis cinerea, and some abiotic stresses, such as
amino acid starvation. It has also been shown to inhibit the growth of fungal pathogens.
Camalexin induction in Arabidopsis infected with P. syringae is dependent on the
transcription factor WRKY 33, which directly binds to the camalexin biosynthesis promoter
gene PAD3. Defense signalling cascade involving MPK3/MPK®6 signalling leads directly to
phosphorylation of WRKY33, and this drives camalexin production in Arabidopsis infected

plants (Ren et al., 2008; Qiu et al., 2008; Mao et al., 2011). PAD3 encodes cytochrome P450
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monoxygenase CYP71B15, which is a camalexin biosynthetic enzyme and is currently
utilized as a defense marker gene as well as WRKY 33 gene among others (Glazebrook,

2005).

1.2.1 PAMP Trigerred Immunity (PTI)

The term PAMP was first described in 1989 by Janeway in her then visionary theory of
recognition. She proposed that microbial components are recognized by innate immune
receptors allowing detection of infection. The theory was experimentally validated later and
has become a standard that constitute legitimate contribution to understanding plant-
microbes interaction (Janeway, 1989; Medzhitov and Horng, 2009; Medzhitov 2013). PAMPs
have to date come to be well characterized following a certain criteria; PAMPs have a
distinct structure, are essential for survival and are produced via pathways restricted within a
given class of microorganisms. Since molecular patterns are not present only in pathogens,
for example, they are also found in beneficial and mutualistic bacteria, the term Microbial
Associated Molecular Patterns (MAMPS) is sometimes used (Janeway, 1989; Beutler, 2003;
Medzhitov 2007). PAMP and DAMP recognition is considered as detection of “non-self-
signals” and “self-molecules” since the molecule recognized originates from the pathogen
and host respectively (Boller and Felix, 2009). Within the molecular patterns (also called
elicitors), the PRRs recognize only small and conserved part of it. PRRs are adapted to
recognize molecules of diverse nature like proteins, carbohydrates, nucleic acids and lipids
among others. The first molecule to ever be clearly characterized as a PAMP is a short 13-
amino acid peptide of a conserved fragment within a calcium-dependent cell-wall
transglutaminase, from the oomycete Phytophthora sojae called Pep13. This PAMP elicits
defence responses in Solanaceae spp (Nurnberger, 2004). Currently, there is at least one
PAMP that has been reported from bacteria, fungi, oomycetes, Virus, nematodes, insects
and parasitic plants. PAMP perception is specific and most of PAMP are restricted to a

specific type of species, however there are some exceptions for example Necrosis- and

‘annj * ombe

20



Introduction

ethylene-inducing-peptide-1-Like Proteins (NLPs) and B-glucans. NLPs and 3-glucan
structure are present in multivariant organisms such as bacteria, oomycetes and fungi and
induce PTI responses similarly (Ranf, 2017). Generally, even though most of PAMP involved
in PTI are characterized, not all of their recognizing PRR are known. Nonetheless, almost all
plant PRRs involved in PTI and reported so far are surface localized and exists as either
Receptor-Like Kinases (RLKs) or Receptor-Like Proteins (RLPs). RLKs are composed of an
extracellular domain that binds to specific region of a PAMP, a transmembrane domain
which maintains the receptor at the cell membrane and an intercellular cytoplasmic kinase
domain responsible for signal transduction. RLPs are structurally similar to RLKs but lacks
an intracellular kinase domain hence for their PAMP induced signal transduction to be
completed, they always recruits other RLKs or Receptor-Like Cytoplasmic Kinases (RLCKS)
existing freely in the cytoplasm. Regardless of their nature as RLKs, RLPs or RLCKs, PRR
extracellular kinases or PRR-associated kinases contain alteration in a conserved positively
charged arginine (R) residue, located within a charge cluster. R neutralizes the negatively
charged catalytic aspartate (D) next to it. Therefore, R blocks the catalytic function of D
residue. This region of the kinase is called RD motif and it mediates phosphor-transfer
during intracellular signalling. In close proximity to the RD motif is the kinase activation loop
which when activated, produces negatively charged phospho amino acids that in turn
overcomes the positively charged R residue leading to activation of kinase. Some PRR
kinases don’t have R which is mainly substituted by non-charged residues such as cysteine,
glycine, leucine and phenylalanine residues. This region is commonly known as non-RD
motif. Contrary to RD kinases, non-RD kinases don’t auto-phosphorylate their kinase
activation loop hence non-RD receptor are proposed to have a different activation
mechanism, whose difference in functionality to RD kinases is currently unknown. Majority of
Plant RLKs have RD kinase (Fig 4) which phosphorylates serine/threonine residues (Dardick

et al., 2012).
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Once RLKSs recognize the elicitor, at cellular level, intracellular signalling is triggered via
activation of Mitogen Activated Protein Kinase (MAPK) cascades to the nucleus leading to
genetic reprogramming that induces early defense responses (Asai et al., 2002; Mishra et
al., 2006). Among these responses is the rapid and robust expression of defense marker
genes such as Pathogenesis Related (PR), Flg22-induced Receptor-like Kinase (FRK) 1 and
WRKY genes (Asai et al., 2002; van Loon et al., 2006; Gust et al., 2007; Boudsocq et al.,
2010; Ahuja et al., 2012; Bednarik, 2012). Reactive Oxygen Species (ROS) production like
superoxide anions (O2") also occurs within seconds to minutes thus populary referred to as
oxidative burst. PAMP/DAMP induced oxidative burst has been observed in both vertebrates
and plants as a main PTI induction characteristic where toxicity nature ROS damages or Kills
the pathogen. In addition, ROS production induces crosslinking within plant cell wall making
them less prone to degrading enzymes from pathogens (Apostol et al., 1989; Apel and Hirt,
2004; Kohchi et al., 2009; O'Brien et al., 2012). The plasma membrane also become
depolarized allowing an influx of extracellular Ca?* in the cytosol (Ca?* burst), which begis to
occur at 30" and 120™ second and peaks between 4 to 6 min after invasion (Jeworutzki et
al., 2010; Ranf et al., 2011; Nomura et al., 2012). Ca?* burst induces the opening of other
membrane transporters allowing influx of H™ and efflux of K*, CI-, and NO3 which in turn
increases the pH of the extracellular region to pathogen’s demise. At the same time, Ca?*
ions entering the cell cytoplasm from the apoplast activates calcium-dependent proteins
such as Ca?* Dependent Protein Kinases (CDPKSs) (Boller and Felix 2009; Boudsocq et al.,
2010; Jeworutzki et al., 2010). Callose is an amorphous homopolymer composed of (1, 3)-B-
Glucan callose and is normally deposited between the plasma membrane and the pre-
formed cell wall at the point of pathogen attack, upon PAMP recognition. Callose acts as a
physical barrier blocking or slowing down invading pathogens from entering the plant
However, its regulation is not well known as its biosynthesis is not described hence, there
exist no mechanism of understanding how its deposition is induced as a response to PAMP
perception (Radford et al., 1998; Luna et al., 2011; Kemmerling, 2012). PAMP perception

also activates biosynthesis of ethylene which is an immunity hormone. PTI also alters
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metabolite composition and the production of secondary defense compounds for example

glucosinolates in fungi infected Brassicaceae spp (Bednarek et al., 2009; Sana et al., 2010).

Generally, as the first line of plant cellular defense, PTI is a stringent, robust and occurs
within seconds to minutes. It is also very temperate and efficient to almost all non-host
pathogens. Altogether, PTI responses contributes to basal resistance by preventing
establishment of infection by pathogens, controls stomatal closure to prevent bacteria entry
and surprisingly, PTI also inhibits growth of commensal microbiota, an indication that PAMPs
presensce cut across a whole class for every organism, regardless if the organism is
pathogenic or not (Melotto et al., 2008; Sawinski et al., 2013; Gourion et al., 2014; Rovenich
et al., 2014). In addition, PTI prevents microbial colonization by cutting nutrient supply and
releasing anti-microbial compounds which in turn starve pathogens and reduces release of
effectors into the cell (Chen et al., 2010; Wang et al., 2012; Xin et al., 2016; Yamada et al.,
2016). PTI has also been associated with seedling growth inhibition due to the redistribution
of plant resources from growth related processes to those leading towards defense (Gomez-

Gomez et al., 1999; Boller and Felix, 2009)

Most of the PRRs are RLKs. RLKs have a monophyletic origin within the whole superfamily
of plant kinases. In the sequenced Arabidopsis genome, the RLK (also named pelle) family
formed based on similarity to the basic structure of animal receptor tyrosine kinases (RTKSs),
contains 610 RLK homologs representing about 2.5% of the annotated protein-coding genes
(Arabidopsis Genome Initiative, 2000; Shiu and Bleecker, 2001). Among these, 193 RLKs do
not have an obvious receptor configuration as determined by the absence of putative signal
sequences and or transmembrane regions. The remaining 417 genes with receptor
configurations have similar transmembrane and intracellular domains. However, their
extracellular domains differ in their structural features particularly in the type and
arrangement of its respective amino acids. These differences greatly contribute to their
classifications into 21 subfamilies. The sizes of each the subfamily varies greatly however,

Leucine Rich repeat (LRR) subfamily is the largest one containing 216 genes with LRR
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motifs. The currently known PRR containing LRR ectodomains binds to peptides or proteins
type of elicitors. Similarly, in animals, the most well characterized PRRs are the Toll-Like
Receptors (TLRs) containing LRR extracellular domain. TLRs are involved in the sensing
stimuli from bacteria, fungi, protozoa, and viruses. A well-studied example of all TLRs is
TLR5 that interacts directly with its single microbial ligand flagellin (Felix et al., 1999;
Hayashi et al., 2001; Smith et al., 2003). In plants, the best characterized receptor is
Flagellin Sensing 2 (FLS2), which has a 28 LRRs containing ectodomain that directly binds
to a 22 amino acid peptide (flg22) at the N-terminus of flagellin. Flagellin is building protein
block of the flagellum which is the motility and virulent structure in bacteria. It is highly
abundant and freely released from the wall of flagellum (Gomez-Gomez and Boller, 2000;
Chinchilla et al., 2006; Yamaguchi et al., 2006; Zipfel et al., 2006). FIg22 binds to LRR3-16
section of FLS2 super helical ectodomain which directly interacts and forms a heterodimer
complex with the LRR-RLK Brassinosteroid-Associated Kinase (BAK) 1 RD ectodomain; one
of the five genes belonging to the Somatic Embryogenesis Receptor Kinase (SERK) family.
Perception of flg22 by FLS2 initiates PTI responses of which ROS burst is the most
immediate one. NADPH oxidases belonging to the Respiratory Burst Oxidase Homolog
(RBOH) family; which contains 10 members in Arabidopsis, plays a crucial role in ROS

production.

The induction of ROS production begins with BAK1/FLS2 heterodimer complex associating
with and phosphorylating the RLCK Botrytis Induced Kinase 1 (BIK1), In turn BIK1 binds
directly to the N-terminal domain of RBOHD, phosphorylating its residues S39, S339, S343
and S347 in a ligand -Dependent manner. RBOHD possess a core C-terminal region
containing a trans-membrane domains and the functional oxidase domain responsible for
superoxide production. Specifically, NADPH oxidases transfer electrons from cytosolic

NADPH or NADH to apoplastic oxygen, leading to the production of superoxide (O2-).
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Kinase  Class Subfamily Plant Pathogen
LRK10  non-RD LRK10L-2  Wheat Fungal S - — |
PRSK non-RD LRK10L-2  Arabidopsis ?
TaRLK 1,23 non-RD LRK10L-2 Wheat Fungal
BSR1 non-RD LRK10L-2 Rice Fungal/bacterial
XA21  non-RD LRRXII Rice Bacterial e @
XA26  non-RD LRRXII Rice Bacterial aminimne @
FLS2  non-RD LRRXIl  Arabidopsis Bacterial s @
EFR  non-RD LRRXIl  Arabidopsis Bacterial o @
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Figure 4. Described and putative PRR receptors along with their domain organizations

and kinase functionality. Most plant and animal PRRs identified to date contain kinase

domains. In addition, PRR kinases or PRR-associated kinases contain a positively charged

and conserved arginine (R) residue located within a charge cluster, adjacent to the key

catalytic aspartate (D) (the RD motif). Receptor kinases lacking the R and instead having an
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uncharged residue such as Cys, Gly, Phe, or Leu, are referred to as non-RD. Kinase domain
are connected to the extra-cellular domain by transmembrane domain. PRRs are grouped in
different families based on the different components of their extra cellular receptor domain
with majority belonging to LRR family. Atleast one PRR has been characterized from the
whole microbial class of Oomycetes, Fungi and Bacteria within both monocots and dicots

(Dardick et al., 2012).
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Figure 5. Plants recognize different bacterial PAMPs through different types of plant
cell surface receptors. LRR receptors sense proteinaceous PAMPs. Flagellin which exist in
three pecific epitopes; flg22, flgll-28, and CD2-1, are bound by FLS2 in Arabidopsis, FLS3 in
tomato and an unknown receptor in rice, respectively. FLS2 Heterodimerizes with
BAK1/SERK3 and other SERK-RLKs upon ligand binding. EF-Tu epitopes elf18 and EFa50
are perceived by EFR in family Brassicaceae and an undescribed receptor in rice,
respectively. XA21, XPS1 and CORE recognize the bacterial RaxX21-sY epitope RaxX,
XUP and CSP where XA21 constitutively interacts with rice co-receptor SERK2. RLPs
ReMAX and RLP23 perceive the Xanthomonas protein eMax and the nlp20 epitope of NLPs,

respectively. LysM family RLPs LYM1-LYM3 and LYP4-LYP6 recognize the N-
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acetylglucosamin-containing glycan backbone of PGN in Arabidospis and rice, respectively.
Lectin receptors facilitate recognition of the glycolipid LA moiety of LPS in Brassicaceae.

LRR-RLPs ReMAX and RLP23 form constitutive dimers with the LRR-RLK SOBIR. RLP23-
SOBIR, but not ReMAX-SOBIR, also associates with BAK1 in a ligand dependent manner..
FLS3, XPS1 and ReMAX-SOBIR presumably also interact with yet unidentified (SERK-like)
LRR-RLKs. LysM-RLPs associate with CERK1 for signalling. Star (*) indicates existence of

proof of direct PRR-ligand binding. (Ranf et al., 2017).

02- is then converted to hydrogen peroxide (H202) by superoxide dismutase (Torres and
Dangl, 2005; Marino et al., 2012; Suzuki et al., 2011, 2012). Apoplastic Ca2+ is reported to
be required for PAMP-induced ROS production by binding to the EF-hand motif of RBOHD
and phosphorylation by Ca2+ regulated protein kinases (Ogasawara et al., 2008; Kadota et
al., 2004, 2014; Ranf et al., 2011; Segonzac et al., 2011; Marino et al., 2012). Other than
BIK1, other RLCKSs like PBS1-Like Kinases 1, 2 and 5 (PBL1, PBL2 and PBL5) and
Brassinosteroid Signalling Kinase 1 (BSK1) also associates with the FLS2/BAK1
heterodimer complex and are then released to activate downstream immune responses. All
in all, BIK1 is most well characterized positive regulator of PTI responses and induced
resistance to Pseudomonas syringae (Lu et al., 2010; Laluk et al., 2011; Liu et al., 2013; Shi

et al., 2013; Zhang et al., 2010).

SERKS belong to subfamily Il of the LRR-RLK family, containing only five members; SERK1,
SERK2, BAK1/SERK3, BAK1-like (BKK1)/SERK4 and SERKS5 in Arabidopsis. SERKs were
originally described as embryogenic markers in Daucus carota (carrot) and later as potential
co-receptors when their shape was identified to be complimentary to the spiral shape of
LRR-RLKs which allowed ligand binding and receptor activation (Hecht et al., 2001; Brandt
and Hothorn, 2016). BAK1/SERK3 was initially shown to be a positive regulator of the
brassinosteroid growth signalling pathway via LRR-RLK Brassinosteroid Insensitive (BRI) 1.
Similarly, BAK1 (SERK3) acts as a co-receptor upon flg22 perception essential for signalling

activation in equally similar manner (Chinchilla et al., 2007; Sun et al., 2013). A lot of studies
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are implicating SERKs in many signalling pathways especially as an increasing number of
LRR-RLKs and LRR-RLPs type PRRs are recruiting BAK1 or other SERKSs in their
perception of ligands from different type of pathogens (Fig 5). This heavily suggests SERKs
might be universal co-receptors for almost all LRR-RLKs. For example, in rice, BAK1
ortholog OsSERK2 forms a complex with the LRR-RLK XA21 receptor conferring resistance
to the bacterium Xanthomonas oryzae (Chen et al., 2014). In tomato, BAK1 ortholog also
interacts with the LRR-RLP Ethylene-Inducing Xylanase (EIX) 1 when bound to fungal
xylanase initiating defense responses against Cladosporium fulvum (Liebrand et al., 2013;
Santiago et al., 2013). In addition, BAK1 is recruited into a pre-formed Suppressor Of BAK1
(SOBIR1)-RLP23 complex in a Necrosis and ethylene-inducing peptide 1-Like protein (NLP)
20 dependent manner. NLPs are generally proteins present in many prokaryotes and
eukaryotes (Fig 6). NLPs recognition induces the formation of a tripartite PRR complex that
activates defense against the oomycete and fungal pathogens Phytophthora infestans and
Sclerotinia sclerotiorum respectively (Albert et al., 2015). In DAMPs perception, LRR-RLKs
PEP RECEPTORL1 (PEPR1) and its homolog PEPR2 recognize the wound-induced
endogenous peptide AtPepl. However, only PEPRL1 that has been reported to form a
complex with BAK1 activates PTI like responses (Huffaker and Ryan, 2007; Yamaguchi et

al., 2006, 2010; Krol et al., 2010; Tang et al., 2014; Ranf et al., 2017).

It is interesting that many different functions are dependent on five receptor proteins only
hence begging the question why plant membrane signalling pathways depends on such few
co-receptor kinases. Many scientist believe that to understand SERKSs in plant signalling, the
receptors supported needs to be identified or further studied, the perceived ligands
characterized, specific signalling cascade in different LRR-RK pathways described and their
regulation mechanisms by other cellular factors such as RLP, RLCK and phosphatases
demonstrated (Schmidt et al., 1997; Li, et al., 2012; Santiago et al., 2013; Sun et al., 2013;

Wang et al., 2015; Brandt and Hothorn, 2016).
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Figure 6. Plant PRRs perceive different fungal and oomycete molecular patterns.
Tomato LRR-RLPs EIX1-EIX2 sense fungal xylanase and binds also to BAK1. RLP23,
RLP30, and RLP42/RBPG1 recognizes NLP epitope nlp20, SCFEL, and
endopolygalacturonases (PGs), respectively, and constitutively associate with RLK SOBIR
and BAK1 as signalling co-receptors. RLP42-SOBIR presumably also interacts with a SERK-
like RLK. Chitin oligomers are recognized by Arabidopsis LysM-RLP CEBIP, LYK5 and rice
LYP4-LYP6, and recruites CERK1 for signalling in a ligand dependent manner. In
Arabidopsis, chitin is sensed through LYK5, a pseudo-kinase, which recruits CERK1 in a
chitin-dependent manner. Oomycete NLPs are also sensed through RLP23-SOBIR-BAKL1.
Elicitins are sensed through ELR in a BAK1-SOBIR-dependent manner. Heptaglucan
fragments derived from oomycete cell walls are perceived through soluble GBP. GBP
presumably associates with a yet unknown transmembrane protein for signalling. Star (*)

indicates existence of proof of direct PRR-ligand binding. (Ranf et al., 2017).

Besides the LRRs, other PRRs’ ectodomains contains Lysine Motifs (LysMs), lectin Motifs
(LeMs) and Epidermal Growth factor (EGF). These ectodomains are involved in perception

carbohydrates like bacteria Lipopolysaccharides (LPs) and fungal chitin as well as DAMPs
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for example extracellular ATP and the plant-cell-wall-derived OligoGalacturonides (OGs). A
typical example is the Arabidopsis LysM-RLK CERK1/RLK1/LYK1 which contains three
LysM motifs and perceives a 7 t0 8 GIcNAc residues containing oligomers of fungal chitin. In
rice, the chitin-binding protein is the LysM-RLP CEBIP containing a three extracellular LysM
domains and a C-terminal tail. CEBiIP homodimerizes to bind long chitin oligomers and
activate defense in a similar mechanism as in Arabidopsis chitin receptor AtCERK1 (Kaku et
al., 2006; Miya et al., 2007; Brutus et al., 2010; Willmann et al., 2011; Liu et al., 2012; Choi

et al., 2014; Kouzai et al., 2014; Hayafune et al., 2014).

PTI has been widely studied in plants against fungi, bacteria and oomycetes. However, there
are few case studies regarding PTI induced by insects, viruses and nematodes. Plants
sense non-self-nucleic acids signals as viral double-stranded RNA during infection inducing
not only PTI but also gene silencing. Viral dsSRNA perception triggers a signalling cascade
involving and dependent on SERK1 and a specific dSRNA receptor however, the mechanism
behind this perception is still unknown and the signalling pathways involved are yet to be
unveiled. All in all, PTI restricts virus infection and mediates antiviral resistance in plants
(Niehl et al., 2016). Invasive parasitic plants have recently demonstrated to be recognized by
host plants (Fig 7). The first report was done on Dodders (Cuscuta spp); a holoparasite that
rap around almost all dicotyledonous plants except tomato and penetrate their stem with
haustoria to their vascular bundles for nutrition. One of the dodder species Cuscuta reflexa
was identified to encode a 2kDa peptide having an O-esterified modification; Cuscuta factor
(CuF), perceived by the LRR-RLP Cuscuta receptor 1 (CuRel) triggering PTI responses like

ROS burst and production of ethylene in tomato (Frst et al., 2016).

Nematode induced PTl is only sparsely studied. Nevertheless, Ascarosides abundantly
found in whole nematode class was recently reported to induce PTI and Root knot

nematodes have been shown to induce PTI in a BAK1 dependent manner which will be
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discussed further below (Holbein et al., 2016; Ranf, 2017).
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Figure 7. Plant PRRs recognize non-self molecular patterns from parasitic plants as
well as host-derived self molecular patterns. The tomato LRR-RLP CuRel recognizes a
yet unidentified glycoprotein from the parasitic Cuscuta spp and dimerizes with tomato
SOBIR homologs and presumably SERK-like RLKs upon ligand recognition. LRR-RLKs
PEPR1/PEPR2 and RLK7 PEPR1/PEPR2 and RLK7 associate with BAK1 and other SERKSs

to perceive endogenous PEP and PIP peptides derived from PROPEP and PROPIP
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precursors, respectively. Pectin-derived OGs and extracellular ATP are sensed by RLK
WAK?1 and L-lectin-RLK DORN1, respectively. Star (*) indicates existence of proof of direct

PRR-ligand binding. (Ranf et al., 2017).

Plants have to defend themselves to survive as well as reproduce to grow at the same time.
Therefore understanding the regulatory mechanisms used by plants to balance growth and
defense can improve plant breeding and engineering strategies for selection of the ideal
genetic traits required to make the plants thrive. Growth-defense trade-offs mainly involves
growth hormones such as auxin, Brassinosteroids (BRs), Gibberellins (GAs), and cytokinins.
The best example depicting the molecular components involved in balancing growth is
mainly observed in the relationship between FLS2 and the growth related
BRASSINOSTEROID INSENSITIVE 1 (BRI1). BAK1 associates with both FLS2 and BRI1
receptors. It is thus believed that their competition for BAK1 incurs BR-mediated suppression
of PTI defense (Belkhadir et al., 2012; Albrecht et al., 2012; Lozano-Duran et al., 2013). BRs
are polyhydroxylated steroid phytohormones involved in various plant developmental
processes like germination and senescence. BR stabilizes the growth receptor BRI1/BAK1
co-receptor complex, causing activation of their kinase domains (Li and Chory, 1997; Li et
al., 2002; Nam and Li, 2002; Wang and Chory, 2006; Hothorn et al., 2011; She et al., 2011).
The resulting phosphorylation events leads to inactivation of the glycogen-synthase-kinase-
3-like kinase BRASSINOSTEROID INSENSITIVE 2 (BIN2) kinase and thus activation of
transcription factors BRI1-EMS-SUPPRESSOR 1 (BES1) and BRASSINAZOLE-
RESISTANT 1 (BZR1), to promote the expression of BR-regulated genes (Mora-Garcia et
al., 2004; Tang et al., 2011). Upon PAMP recognition, BAK1 de-associates from BRI1 and
forms a complex with FLS2, the transphosphorylation events that follow allows BIN2 to
phosphorylates BES1land BZR1 thus blocking activation of BR-responsive genes and
consequently growth inhibition (He et al., 2002; Wang et al., 2002; Yin et al., 2002; He et al.,
2005; Yin et al., 2005; Vert and Chory, 2006). This in turn induces PTI responses. BZR1

transcription factor has also been linked in WRKY40-regulated genes as well as the cell
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elongation related transcription factor HBI1. However, the mechanism involved in PTI
suppression in favour of growth is not yet clear (Bai et al., 2012; Lozano-Duréan et al., 2013).
BR and GA mediated growth-defense cross talk functions in synergy to promote growth in
response to environmental and developmental signals (Jaillais and Vert, 2012; Lilley et al.,
2013). In presence of GAs, there is formation of a heterodimer of BZR1 and Phytochrome
Interacting Factor 4 (PIF4) which binds to and activates promoters of growth related genes.
Without bioactive GAs, A family of transcriptional repressors known as DELLA proteins binds
and inactivates PIFs mediating defense (De Lucas et al., 2008; Bai et al., 2012; Gallego-
Bartolome et al., 2012; Oh et al., 2012). Pathogen infection also activates auxin pathway
including promotion of auxin biosynthesis genes and repression of AUX/ indole-3-acetic acid
(IAA) genes and as such infection is enhanced (O'Donnell et al., 2003; Thilmony et al.,
2006). This is achieved by heterodimerization of the AUX/IAA proteins with the AUXIN
RESPONSIVE FACTORS (ARF) transcription factors. To survive the effects of pathogen
induced or pathogen produced auxin, plants suppress auxin signalling during defense by
inhibiting auxin F-box receptors that stabilizes AUX/IAA proteins and represses of auxin
synthesis genes (Navarro et al., 2006). This suppression is partly due to microRNA miR393
which when induced by for example flg22, directly cleaves Transport Inhibitor Response 1
(TIR1) and two functional paralogs Auxin signalling F-Box proteins 2 and 3 (AFB2 and
AFB3) transcripts (Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004; Navarro et al.,
2006). SA induced growth inhibition has been associated with suppression of auxin
reception, import and export and signalling. GH3 enzymes; responsible for regulating auxin
homeostasis by conjugating IAA with different amino acids are also induced by SA (Wang et
al., 2006, 2007). JA at the same time suppresses the expression of the auxin efflux carrier
PIN formed 2 (PIN2) as well as it endocytosis and membrane accumulation (Sun et al.,
2011). Lastly, resource allocation involved in growth-defense balancing is reported to occur
at all levels, in prioritizing of carbon and nitrogen pools towards production of defense
compounds. Some of them involved in protein folding and secretions gearing towards

defense for example PR proteins are proposed to be regulated by TL1 BINDING
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TRANSCRIPTION FACTOR 1 (TBF1) during PTI and SAR (Pajerowska-Mukhtar et al.,

2012, Huot et al., 2015).

Although the overall importance of PAMP-triggered immunity for plant defense is
established, it has not been used commercially to produce transgenic disease free lines.
Nevertheless, there are reports of successfully transferring PRRs between two plant families
and retaining their activity. A gene encoding a PAMP receptor does not introduce a novel
defense mechanism into the plant. The transferred PAMP receptor merely allows the
receiving plant to recognize infection, so it can respond with its own, natural immune system.
For example, expression of EFR, a PRR from Arabidopsis thaliana, confers responsiveness
to bacterial EF Tu in the solanaceous plants Nicotiana benthamiana and Solanum
lycopersicum, making them more resistant to a range of phytopathogenic bacteria of
different genera. This strategy can be utilized to confer more resistance to nematodes taking

advantage of the natural innate immunity in the plant.

1.2.2 Plant defense against nematodes

For a long time, PTI induced by nematodes had remained terra incognita to nematology
community. However, recent studies have sort to shed some light in the ability of plant to
recognize nematodes (Fig 8). For example, beneficial and entomopathogenic nematodes
such as Steinernema carpocapsae has been reported to induce resistance in Arabidopsis
and Hosta spp characterized by increased catalase and peroxidase as well as
overexpression of PR genes (Jagdale et al., 2009). In addition, some reports suggest that
cell wall degrading enzymes produced by nematodes could cause PTI like responses
induced by DAMPs. In addition, other reports have indicated that Root-knot nematodes
cause apoplastic and cell membrane localized ROS production during early stages of
invasion i.e. penetration and migration in tomato roots. This ROS burst was shown to be
derived from the cell membrane localized RBOHD and RBOHF that are directly

phosphorylated by BIK1 during PTI (Wojtaszek et al., 1997; Torres et al., 2002; Torres 2009;
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Kadota et al., 2015). BIK1 on the other hand has been reported to be a positive regulator of
root knot nematode induced PTI responses. In general and regardless of the components
involved, reports have it that PTI due to root knot nematode could be dependent or
independent of co receptor BAK1 and is linked to Camalexin and glucosinolates (Teixeira et
al., 2016). All in all, a nematode derived compound which induces clearly recognizable and
immediate effects as PTI responses had not been identified till recently when a group of
defense signalling molecules present in a wide array of nematodes were characterized as
PAMPs (Manosalva et al., 2016). Ascarosides as they are referred are a family of small
endogenous molecules whose key functions are upstream of conserved signalling pathways
in developmental timing and behaviour in nematodes. For example acarosides acts as
pheromones. The term “ascarosides was first coined when a specific type of lipid was
detected for the first time in roundworms from family Ascaridia (Ludewig and Schroeder,
2013). They have been further described as glycosides derived from a dideoxysugar
ascarylose linked to a fatty acid side chain. Specifically, they are also described as
integrating building blocks from carbohydrate metabolism, peroxisomal B-oxidation of fatty
acids and amino acid catabolism (von Reuss et al., 2012). Prior to the establishment of a
reliable ascarosides naming system, compounds were named based simply by the length of
their side chain for example a 10 carbon ascaroside was named C10 which of course led to
confusion once more compounds having the same number of carbon molecules were
identified. Fortunately, a new, easy to search, gene identifier naming system has been
developed; Small Molecule IDentifiers (SMIDs), which consist of lower case letter depicting
the general structure of the compound class, followed by the compound sign and ends with a
number. For example icas#7 or hbas#10. The SMID database is publicly available for all
small molecules identified from nematodes especially C. elegans (Srinivasan et al., 2012;
von Reuss et al., 2012). In the study, among the 200 ascaroside molecules identified to date,
ascr#18 was found to be the most abundant among cysts, root-knot and lesion nematodes.
Ascr#18 induced PTI responses at very low concentrations (10 nM) in Arabidopsis just like

responses caused by other PAMPs such as triggering SA and JA signalling pathways,
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expression of PR related defense genes and increased resistance to other pathogens.
These responses were also observed when other dicotyledonous and monocotyledonous
plants such as tomato, barley and potato were treated with ascarosides at varying
concentrations. In addition, Ascr#18 applied to the root not only induced defense genes in
the roots but also resistance in the leaves, a phenomeno suggested to be caused by its
translocation to the leaves, or the induction of a mobile signal that was translocated to the
leaves. This remain to be proven since there is no reports of ascr#18 detected in the leaves
so far. Nevertheless, the ability of Ascr#18 to induce PTI responses lead to the idea of a
receptor capable of perceiving ascarosides both in roots and in shoot, and which is yet to be

identified (Manoslava et al., 2016).

PTl is very important for plant survival. Therefore, plant parasitic nematodes, whether
sedentary endo parasitic which have a prolonged interaction with the plants, or migratory
ectoparasitic who have a very short interaction; require a PTI suppression mechanism for
them to thrive in presence of defense responses and maintain feeding structures. Most
successful biotrophs deliver effectors that inhibit PTI or PTI response. Comparative
genomics approaches have allowed identification of these effectors. Root-knot nematode
genomes are now available; for M. incognita and M. hapla, as well as cyst nematode H.
glycines and G. pallida. Through prediction of effectors using these available data, and the
confirmation of their expression in esophageal glands via In situ hybridization, effectors are
believed to be secreted into the host through the stylet. Identification of effectors is important
since deciphering their functions gives us an insight into their role in host manipulation (Abad
et al., 2008; Opperman et al., 2008; Haegeman et al., 2012; Hewezi and Baum, 2013). Most
characterized effectors specifically bind to or mimic plant proteins affecting hormonal
balance, signalling and cell morphogenesis. Calreticulins (CRTs) are the only nematode PTI
suppressors known that react directly due to a PAMP like elf18. CRTs are highly conserved
calcium binding proteins present in both plants and animals and acts as Ca?* binding

chaperones, regulating Ca?* storage and signalling. CRTs are located near nuclear
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envelope, in the cytoplasm, or at the cell surface. They regulate numerous cell functions
such as gene expression, cell adhesion and immunity regulation indirectly via calcium
binding and or directly interacting with signalling proteins (Gold et al. 2010; Michalak et al.,
2009). The calreticulin (CRT) Mi-CRT secreted from M. incognita is produced from the
subventral glands of preparasitic J2 and in the dorsal gland of parasitic stages. It is secreted
into plant via the stylet and accumulates at the cell wall of giant cells. It has been linked to
suppressing normal elf18-induced callose deposition in Arabidopsis and reduced activation
of defence-related genes (Jaubert et al., 2005; Jaouannet et al., 2012, 2013). That
notwithstanding, the type Il effector protein from Pseudomonas syringae AvrPtoB has also
been shown to suppress PTI by the ubiquitination of FLS2 and the co-receptor Chitin elicitor
receptor kinase 1 (CERK1) (Goehre et al., 2008; Gimenez-Ibanez et al., 2009). In addition,
Phytophthora infestans effector AVR3a targets the host E3 ligase CMPG1 important for the
downstream signal transduction pathway induced by INF1. This reveals the possibility that
plant-parasitic nematodes could equally target the ubiquitination pathway as some of their
effectors are similar to E3 (Gao et al., 2003; Bos et al., 2010). H. schachtii effector HS19C07
interacts with Arabidopsis UXIN INFLUX Transporter LAX3 resulting in reduced auxin
transport in the syncytium and thus interfere with its development (Lee et al., 2011; Wang et
al., 2011). Furthermore, sedentary endoparasitic nematodes secrete plant chorismate
mutase homologs that are similarly suggested to affect auxins pool and root growth as well
as the affecting the shikimate pathway, resulting in decreased SA and phytoalexin
biosynthesis (Doyle and Lambert, 2003; Jones et al., 2003; Huang et al., 2005; Grunewald et
al., 2009). M. incognita effector Mi8DO05 interacts with a plant aquaporin Tonoplast Intrinsic
Protein (TIP2) affecting nutrients and solutes transport that in turn interfering GC
enlargement and nematode feeding (Xue et al., 2013). On the other hand, H. schachtii
effector Hs10A06 targets spermidine synthase 2 to alters SA signalling and protects the
nematodes from ROS and PR proteins in Arabidopsis (Hewezi et al., 2010, 2015).

Suppression of PTI by diverse pathogens in a single host suggests that different pathogens
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may target a small number of host components generally involved in, or that regulates plant

defence responses.

Nevertheless, Effectors equally triggers ETI that counters the effects of PTI suppression and
unlike nematode induced PTI; ETI triggered by nematodes is better understood. R genes
proteins especially NB-LRR proteins that allow resistance to nematodes have been

identified. However, very few nematode Avr proteins have been identified (Smant and Jones,
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Figure 8. Immune responses during plant-nematode interaction. Nematode invasion
causes cell wall damage, which consequently release damage-associated molecular
patterns (DAMPs) and activates plant basal defence responses by Wall-Associated Kinases
(WAKSs). Nematodes secrete cell wall degrading polygalacturonases (PG) which interacts
with plant PG-inhibiting proteins (PGIPs), to form small cell wall oligogalacturonides (OGs)
that induces DAMP-associated immunity. Nematode Associated Molecular Patterns
(NAMPs) such as ascarisides are perceived by unknown plasma-membrane localized

pattern recognition receptors (PRRs) to induce Pattern Triggered Immunity (PTI)
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characterized by Reactive Oxygen Species (ROS), callose, and lignin production. BRI1
Associated receptor-like Kinase 1 (BAK1) act as a co-receptor to unidentified LRR-RLK to
initiate PTI. Nematodes, consequently, secrete apoplastic VAP1, CRT, CEP12, 4F01, 30C02
and SPRYSECs effectors to counter the immunity. Plants R-genes encoding Nucleotide
binding Leucine rich Repeat, (NLRs) recognizes effectors to initiate Effector Triggered
Immunity (ETI). In addition to NLRs, non-NLRs type R-genes also exists against nematodes.

Star (*); indicates existence of proof of nuclear localization of effectors. (Holbein et al., 2016)

Similar to ETI caused by other biotrophic pathogens, Nematode effectors can induce HR
which is targeted at the feeding structure or the cells around it for example in the case of
responses induced by Mi-1 and Hero A in tomato to root knot and potato cyst nematodes
respectively (Rossi et al., 1998; Milligan et al., 1998; Sobczak et al., 2005). However, R
genes incurring resistance for example, resistance by Rhg4 gene in soybean against H.
glycines is due to a serine hydroxymethyl transferase (Liu et al., 2012). Several Cf genes (for
resistance against Cladosporium fulvum; the leaf mold fungus), such as Cf-2, Cf-4, Cf-5 and
Cf-9, have been suggested to encode extracellular receptors that perceive elicitor molecules
secreted by the fungus (De Wit, 1992). Several Cf genes have been cloned and found to
encode proteins with LRRs, which may function as extracellular, membrane-bound receptors
(Thomas et al., 1998). Particularly, the extracellular plant immune receptor protein Cf-2 of
the red currant tomato Solanum pimpinellifolium, was previously reported to confer
resistance only to C. fulvum. Currently it is known that the root parasitic nematode G.
rostochiensis also activate Cf-2-mediated disease resistance by perturbing the apoplastic
papain-like cysteine protease Rcr3pim which is common component among the two
pathogens. Apoplastic Rcr3pim is a molecular target of the Venom Allergen-like Protein (Gr-
VAP1) of G. rostochiensis pathotype Rol-Mierenbos juveniles, released during the early
stages of nematode parasitism. However, how venom allergen-like protein Gr-VAP interacts
with Rcr3pim of S. pimpinellifolium, in nematode virulence is not yet understood. VAPSs

constitute a monophyletic clade of cysteine-rich secretory proteins within the Sperm Coating
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Protein/Tpx-1/Ag-5/Pr-1/Sc-7 (SCP/TAPS) superfamily. They are the most abundant
released secretory proteins during infection by plant and animal parasitic nematodes

(Lozano-Torres et al., 2012).

Just like in PTI, some proteins have been shown to supress nematode induced ETI. For
example, at least one member of the SPRYSEC effectors family identified in potato cyst
nematodes has been shown to suppress ETI in plants (Cotton et al., 2014). However, the
mechanism behind SPRYSEC-19 mediated ETI suppression is still unknown. Other
SPRYSECs from G. pallida also suppress ETI too. The RYSEC-19 effector from G.
rostochiensis suppresses ETI induced by Gpa2 and the related Rx in the presence of the
respective avirulence factor recognized by these R proteins (Postma et al., 2012; Mei et al.,

2015).

Regardless of these known facts about plant interaction with nematodes, there is still more
guestions that remain to be answered. The significance of the economic importance of plant
parasitic nematodes in agriculture is a driving force to try and better exploit genetics in crop
improvement. That will require an understanding of plant defense and especially PTI which
is still under-explored especially PTI activation, its induced signalling cascade and the

components involved in its regualtion.

1.3 Arabidopsis thaliana

This plant is named after Johannes thalius; a physician from Nordhausen Thiringen in
Germany. He discovered it in the Harz Mountains in 1577 and was the first to describe it,
naming it Pilosella siliquosa (Thal's Gansekresse). Carl Linnaeus (Carl von Linné) later in
1753 named the plant Arabis thaliana in honour of Thalius. In 1842, the German botanist
Gustav Heynhold who worked in botanical gardens in Dresden and Frankfurt placed it in the
newly erected genus Arabidopsis (Greek for “Like Arabis”). Thal cress or mouse-ear cress

as is commonly known is a small flowering plant and a member of the mustard family (family
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Brassicaceae) , with a wide natural distribution throughout Eurasia. Even though in 1873,
Alexander Braun described a double flower phenotype when he reported the first mutant, it
was Erna Reinholz who undertook her PhD work in Prof. Friedrich Laibach lab in Frankfurt,
who isolated the first induced Arabidopsis mutants. All in all, it was Laibach; a German
botanist and founder of the experimental Arabidopsis research, who drove attention on the
plant since the 1930s. He particularly proposed the potential of Arabidopsis thaliana as a
model organism for genetics. The growth of Arabidopsis research has over the last 40 years
been remarkable, rewarding, and transformative. Even though Arabidopsis has been found
to have no direct importance to agriculture, it has many characteristics which make it a
usable model and a reference point while deducing genetics, cellular, and molecular biology
of flowering plants. Important features include a short generation time where the whole life
cycle starting from seed germination to maturation of the first seeds takes 6 weeks. It is
small rosette plants that range from 2 to 10 cm in diameter and 20 to 25 cm tall. Flowers are
2 mm long and self-pollinates and as the bud opens, crossing can be achieved by releasing
pollen on the surface of stigma. Mature seeds are 0.5 mm long and are produced in thin
fruits called siliques; 5 to 20 mm long. A silique contains 20 to 30 seeds. This prolific seed
production through self-pollination ensures easy reproduction and production of lots of
seeds. About 750 different ecotypes have been obtained from natural populations for
experimental purposes. However; the Columbia and Landsberg ecotypes are the accepted
standards for genetic and molecular studies (Greilhuber et al., 2006; Koornneef and Meinke,
2009). Arabidopsis has its whole genome sequenced which is relatively small (114.5 Mb/125
Mb total). Arabidopsis genome has an extensive genetic and physical map on its 5
chromosomes. The Arabidopsis Information Resource (TAIR) preserves and updates a
database of genetic and molecular biology data for A. thaliana including the complete
genome sequence along with gene structure, expression and protein information. In addition,
it provides the gene DNA sequence, seed stocks, genome maps, physical markers, genetic
markers and related publications. The function of the gene is updated as research articles

are released. Efficient transformation methods utilizing Agrobacterium tumefaciens makes
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Arabidopsis very easy to genetically manipulate and thus easy to study. A huge genomic
resources and mutants lines are a readily available from Stock Centres. For example, the
Arabidopsis Biological Resource Center (ABRC) at the Ohio State University, USA and
Nottigham Stock Centre (NASC) at the University of Nottingham's Sutton Bonington
Campus, in the English county of Nottinghamshire. Arabidopsis has been described as a
host of various pathogens and as such it has been utilized for studies in plant pathology.
Plants in an entire species could confer resistance to all isolates of a microbial species for
example nematodes and they are as such referred to as hon-host or species resistance. The
breakthrough in establishing a plant nematodes interaction model was achieved when
culture conditions for successful infection and development of nematodes was established
for cyst nematodes H. schachtii, H. trifolii, and H. cajani, root-knot nematodes M. incognita
and M. arenaria as well as migratory nematode P. penetrans on Arabidopsis (Sijmons et al.,

1991). Currently, this model plant is used in plant nematode interaction studies, majoring in

H. schachtii and M. incognita as the target pathogens.

Figure 9. An illustration of different growth and development stages in Arabidospsis

thaliana.
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1.4 Objectives

Many reports have clearly demonstrated that nematode like other pathogens can trigger PTI
responses. However, the PRRS involved in nematode PTI remain elusive. In our study, we
focused on:

+ Characterization of receptor genes upregulated due to nematodes.

+ ldentification of putative receptors that recognizes conserved molecular signature
from nematodes.

++ Deducing the signalling components involved in induction of PTI due to nematodes.
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Abstract

Plant-parasitic nematodes are destructive pests causing losses of billions of dollars annu-
ally. An effective plant defence against pathogens relies on the recognition of pathogen-
associated molecular patterns (PAMPs) by surface-localised receptors leading to the activa-
tion of PAMP-triggered immunity (PTI1). Extensive studies have been conducted to charac-
terise the role of PTI in various models of plant-pathogen interactions. However, far less is
known about the role of PTl in roots in general and in plant-nematode interactions in particu-
lar. Here we show that nematode-derived proteinaceous elicitor/s is/are capable of inducing
PTI in Arabidopsis in a manner dependent on the common immune co-receptor BAK1. Con-
sistent with the role played by BAK1, we identified a leucine-rich repeat receptor-like kinase,
termed NILR1 that is specifically regulated upon infection by nematodes. We show that
NILR1 is essential for PTI responses initiated by nematodes and nilr1 loss-of-function
mutants are hypersusceptible to a broad category of nematodes. To our knowledge, NILR1
is the first example of an immune receptor that is involved in induction of basal immunity
(PTI) in plants or in animals in response to nematodes. Manipulation of NILR1 will provide
new options for nematode control in crop plants in future.

Author summary

Host perception of pathogens via receptors leads to the activation of antimicrobial defence
responses in all multicellular organisms, including plants. Plant-parasitic nematodes
cause significant yield losses in agriculture; therefore resistance is an important trait in
crop breeding. However, not much is known about the perception of nematodes in plants.
Here we identified an Arabidopsis leucine-rich repeat receptor-like kinase, NILR1 that is
specifically activated upon nematode infection. We show that NILRI is required for the
induction of immune responses initiated by nematodes and #ilr1 loss-of-function mutants
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are hypersusceptible to a broad category of nematodes. Manipulation of NILR1 will pro-
vide new options for nematode control in crop plants in the future.

Introduction

Plant-parasitic nematodes attack the majority of economically significant crops, as shown by
international surveys indicating an overall yield loss of 12%. In some crops, such as banana, a
loss of up to 30% has been reported. Losses amount to $100 billion annually worldwide [1].
The economically most important nematodes belong to the group of sedentary endoparasitic
nematodes that includes root-knot nematodes (Meloidogyne spp.) and cyst nematodes (Globo-
dera spp. and Heterodera spp.). Most chemical pesticides used for control of plant-parasitic
nematodes are environmentally unfriendly, expensive and ineffective in the long term. There-
fore, an increased demand for novel crop cultivars with durable nematode resistance is inevita-
ble [2, 3]. In this context, it is important to identify and characterize the different natural
means by which plants defend themselves against nematodes.

The infection cycle for root-knot and cyst nematodes begins when second-stage juveniles
(J2) hatch from eggs. ]2, the only infective stage, search for roots guided by root exudates.
They invade the roots by piercing the epidermal root cells using a hollow spear-like stylet.
After entering the roots, they migrate through different cell layers until they reach the vascular
cylinder. There, root-knot nematodes induce the formation of several coenocytic giant cells,
whereas cyst nematodes induce the formation of a syncytium. Because established juveniles
become immobile, the hypermetabolic and hypertrophic feeding sites serve as their sole source
of nutrients for the rest of their lives. In a compatible plant-nematode interaction, plant
defence responses are either down-regulated or overcome by the nematodes [4-6]. A cocktail
of secreted molecules including effectors that are synthesized in the oesophageal glands of the
nematodes is purportedly responsible for modulating the plant defences as well as the induc-
tion and development of the syncytium [7-10]. Whereas most root-knot nematodes reproduce
parthenogenically, cyst nematodes reproduce sexually. Although the mechanism of sex deter-
mination in cyst nematodes is not clear, studies have shown that the majority of juveniles
develop into females under favourable nutritional conditions. When juveniles are exposed to
adverse growth conditions, as it is the case with resistant plants, the number of male nema-
todes increases considerably [11].

Numerous studies have shown that plants sense microbes through the perception of patho-
gen/microbe-associated molecular patterns (PAMPs or MAMPs) via surface-localised pattern
recognition receptors (PRRs), leading to the activation of PAMP-triggered immunity (PTT).
The activation of PTI is accompanied by the induction of an array of downstream immune
responses including bursts of calcium and reactive oxygen species (ROS), cell-wall reinforce-
ment, activation of mitogen-associated and calcium-dependent protein kinases (MAPKs and
CDPKs), and massive reprogramming of the host transcriptome [12-15]. Together, these
downstream responses can fend off the pathogen’s infection. PAMPs are typically evolutionary
conserved across a class of pathogens and perform an important function in the pathogen life
cycle [16].

Plant PRRs are either plasma membrane-localised receptor-like kinases (RLKs) or receptor-
like proteins (RLPs) [14]. Both RLKs and RLPs consist of an extracellular receptor domain
(ECD) for ligand perception, a single membrane-spanning domain, but only RLKS have a
cytoplasmic kinase domain. The major classes of RLKs are leucine-rich repeat (LRR)-RLKs,
lysine-motif (LysM)-RLKs, crinkly4 (CR4)-RLKs, wall-associated kinases (WAKs),
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pathogenesis-related protein 5 (PR5)-RLKs and lectin-RLKs (LeCRKs). Nevertheless, it is
becoming increasingly clear that PRRs do not act alone but are part of multiprotein complexes
at the plasma membrane [13]. For example, the LRR-RLK BRASSINOSTEROID INSENSI-
TIVE-1 (BRI1)-ASSOCIATED KINASE 1 (BAK 1) forms receptor complexes with various
LRR-containing PRRs to positively regulate PTI [14-15, 17]. In addition to PAMPs, plant
PRRs can also perceive endogenous molecules, so-called damage-associated molecular pat-
terns (DAMPs) that are released upon cell damage or pathogenic attack [16].

Although extensive studies have been conducted to characterise the role of PTI response in
various models of plant-pathogen interactions, relatively less information is available pertain-
ing to nematode-induced PTI responses in plants. To date, no PRR that recognises a nema-
tode-associated molecular pattern (NAMP) has been identified [18]. However, some recent
work suggests that nematode infection triggers PTI responses in host through surface-localised
receptors. For example, silencing of the orthologues of BAK1 in tomato (Solanum lycopersi-
cum, SI) (SISERK3A or SISERK3B) has been shown to increase the susceptibility of these plants
to nematodes due to defects in activation of basal defence [19]. In a more recent publication, it
was shown that nematode infection triggers PTI responses in Arabidopsis in a BAK1-depen-
dent and BAK1-independent manners. These authors showed that several PTT-compromised
mutants including bakI-5 were significantly more susceptible to root-knot nematodes as com-
pared to control [20]. However, the identity of ligands and/or receptors involved in BAK1-me-
diated response remains unknown. As far as NAMP identification is concerned, ascarosides,
which are conserved nematode-secreted molecules, have been shown to elicit plant defence
responses that lead to reduced susceptibility against various pathogens [21].

In comparison to PTI, Effector-triggered immunity (ETI) during plant-nematode interac-
tion is relatively well studied. A number of host resistance genes (R-genes) against nematodes
have been described and their mode of action is relatively well investigated [22]. Notably, a
host cell-surface immune receptor Cf-2 has been shown to provide dual resistance against a
parasitic nematode Globodera rostochiensis and a fungus Cladosporium fulvum through sensing
perturbations of the host-derived protease RCR3 by the venom allergen-like protein of Globo-
dera rostochiensis [23]. In the present study, we provide evidence that nematodes induce PTI-
like responses in Arabidopsis that rely on the perception of elicitors by membrane-localised
LRR-RLKs.

Results
Nematode infection triggers PTI responses in host plants

To reveal changes in gene expression in response to nematodes at and around the infected
area, GeneChip analysis was performed. Small root segments (approx. 0.5 cm) containing
nematodes that were still in their migratory stage (defined as continuous stylet movement),
were cut and compared with corresponding root segments from plants that were not infected.
Total RNA was extracted, labelled, and amplified to hybridize with the GeneChip Arabidopsis
ATHI1 Genome (Affymetrix UK Ltd). The ATH1 Genome Array contains more than 22,500
probe sets representing approximately 24,000 genes. Subsequent analysis of the data showed
that approximately 2,110 genes were differentially expressed (FDR < 0.05; Fold change > 1.5).
Among them, 1,139 were upregulated, whereas 971 were downregulated (S1 Data). To explore
regulation of the biological processes, molecular functions, and their distribution across differ-
ent cellular components, a gene ontology enrichment analysis was performed on significantly
upregulated genes. Those categories which were particularly over-represented in the differen-
tially upregulated genes included the immune system response, response to stimulus, death,
and the regulation of the biological processes (Fig A in S1 Text). We have previously published
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a subset of 62 genes representing selected jasmonic acid (JA), ethylene (ET) and salicylic acid
marker (SA), signalling and biosynthesis genes from this GeneChip data, which were also vali-
dated by qRT-PCR [24]. In general, transcript levels of genes involved in JA/ET signalling and
biosynthesis were increased. However, in comparison to JA/ET, changes in SA-related genes
were relatively less pronounced. Nevertheless, a slight increase in a SA biosynthesis (PALI)
and few SA signalling genes (NPR1, NPR3) was also observed (S2 Data). A detailed look at the
transcriptomic data indicate that nematode infection triggered the induction of genes previ-
ously shown to be induced during PTT (Fig 1A) [25-27].

NemaWater elicits PTI responses in host plants

Our transcriptome data showed the induction of PTI-like responses upon nematode infection,
however, it was unclear whether this induction was due to the recognition of nematodes by
plant receptors or whether it was the result of wounding due to continuous nematode move-
ment. To clarify this, we established a PTI screening assay involving the measurement of ROS
burst, one of the hallmark responses of PTI. For this purpose, we incubated the pre-infective J2
of H. schachtii in H,O for 24 hours at RT. The water obtained after removing the nematodes
was termed as NemaWater (Heterodera schachtii NemaWater, HsNemaWater; Meloidogyne
incognita NemaWater, MiNemaWater) and was used to treat Arabidopsis roots (see Methods
for details). After treatment, ROS burst was measured using a root-based procedure adapted
from a previous work [27]. Flg22 and H,O treatments were used as positive and negative con-
trols, respectively. Treatment with flg22 as well as with HsNemaWater induced a strong and
consistent ROS burst in roots (Fig 1B). The ROS burst with HsNemaWater was, however,
slightly delayed as compared to flg22; the ROS burst to flg22 occurs within 10 to 40 min, while
that to HsNemaWater occurred after 20 to 120 min. Although HsNemaWater induced a con-
sistent ROS burst in Arabidopsis roots, it was not clear whether this is due to the presence of a
NAMP in HsNemaWater or whether it is due to the production of an eliciting-molecule by
plants (upon NemaWater treatment), which in turn induced production of ROS burst in
roots. Such an eliciting-molecule could be called as DAMP or a NIMP (nematode-induced
molecular pattern). One way to address the question of NAMP, or DAMP/NIMP was to dilute
the HsNemaWater with H,O and analysed the production of ROS burst in roots. We hypothe-
sised that if ROS burst is due to production of a DAMP or NIMP, diluting the NemaWater
would not only reduce the magnitude of the ROS burst but may also slow its kinetics. How-
ever, our data showed that although magnitude of ROS burst was reduced strongly upon dilu-
tion, there was no delay in production of ROS between different dilutions (Fig 1C). Next, we
incubated the HsNemaWater with Arabidopsis roots for 60 min and then used this HsNema-
Water for production of ROS burst on fresh roots. The data showed that prior incubation of
HsNemaWater with roots did not cause any significant change in magnitude as well as kinetics
of ROS Burst (Fig 1D). Regardless of the nature or origin of elicitor, activation of ROS burst
upon HsNemaWater treatment confirmed our observations from transcriptomic studies indi-
cating that PTI-like responses are induced upon nematode detection.

To confirm whether NemaWater from different species of nematodes elicit a similar
response, we produced NemaWater from the root-knot nematode species, Meloidogyne incog-
nita (MiNemaWater) and performed ROS burst assays. We observed a strong and consistent
ROS burst (Fig 1E) similar to that of H. schachtii (Fig 1B). A prolonged treatment of young
Arabidopsis seedlings with flg22 activated defense responses and leads to growth inhibition
[28]. Although the mechanism underlying this growth inhibition is unclear, it is commonly
accepted that activation of defense responses may take the resources away from growth.
Importantly, this assay has frequently been used to analyse the eliciting capacity of PTI
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Fig 1. Nematode infection induced defense responses in plants that are characteristics of PTI. (A) Expression of PTI marker genes
in microarray analysis upon nematode infection in migratory stage. Root segments from uninfected roots were used as control. Values
indicate fold change compared with control. Asterisk indicates significant difference to control (FDR <0.05; Fold change >1.5). (B) Root
segments from Col-0 plants were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0 to 120 min. (C) Root segments from Col-0 plants were treated with water, different dilutions of HsNemaWater or flg22 and ROS burst

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006284  April 13,2017 5/22

49


https://doi.org/10.1371/journal.ppat.1006284

..@.' PLOS | PATHOGENS Nematode perception in plants

was measured using L-012 based assay from 0 to 120 min. (D) Root segments from Col-0 plants were incubated with HsNemaWater for 1
hour and then this HsNemaWater was used for production of ROS burst on fresh root segments. Water, fresh HsNemaWater or flg22,
were used as controls. (E) Root segments from Col-0 plants were treated with water, MiNemaWater, or flg22 and ROS burst was
measured using L-012 based assay from 0 to 120 min. (B-E) Bars represent mean + SE for three technical replicates. Experiment was
repeated three times with same results. RLU, relative light units. (F) 5-day-old Col-0 seedlings were incubated in water, HsNemaWater or
flg22 for seven days. Fresh weight was measured at 12 days after germination. Data were analysed using t-test. Asterisk represent
significant difference to water-treated control root segments (P<0.05). Hs, Heterodera schachtii. Mi, Meloidogyne incognita.

https://doi.org/10.1371/journal.ppat.1006284.g001

components [28, 29]. We tested whether NemaWater also caused seedling growth inhibition,
and found that both flg22 and HsNemaWater inhibited seedling growth and reduced the root
weight to a similar extent (Fig 1F, Fig B in S1 Text). Our results suggest that NemaWater con-
tains potential elicitor/s that is/are recognized by an immune receptor in plants leading to the
activation of PTI-like responses. To test this hypothesis, we incubated 12-day-old Arabidopsis
seedlings in HsNemaWater for one hour: ddH,O alone was used as a control. RNA was
extracted from the roots of both the non-treated control and NemaWater-treated seedlings.
They were subsequently labelled, amplified, and hybridized with a GeneChip, as described
above. The data analysis showed that 2,520 genes were differentially expressed, of which, 1,422
were upregulated and 1,098 were downregulated (FDR < 0.05; Fold change > 1.5; S3 Data). A
gene ontology enrichment analysis for differentially upregulated genes showed the over-repre-
sentation of categories such as immune system response, response to stimulus, death, signaling
and the regulation of the biological processes (Fig C in S1 Text). A look at the expression of
hormonal response gene upon HsNemaWater treatment showed the same tendency for upre-
gulation of JA/ET-related genes as observed upon nematode infection as described above (S2
Data). Moreover, a significant increase in the expression of genes characteristics for PTI was
detected (Fig 2A). This upregulation in expression of PTI marker genes was very similar to
that observed upon infection with nematodes (Fig 2B). Interestingly, expression of camalexin
biosynthesis genes (PAD3/CYP71B15, CYP71A12) was upregulated only in nematode-infected
plants but was not regulated upon HsNemaWater treatment (Fig 2B). This was further con-
firmed by analyzing a reporter line (pCYP71A12:GUS) [30] on treatment either with nema-
todes or with HsNemaWater. We found a strong GUS expression upon nematode infection,
whereas such an expression was absent in seedlings treated with HsNemaWater (Fig 2C-2E).
We validated the microarray data by measuring the expression of 13 genes via qRT-PCR upon
treatment with HsNemaWater. Our analysis showed a similar trend for expression of selected
genes as shown by microarray data (Table 1). Together, these results suggest that both nema-
tode infection and NemaWater treatment induce PTI responses including a significant activa-
tion of JA pathways. The data analysis also showed that the changes in gene expression
triggered upon treatment of seedlings with HsNemaWater were to an extent similar to those
that were observed upon nematode infection (Fig 2F and S4 Data). Even so, both treatments
induced expression of a distinct set of genes, which may reflect differences in both treatments
such as number and concentration of elicitors, duration of treatments, physical damage, etc.

On the basis of our finding that NemaWater triggers PTI responses, we asked whether pre-
treatment with NemaWater effects plant responses to nematodes and other pathogens. To test
this, plants were pre-treated with HsNemaWater 24 hours prior to inoculation and were then
infected with juveniles of H. schachtii or M. incognita or the virulent bacterial pathogen Pseu-
domonas syringae pv. tomato (see Methods for details). We found a strong decrease in number
of nematodes in HsNemaWater-treated plants compared with Col-0 (Fig 3A and 3B, Fig D in
S1 Text). Similarly, the growth of virulent P. syringae was also reduced strongly upon HsNema-
Water treatment (Fig 3C and 3D).
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https://doi.org/10.1371/journal.ppat.1006284.9002

NemaWater-induced PTI responses are mediated by BAK1

Induction of PTI by NemaWater indicated the presence of putative elicitor(s) in NemaWater.
To test whether these elicitors is/are of proteinaceous nature, we added Proteinase K to HsNe-
maWater and performed a ROS production assay. Duration and intensity of NemaWater-
induced ROS burst varied in different experimental batches, which may be due to differences
in the concentration of elicitors in different preparations of NemaWater and the possibility
that NemaWater may contain more than one elicitor. Therefore, we used total photon count
as a more reliable parameter for quantification of ROS burst activation in this study. We
observed that the treatment of HsNemaWater with Proteinase K or heat strongly reduced the
induction of ROS burst (Fig 4A). These results were further confirmed by seedling growth
inhibition assays (Fig 4B). BAK1 has been shown to act as a co-receptor for LRR-RLKSs and
LRR-RLPs, which typically detect proteinaceous ligands [14, 15]. Considering the data from
Proteinase K treatment (Fig 4A and 4B) and recently published data on root-knot nematodes
[20], we hypothesized that bak] mutants would be more susceptible to cyst nematodes. A nem-
atode infection assay was performed on bakI-5 and the double mutant bak1-5 bkk1-1 (BKK1
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Table 1. Validation of changes in gene expression upon HsNemaWater treatment via qRT-PCR. The values represent relative fold change in response
to NemaWater treatment as compared with control roots. 18S was used as housekeeping gene to normalize the data. All values are means of three biological
replicates +/- SD.

At4g21390
At2g38470 126 100477
At4g23190 Cysteine-rich-RLK
At548540 RLK-family protein
At1g61590

B120: serine/threonine kinase

At1g69930 38.4 Glutathione-s-transferase 11

WRKY33

Defense response protein kinase

https://doi.org/10.1371/journal.ppat.1006284.t001

being the closest homolog of BAK1) [31]. Both mutants were significantly more susceptible to
nematodes compared with Col-0, as they allowed more females to develop (Fig 4C). We also
investigated whether BAK1 is required for PTI-responses upon HsNemaWater treatment and
found that the nematode-derived ROS burst was strongly reduced in bakI-5 mutants (Fig 4D).
Similar results were obtained in seedling growth inhibition assays (Fig 4E and Fig E in S1

Text).
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Fig 3. Pre-treatment with NemaWater induces resistance to pathogens. (A-B) Roots of Col-0 plants were treated with water or HsNemaWater
prior to infection and number of females were counted at 14 dai for cyst nematodes and number of galls were counted at 19 dai for root-knot
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inoculation and C. F.U/cm? was counted at 4 dai. Bars represent mean + SE. Experiments were repeated three times with similar results. Asterisks
represent significant difference to water-treated control root segments (P<0.05).

https://doi.org/10.1371/journal.ppat.1006284.9003
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Fig 4. NemaWater treatment induced PTI responses were reduced strongly upon proteinase K, heat treatment, and in bak7-5plants. (A)
Effect of Proteinase K and heat on production of ROS burst in root segments from Col-0 plants treated with water, HsNemaWater or flg22. ROS
burst was measured by using L-012 based assay from 0 to 120 min. PK, Proteinase K. Bars represent mean + SE for two independent biological
replicates. Data were analysed using single-factor ANOVA and Tukey’s post hoc test (P<0.05). Columns sharing same letter are not statistically
different. (B) 5-day-old Col-0 seedlings were incubated in water, HsNemaWater, or flg22 with or without Proteinase K for seven days. Fresh weight
was measured at 12 days after germination. Bars represent mean + SE for two independent biological replicates. Data were analysed using single-
factor ANOVA and Tukey’s post hoc test (P<0.05). Columns sharing same letter are not statistically different. (C) Average number of female
nematodes per plantin Col-0, bak7-5and bak1-5 bkk1. (D) Root segments from Col-0 and bak1-5 plants were treated with water, HsNemaWater or
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independent biological replicates. Data were analyzed using single-factor ANOVA and Dunnet post hoc test. Asterisks represent significant
difference to control (P<0.05).

https://doi.org/10.1371/journal.ppat.1006284.9004

Nematode-triggered PTl is mediated by LRR-RLK NILR1

Within the group of 593 commonly upregulated genes between two microarray experiments,
52 genes encoded RLKs (including 11 LRR-RLKs, 7 LeCRKs and 1 LysM-RK) and 2 encoded
RLPs (54 and S5 Data). Out of 52 candidate RLKs, we selected homozygous loss-of-function
T-DNA mutants for ten genes (from five different RLK families), including those coding for
three LRR-RLKs and one LeCRK. Confirmed loss-of-function mutants were then screened for
infection against H. schachtii. Of particular interest, we found one LRR-RLK mutant, termed
NILR1 (NEMATODE-INDUCED LRR-RLK 1; NILR1, At1g74360), which showed a consis-
tent increase in the number of female nematodes as compared with Col-0 (Fig 5A and Fig F
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Fig 5. Knock-out nilr1-1 enhances susceptibility to nematodes. (A) Average number of female
nematodes induced by H. schachtiiper plantin Col-0, nilr1-1and nilr2-1. Bars represent mean + SE for three
biological replicates. (B) Average number of galls induced by M. incognita per plants in Col-0, nilr1-1 and nilr2-
1. Bars represent mean + SE for three biological replicates. (C) Root segments from Col-0, and nilr1-1 plants
were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0to 120 min. Bars represent mean + SE for sixteen biological replicates. (D) 5-day-old Col-0 and nilr1-1
seedlings were incubated in water, HsNemaWater, or flg22 for seven days. Fresh weight was measured at 12
days after germination. Bars represent mean + SE for three independent biological replicates. (E) 5-day-old
Col-0 and nilr2-1 seedlings were incubated in water, HsNemaWater, or flg22 for seven days. Fresh weight
was measured at 12 days after germination. Bars represent mean + SE for three independent biological
replicates. (F) Root segments from Col-0 and nilr2-1 plants were treated with water, HsNemaWater or flg22
and ROS burst was measured using L-012 based assay from 0 to 120 min. Bars represent mean + SE for
sixteen biological replicates (A-E) Data were analysed using single-factor ANOVA and Tukey’s post hoc test
(P<0.05). Columns sharing same letter are not statistically different.

https://doi.org/10.1371/journal.ppat.1006284.g005
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and G in S1 Text). In comparison to nilrI-1, the loss-of-function mutant for NILR2
(AT1G53430) did not show any change in susceptibility to nematodes (Fig 5A). Based on our
data with Proteinase K and BAK1, we hypothesized that NILR1 may be a PRR involved in the
perception of nematodes. Therefore, this study focused on the characterization of NILRI and
NILR2, while other candidate genes will be described elsewhere.

To test NILRI’s involvement in nematode perception other than H. schachtii, we analysed
nilr1-1 mutants for infection with root-knot nematode M. incognita. Our data showed that
nilr1-1 was significantly more susceptible to M. incognita than Col-0. In comparison, there was
no change in susceptibility of nilr2-1 to M. incognita (Fig 5B). To investigate whether enhanced
susceptibility of nilrI-1 to nematodes is due to impairment in PTI responses, we performed
ROS burst assays on root segments from Col-0 and nilrl-1 upon treatment with NemaWater
from two different nematode species (H. schachtii and M. incognita). Notably, the Nema-
Water-induced ROS burst was strongly reduced in nilr1-1 (Fig 5C and Fig H in S1 Text). Simi-
lar results were obtained in seedling growth inhibition assays (Fig 5D and Fig Iin S1 Text). We
also tested nilr2-1 for seedling growth inhibition and ROS burst induction upon treatment
with NemaWater. We found that even though ROS production was reduced in #nilr2-1 upon
HsNemaWater treatment, the growth of these plants was inhibited to the same extent as Col-0
(Fig 5E and 5F and Fig I in S1 Text). Next, we isolated an additional homozygous knock-out
T-DNA line for NILR1 (nilr1-2) and analysed it for infection by H. schachtii and production of
ROS burst upon HsNemaWater treatment (Fig J-L in S1 Text). We observed that nilr1-2 plants
were impaired in ROS production and were also significantly more susceptible to H. schachtii
as compared to Col-0 (Fig K-L in S1 Text). Together our results show that NILR1 is an impor-
tant component of host immune responses that are activated upon nematode infection.

NILR1 is widely conserved in dicotyledonous plants

NILRI1 is closely related to LRR-RLK BRI1, belonging to the subfamily X of LRR-RLKs [32].
NILR1 encodes a serine/threonine kinase with 1,106 amino acid residues (predicted molecular
weight 121.8 kDa) and shows all of the characteristics of an LRR-RLK. NILR1 has been sug-
gested to have an extracellular domain with 22 tandem copies of LRRs, which are interrupted
by a 76-amino acid island located between LRR17 and LRR18. The island domain of NILR1 is
longer than those of BRI1 and contains a cysteine cluster with the pattern of Cx,5Cx;4C, which
is followed by a transmembrane domain and a cytoplasmic kinase domain (Fig M-N in S1
Text) [31]. Moreover, a pair of cysteines at the amino terminal flanks NILR1’s LRR domain
with the characteristic spacing formerly observed in several plant LRR-RLKs [33]. Previous
analysis has shown that NILR1 is presumably localised to the cell membrane, and that homo-
logs are conserved among ten different species of flowering plants [32]. To gain further
insights into molecular functions of NILR1, we determined its subcellular localization by con-
focal microscopy transiently expressing 35S::NILRI-GFP in the epidermis of Nicotianna
benthamiana. We detected a strong GFP signal at the plasma membrane (PM) (Fig 6A). The
PM localization of NILR1 was confirmed by co-localization with PM marker (see Methods for
details). To investigate the conservation of NILR1, we conducted a BLAST search using ECD’s
amino acid sequence of NILR1 against non-redundant protein sequences of all land plants.
We detected homologues of NILR1 among different species of the Brassicaceae family. Addi-
tionally, orthologues of NILR1 were found to be widely conserved in the genome of various
dicotyledonous as well as monocotyledonous plant species. (Fig O in S1 Text). To further
determine whether NILR1 is conserved across the plant kingdom and to test for effects of
NemaWater, we measured the ROS burst upon HsNemaWater treatment in the dicotyledon-
ous tomato, sugar beet (Beta vulgaris) and tobacco (Nicotianna benthamiana), as well as in
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Fig 6. NILR1 is localised in plasma membrane. (A) Confocal microscopy of epidermis of Nicotianna benthamiana transiently expressing
35S:NILR1-GFP and plasma membrane marker 35S:PIP2A-mCherry. Scale, 50 uym. (B-E) Leaf discs from tomato (B), N. benthamiana (C),
sugarbeet (D) and rice plants were treated with water, HsNemaWater or flg22 and ROS burst was measured using L-012 based assay from
0 to 120 min. Bars represent mean + SE for three technical replicates. Experiment was repeated three times with same results. RLU,

relative light units.
https://doi.org/10.1371/journal.ppat.1006284.9006
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monocotyledonous rice (Oryza sativa). We detected a strong ROS burst in sugar beet and
tomato (Fig 6B and 6C), the magnitude of ROS burst was delayed and reduced in N. benthami-
ana (Fig 6D). In comparison to dicotyledonous, experiments with monocotyledonous rice
showed that NemaWater induce a ROS burst, which was above the water control (Fig 6E).
However, this burst was strongly delayed and was not consistent across several experiments.
A further exploration of publicly available Arabidopsis expression data through the eFP
browser [33] revealed that NILR1 is only moderately expressed in sepals and in senescent
leaves under controlled growth conditions. However, NILRI expression is upregulated in
response to biotic stresses such as Botrytis cinerea, Phytophthora infestans and non-adapted
Pseudomonas syringae strains (Fig P and Q in S1 Text). Also NILR1 shows a low basal expres-
sion in various root tissues but displays a relatively high expression in endodermis, pericycle
and stele [34]. The overall structure of NILR1 and its similarity to BRI1 supports its role as a
surface-localised receptor that is involved in the perception of extracellular signals.

Discussion

In comparison to other pathosystems, not much is known about the importance of PTI in host
defense against nematodes. In fact, no PRR involved in nematode perception has thus far
been characterized. Additionally, so far only ascarosides have been recently shown to act as
NAMPs. On the other hand, a number of nematode resistance genes (R-genes) either at the
cell surface or inside cells have been characterised [22, 23]. In the present study, we provide
insights into the molecular events associated with the basal resistance of plants to nematodes.
We demonstrate that PTI-like responses are activated upon nematode infection and that they
contribute significantly to basal resistance against nematodes.

The observation that cyst nematode infection induces the activation of a number of JA bio-
synthesis and signalling genes during migratory stages is supported with biochemical measure-
ments showing an elevated amount of JA in Arabidopsis roots 24 hours after nematode
infection [24]. In contrast to JA there was no strong activation of SA signalling in our tran-
scriptome data during migratory stages. Nevertheless, a slight increase in some SA biosynthesis
and signalling genes was observed. Intriguingly, plants that are deficient in different aspects of
SA-signalling and biosynthesis have been shown to be more susceptible to cyst nematode
infection [35]. These observations raise the question as to whether JA activation in roots upon
nematode infection is only because of wounding during migration. Remarkably, we observed
the same pattern of JA activation in roots upon treatment with HsNemaWater indicating that
JA activation is an important component of defense responses that are activated upon nema-
tode recognition and is not only correlated to wounding. This hypothesis contradicts the gen-
eral view that SA plays a more prominent role against biotrophs while JA/ET appears to be
more important in resistance against necrotrophic pathogens and herbivorous insects [36-38].
This view, however, is mainly based on observations with leaf pathogens, whereas only limited
information is available on the role of plant hormones in defense against root pathogens [39].
It may be that JA plays a more dominant role in the plant-pathogen interactions in roots. This
hypothesis is supported by experiments on rice plants that indicated a key role for JA during
interaction with root-knot nematodes [40]. Unlike the migratory phase, a number of studies
addressing changes in gene expression during the sedentary phase of cyst and root-knot nema-
todes infection revealed a strong suppression of host defence responses [4-6]. Based on data
from the current study and previous literature, we concluded that nematode invasion activates
PTI responses, which are suppressed during later stages of nutrient acquisition and feeding
site development. Indeed, an increasing number of nematode effectors involved in suppression
of PTT have been characterised during last few years [8, 10, 18, 22, 23].
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We observed that NemaWater treatment triggers responses, including ROS burst, immune
gene expression and seedling growth inhibition that are characteristic of PTI. In addition,
plants treated with NemaWater were more resistant to nematodes compared with water-
treated control plants. On the basis of these data we propose that NemaWater contains elici-
tor/s that is/are perceived by plant surface-localised receptors leading to activation of PTI.

The fact that NemaWater derived from two different nematode species induces similar
responses suggests that the elicitor component/s is/are conserved among different nematode
species. Although the identity of the elicitor in NemaWater remains unknown, it is likely to be
a heat-sensitive protein since treatment with heat as well as with Proteinase K strongly reduced
its activity. Nevertheless, the residual growth inhibition in spite of addition of Proteinase K in
NemaWater hints towards the possibility of an additional non-proteinaceous NAMP in Nema-
Water. However, it is also plausible that the residual growth inhibition is caused by Proteinase
Kitself. This view is supported by our data (Fig 4A) and some previous studies where a slight
ROS burst was observed upon Proteinase K treatment alone [27].

NemaWater-induced responses are dependent on BAK1, which has been shown to actas a
co-receptor for LRR-type PRRs, which typically detect proteinaceous ligands [12, 15, 17].

Even though we hypothesise that the NemaWater-derived elicitor/s is/are perceived by a sur-
face-localized receptor, the possibility remains that such elicitor/s may not come into contact
with host plants during infection. However, the fact that NemaWater was produced by incu-
bating the nematodes without any further treatment strongly supports the idea that the elicitor
is naturally secreted into the environment. It is also possible that the treatment of seedlings
with NemaWater leads to the release of plant endogenous elicitors (DAMPs), which are again
sensed by plants leading to the activation of PTI responses. However, since diluting Nema-
Water reduced only the magnitude but did not slow down the kinetics of ROS burst and thus
makes it unlikely that a NemaWater induced DAMP is responsible for activation of PTI
responses. Regardless of the origin of elicitor, it is clear that induction of PTI responses
involves a component of NemaWater (therefore a NAMP) and is not only due to direct
mechanical wounding by nematodes.

Loss of NILRI expression enhances the susceptibility of plants to nematodes suggesting that
it is involved in the recognition of nematode-associated patterns. We propose that NILR1 is a
PRR (or a component of a PRR complex) that recognises a NAMP leading to the activation of
PTI responses. This hypothesis is supported by experiments showing that nilrl-1 is defective in
the ROS burst as well as in seedling growth inhibition upon NemaWater treatment compared
with Col-0. Notably, nilr1-1 and nilr1-2 did not respond differently to flg22 as compared with
Col-0. On the other hand, bakI-5 was defective in PTI activation in response to both flg22 and
NemaWater indicating a BAK1-mediated role for NILR1 in nematode recognition. In compar-
ison to nilrl (nilrl-1, nilr1-2), nilr2-1 did not show any change in susceptibility to neither cyst
nor to root-knot nematodes compared to Col-0. Similarly, there was no change in seedling
growth inhibition as compared with Col-0. Nevertheless, activation of ROS burst upon Nema-
Water treatment was decreased in nilr2-1 as compared with Col-0. This seemingly contradic-
tory observation raises the question as to whether NILR2 also plays a role in perception of
nematodes. A possible explanation could be that knocking out NILR2 may alter receptor com-
plex formation and function, which selectively influence downstream signalling pathways
without substantially influencing plant susceptibility to nematodes. This hypothesis also pre-
dicts that distinct signalling pathways that are activated during nematode perception may lead
to diverse signalling outputs independently from each other. In fact, a recent study suggests
activation of BAK1-dependent and BAK1-independent PTI pathways in response to RKN
infection [19].
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In conclusion, the identification of NILR1 as an LRR-RLK required for NemaWater-
induced immune responses and basal resistance to nematodes is a major step forward in
understanding of the molecular mechanisms underlying plant-nematode interactions. More-
over, the wide distribution of NILR1 among monocot and dicot plants is different from the
majority of currently known PRRs and provides a unique opportunity for manipulation. How-
ever, sequence similarity does not necessarily indicate similar functions. It is therefore plausi-
ble that some of these homologues represent BRI1 or similar receptors and appeared in our
analysis due to close similarity between NILR1 and BRI1. In fact, absence of a consistent ROS
burst in rice plants upon NemaWater treatment hints that rice plants may not encode a func-
tional NILR1. However, it is also possible that production of ROS burst upon treatment with
NemaWater in some plant species such as rice requires further optimisation. A more detailed
study would be needed to investigate this aspect.

Future work will focus on the purification and identification of elicitor/s present in Nema-
Water that are recognised in an NILR1-dependent manner. Further, conservation and func-
tion of NILR1 in various crop plants will be investigated. This will not only help in increasing
our understanding of induced immune responses, but also provide potential opportunities to
breed or engineer durable resistance against nematodes.

Materials and methods
Plant growth and nematode infection

Arabidopsis thaliana seeds were sterilized with 0.6% sodium hypochlorite and grown in Petri
dishes containing agar medium supplemented with modified Knop’s nutrient medium under
the previously described conditions [41, 42]. The infection assays with cyst nematodes were
performed as previously described [41]. Briefly, 60-70 J2s of H. schachtii were inoculated to
the surface of an agar Knop medium containing 12-days-old plants under sterile conditions.
For each experiment, 15-20 plants were used per genotype and experiments were repeated at
least three times independently. The number of females per plant was counted at 14 days after
inoculation (dai). For each experiment, 15-20 plants were used per genotype, and experiments
were repeated at least three times independently.

For infection assays with root-knot nematodes, approximately 100 J2s of M. incognita were
inoculated to the surface of agar MS-Gelrite medium containing 12-day-old plants and num-
ber of galls was counted at 21 dpi. M. incognita was propagated on greenhouse cultures of
tomato (Solanum lycopersicum cv. Moneymaker) plants. Galls on roots of tomato were cut into
smaller pieces of approximately 1 cm, crushed, and incubated for 3 min in 1.5% NaOCl,. Sub-
sequently, the suspension was passed through a series of sieves to separate nematode eggs from
root pieces. Eggs were collected in a 25 um sieve. For surface sterilisation, eggs were incubated
in a 10% NaOCl, for 3 minutes and washed with abundant sterile water. The clean egg suspen-
sion was further washed with 150 pL Nystatin (10,000 U/ mL) and 2mL gentamycin sulphate
(22.5 mg/mL) in a total volume of 30 mL. The suspension was stored at RT in darkness.
Freshly hatched J2s were rinsed in water, incubated for 20 minutes in 0.5% (w/v) streptomy-
cin-penicillin and 0.1% (w/v) ampicillin-gentamycin solution and for 3 minutes in 0.1% (v/v)
chlorhexidine and washed three times with liberal amounts of sterile autoclaved water. For
each experiment, 15-20 plants were used per genotype, and experiments were repeated at least
three times independently.

Gene expression analysis at the nematode migratory stage

Ten hours after inoculation with H. schachtii, small root segments containing nematodes with
moving stylets were marked under the binocular. Movement of stylet indicates the migration
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phase of nematodes. The infected area around nematode head was then dissected. Corre-
sponding root segments from uninfected plants were used as a control. RNA was extracted
using a Nucleospin RNA extraction kit (Macherey-Nagel, Durren, Germany) according to the
manufacturer’s instructions. The quality and quantity of RNA was analysed using an Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Nanodrop (Thermo Fisher
Scientific, Waltham, MA, USA) respectively. The cDNA synthesis was performed with
NuGEN’s Applause 3’Amp System (NuGEN, San Carlos, CA, USA) according to the manufac-
turers’ instructions. NuGEN’s Encore Biotin Module (NuGEN) was used to fragment cDNA.
Hybridization, washing and scanning were performed according to the Affymetrix 30 Gene-
Chip Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA, USA). Three chips
each were hybridized with control and infected samples, with each microarray representing an
independent biological replicate. The primary data analysis was performed with the Affymetrix
Expression Console v1 software using the MAS5 algorithm.

NemaWater production and gene expression analysis upon NemaWater
treatment

Approximately 300 brown cysts were collected from nematode stock culture, which was main-
tained on mustard roots under sterile conditions. These cysts were incubated in 3 mM ZnCl,
in funnels (hatching chambers) to induce hatching. Before collection of ]2s, the hatching
chamber was checked for microbial contamination. After seven days, J2s were collected in a
falcon tube containing double distilled autoclave water. The mixture of nematode in ZnCl,
was spinned at 800 rpm for 3 min and supernatant was discarded. Afterwards, 1 ml of 0.05%
HgCl, was added and nematodes were incubated in it for 3 min to surface-sterilize them.
HgCl, was then removed and autoclaved double distilled water was added in excess (approxi-
mately 30 ml). The J2s were left in water for three min to wash them and remove HgCl,. After
3 min, nematodes were spinned down at 800 rpm for 3min and the entire washing step was
repeated three times.

Approximately 40,000 sterile ]2s of H. schachtii were incubated in 2 ml dd H,O for 24 hours
at room temperature with continuous shaking. Afterwards, the nematode-water mixture was
briefly centrifuged at 800 rpm for 2 minutes. The supernatant was removed to a new Eppen-
dorf tube and was labelled as NemaWater. All steps of NemaWater production were per-
formed under sterile conditions. Twelve-days-old Arabidopsis plants grown in Knop medium,
as described above, were removed from agar plates and incubated in NemaWater for one hour
each. Whole roots from 10 plants were cut and frozen in liquid nitrogen. Arabidopsis roots
treated only with dd H,O were used as a control. Three biological replicates were performed.
RNA was extracted, amplified and hybridised to perform a microarray analysis, as described
above. Three chips for each were hybridised for a control and for NemaWater treated samples,
with each microarray representing an independent biological replicate.

Statistical analysis of microarray data

Affymetrix.CDF and.CEL files were loaded into the Windows GUI program RMAExpress
(http://rmaexpress.bmbolstad.com/) for background correction, normalisation (quantile) and
summarisation (median polish). After normalisation, the computed robust multichip average
(RMA) expression values were exported as a log scale to a text file. Probe set annotations were
performed by downloading Affymetrix mapping files matching array element identifiers to
AGI loci from ARBC (http://www.arabidopsis.org). All genes that were more than 1.5 fold dif-
ferentially regulated (t-test; P < 0.05) were pre-selected for further analysis using False dis-
cover rate at 5%.
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Validation of microarray chip data upon NemaWater treatment

To validate the microarray expression data, 11 up- and two down-regulated genes were ran-
domly selected. The samples were collected in the same manner as the microarrays analysis for
NemaWater. RNA was extracted using a Nucleospin RNA Xs (Macherey- Nagel, Germany) kit
according to the manufacturer’s instructions. cDNA was synthesized using a High Capacity
c¢DNA Reverse Transcription Kit (Life technologies cat.no. 4368814), according to the manu-
facturer’s instructions. The transcript abundance of targeted genes was analysed using the Ste-
pone Plus Real-Time PCR System (Applied Biosystems, USA). Each sample contained 10 pL of
Fast SYBR Green qPCR Master Mix with uracil-DNA, glycosylase, and 6-carboxy-x-rhoda-
mine (Invitrogen), 2 mM MgCl,, 0.5 pL of forward and 0.5 pL of reverse primers (10 pM),

2 uL of complementary DNA (cDNA) and water in 20 pL of total reaction volume. Samples
were analysed in three technical replicates. To serve as an internal control, 18S genes were
used. Relative expression was calculated as described previously [43], by which the expression
of the target gene was normalized to 18S to calculate fold change. All primer sequences are
listed in S6 Data.

Genotyping and expression analysis of knock-out mutants

Single T-DNA inserted knockout mutants for selected genes (AT1G74360: nilrI-1,
SAIL_859_HO1, nilr1-2, GK-179E06; AT1G53430: nilr2-1, SALK129312C) were ordered from
relevant stock centre. The homozygosity of mutants was confirmed via PCR using primers
given in S6 Data. The homozygous mutants were confirmed to be completely absent from
expression through RT-PCR with primers given in S6 Data.

Oxidative burst assay

The production of an ROS burst was evaluated using a modified protocol adapted from previ-
ous work [27]. Small root segments (approx. 0.5 cm) were cut from 12-days-old plants and
floated in ddH,O for 12 hours. Afterwards, the root segments were transferred to a well in a
96-well plate containing 15 ul of 20 ug/ml horseradish peroxidase and 35 pl of 0.01M
8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d] pyridazine sodium salt (L-012, Wako
Chemicals). Next, 50 pl of either 1 uM flg22 or NemaWater was added to the individual wells.
The experiments were performed in four technical replicates, and ddH,O was used as a nega-
tive control. Light emission was measured as relative light units in a 96-well luminometer
(Mithras LB 940; Berthold Technologies) over 120 minutes and analysed using instrument
software and Microsoft Office Excel. For experiments with Proteinase K, 100 ul of Proteinase
K was added to 1 ml of NemaWater or flg22, and the mixture was incubated at 37°C for 4
hours. For heat treatment, samples were incubated at 90°C for 30 min. ddH,0 was used as a
negative control. The experiments were performed in three technical replicates and indepen-
dently repeated multiple times as indicated in figure legends.

Growth inhibition assay

Arabidopsis plants were grown in Knop medium, as described above. Five-days-old plants
were transferred to a well in a 6-well plate containing a liquid MS medium supplemented with
either 1 ml of 1 uM flg22 or NemaWater. ddH,O was used as a negative control. Fresh weight
and length of the roots were measured 7 days after they were transferred to MS medium. The
experiments were performed in three technical replicates and independently repeated multiple
times as indicated in figure legends.
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In silico structural analysis and localization of NILR1

The amino acid sequence for ECD of NILR1 was used to blast against all land plants sequences
resulting in 318 hits across kingdom. Representative sequences from 44 unique species were
used to generate a multiple alignment file. A Gblock function was used to refine alignment,
and a maximum-likelihood analysis was performed with the PHYML software [44]. A non-
parametric approximate likelihood ratio test was used for branch support as an alternative to
usual bootstrapping procedure [45].

ECD sequence of NILR1 was used to search the SWISS-MODEL template library (SMTL
version 2016-03-23, PDB release 2016-03-18) with Blast and HHBlits for evolutionary related
matching structures matching [46-48]. NILR1 match best with BRASSINOSTEROID INSEN-
SITIVE 1 (BRI1) and the PDB file from SWISS-MODEL was used to view 3-dimensional
structures with NCBI Cn3D [49].

Coding region of NILR1 was amplified without stop codon using gateway forward and
reverse primers as given in S6 Data. The amplified fragment was cloned into pPDONR207
using BP clonase (Invitrogen) according to manufacturer’s instructions. The resultant pEN-
TRY vector (pENTRY/NILR1) was then used to clone NILRI into the destination vector
pMDC83:CGFP [50] using LR clonase (Invitrogen) according to manufacturer’s instructions.
The expression vector (35S:NILR1-GFP) was transformed into Agrobacterium strain GV3101
and co-infiltrated together with a plasma membrane mCherry marker 35S:PIP2A-mCherry
[51] into epidermis of 6-week old Nicotianna benthamiana leaves [52]. The GFP and mCherry
signal was detected using a confocal microscope (Zeiss CLSM 710).

Supporting information

S1 Text. (A) GO categories preferentially upregulated during migratory stages of nematode
infection. (B) Inhibition of root growth upon NemaWater treatment. 5-day-old Col-0 seed-
lings were incubated in water, HsNemaWater or flg22 for seven days. Fresh weight of root was
measured at 12 days after germination. Data were analyszed using t-fest. Asterisk represent sig-
nificant difference to water-treated control root segments (P<0.05). Hs, Heterodera schachtii.
(C) GO categories preferentially upregulated upon NemaWater treatment. (D) An illustration
of our method for cyst nematode counting. Each petridish is screened at 14 dpi under the bin-
ocular microscope and each female nematode is marked (represented by dots) to calculate rate
of infection per plant. (E) NemaWater treatment growth inhibition was reduced strongly in
bak1-5. 5-day-old Col-0 and bakI-5 seedlings were incubated in water, NemaWater, or flg22
for seven days. Fresh weight of the root was measured at 12 days after germination. Data were
analyzed using single-factor ANOVA and Dunnet’s post hoc test (P<0.05). Columns sharing
same letter are not statistically different. (F) Genotyping for NILR1 and NILR2 mutants.
Genomic DNA of Col-0 or knockout lines (nilrl-1, nilr2-1) was PCR amplified using primers
given in S6 Data. The presence or absence of intact wild-type allele is shown. (G) RT-PCR for
presence or absence of gene expression in Col-0 or knockout mutants. RNA from Col-0 or
knockout lines (nilrl-1, nilr2-1) was extracted to synthesize single stranded cDNA. The pres-
ence or absence of expression is shown using primers given in S6 Data. (H) Knock-out nilr1
enhances susceptibility to nematodes. Root segments from Col-0, and nilr1-1 plants were
treated with water, flg22 or NemaWater from M. incognita (MiNemaWater) and ROS burst
was measured using L-012 based assay from 0 to 120 min. Bars represent mean + SE for twelve
biological replicates. (I) NemaWater-induced growth inhibition was reduced strongly in nilr1-
1. 5-day-old Col-0, nilr1-1and nilr2-1 seedlings were incubated in water, NemaWater, or flg22
for seven days. Fresh weight of the root was measured at 12 days after germination. Data were
analyzed using single-factor ANOVA and Dunnet’s post hoc test (P<0.05). Columns sharing
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same letter are not statistically different. (J) Expression analysis of for nil1-2 mutants. RT-PCR
for presence or absence of gene expression in Col-0 or knockout mutants. RNA from Col-0 or
knockout line (nilr1-2) was extracted to synthesize single stranded cDNA. The presence or
absence of expression is shown using primers given in S6 Data. (K) Knock-out nilr1-2
enhances susceptibility to nematodes. Average number of female nematodes per plants in Col-
0 and nilrl-2. Bars represent mean + SE for six biological replicates. (L) Knock-out nilrl-2
enhances susceptibility to nematodes. Root segments from Col-0 and nilr1-2 plants were
treated with water, flg22 or NemaWater from M. incognita (MiNemaWater) and ROS burst
was measured using L-012 based assay from 0 to 120 min. Bars represent mean * SE for three
technical replicates. Experiment was repeated three times with similar results. (M) NILR1
encodes a LRR receptor kinase. Primary structure of the NILR1 divided into signal peptide; N-
terminal containing a pair of cysteine residues (underlined); the LRR domain with LRR con-
sensus residues in grey; the island domain containing a cysteine cluster with the pattern of
Cx2Cx16C; the transmembrane domain; and the Ser/Thr kinase domain. (N) A putative struc-
tural model for ECD of NILR1. The model was built using BRI1 as template. Conserved and
similar residues between BRI1 and NILRI are highlighted as red or blue respectively. Grey
color represents additional residues. (O) Conservation of NILR1 in land plants. A phylogram
tree generated from maximum-likelihood trees construction method based on alignment of
sequence spanning NILR1’s ECD. The number next to each branch (in brown) indicates a
measure of support. The number varies between 0 and 1 where 1 represent maximum. (P)
Expression of NILR1 during development stages of plants. As revealed by eFP browser. (Q)
Expression of NILR1 under different biotic stress conditions as revealed by eFP browser [34].
(PDF)

S1 Data. Arabidopsis genes differentially regulated (FDR <0.05; Fold change >1.5).during
migratory stages of nematode infection. Root segments from uninfected roots were used as

control. Values indictae fold change compared with control.
(XLSX)

$2 Data. Expression data for a selection of Jasmonic Acid- (JA), Ethylene- (ET) and Sali-
cylic Acid genes (SA)-related biosynthesis, signaling and marker genes with fold changes
obtained from microarrays analysis representing migratory stages of nematode infection.
Values indictae fold change compared with control. Values in green are significantly different
(FDR <0.05; Fold change >1.5).

(XLSX)

$3 Data. Arabidopsis genes differentially regulated (FDR <0.05; Fold change >1.5) upon
HsNemaWater treatment. Root segments from uninfected roots were used as control. Values
indictae fold change compared with control.

(XLSX)

$4 Data. A set of commonly upregulated genes between two microarrays (S1 and S3 Data).
(XLSX)

S5 Data. All RLKs and RLPs differentially commonly upregulated between two microar-
rays (S1 and S3 Data).
(XLSX)

S6 Data. Primer sequences used in this study.
(DOCX)
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Abstract

Plant parasitic nematodes are of great economic importance for they cause massive losses
in agriculture. A credible solution to their control begins by understanding how plants defend
themselves against the pathogen. The first line of plant defense is induced by recognition of
Pathogen Associated Molecular Patterns (PAMPSs) by Plant Recognition Receptors (PRRS).
We previously reported the first receptor that recognized nematodes; NILR1. However,
considering the large number of receptor genes that were reported to be up regulated due to
nematodes, we sort to explore further to identify more nematode receptors. Here we report
four genes; CRK10 (At4g23180), CRK19 (At4g23270), NILR3 (At1g53440) and NEK5
(At3g20860), essential in PAMP triggered immunity against sedentary plant parasitic

nematodes as their loss of function mutants were hyper susceptible.

68



Identification of putative plant receptors

Introduction

Plant parasitic nematodes are a major cause of food insecurity worldwide (Nicol et al., 2011).
The most economically significant species belong to the cyst and root-knot nematode
classes. They infect a majority of plants belonging to family brassicaceae and cause disease
symptoms in the plant characteristic to those of malfunctioning root system like stunted
growth, galling or formation of cysts in the roots and excessive formation of lateral roots.
Above the ground, there is stunted development of leaves, foliage yellowing and wilting
(Jones et al., 2013). Management of these nematodes has for a long time involved utilization
of chemical based nematicides, which are not only expensive and harmful to the
environment but also nematodes acquired resistance against them (Morris et al., 2016). The
most effective and efficient control strategy is believed to be the production of resistant
varieties. To achieve this, understanding plant nematode interaction and especially plant
defense is inevitable. Plant defense exist as innate immunity and Effector Triggered
Immunity (ETI) where the latter is induced by effectors secreted into the cell by the pathogen
once it overcomes the innate immunity. While ETI is widely studied against nematodes, very
little is known about nematode-induced innate immunity. As the first level of defense before
the pathogen enters the plant cell, innate immunity is generally characterized by Plant
Recognition Receptors (PRRs), which perceives conserved molecular signatures commonly
known as Pathogen Associated Molecular Patterns (PAMPSs). PAMP-triggered Immunity
(PTI) has been well studied in all other patho-systems and it involves a series of cellular
events including Reactive Oxygen Species (ROS) and calcium bursts, activation of Mitogen
Associated protein Kinases (MAPKSs), and callose depaosition in the cell wall among others
(Jones and Dangl, 2006). It is not until recently when the first nematode molecular pattern
was identified as ascarosides (Manosalva et al., 2016). This family of small-molecule
pheromones is characteristic of the whole Nematoda phylum, however, the receptor
recognizing ascarosides is yet to be identified. In addition, we recently reported a receptor

that is involved in recognition of nematodes; the membrane-localized NILR1 as described in
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chapter 2 is a receptor like kinase belonging to the LRR super family. Lack of NILR in
Arabidopsis rendered the plant susceptible to nematode infection. However, the PAMP
whose recognition is mediated by NILR1 remains unknown. These discoveries, however,
have shed new light on nematode-induced PTI and have paved the way for further studies.
Nevertheless and regardless of these discoveries, previously reported transcriptomic data at
nematode migratory stage and due to a nematode diffusate; NemaWater, revealed a huge
number of upregulated genes involved in various biological processes such as response to
stimulus, death and immune system response (Mendy et al., 2017). Among these genes, 51
belong to the Receptor-Like Kinase (RLK) family suggesting that there are multiple receptors
involved in nematode induced PTI. Here we analysed the role of 25 of these genes in
nematode infection that had not been previously studied. Expectedly, a number of genes
belonged to Leucine-Rich Repeat (LRR) family similarly to NILR1. Another family heavily
implicated was Cysteine-rich Receptor-like Kinases (CRKs) family formed by the Domain of
Unknown Function 26 (DUF26) RLKs, which have been suggested to play important roles in
the regulation of pathogen defence and programmed cell death. In addition, NIMA rElated
Kinases (NEKSs) implicated in cell cycle control showed potential involvement in nematode

induced defense.

Results

CRKs and NILR3 play arole in immunity against nematodes.

Among the 51 RLKs genes upregulated in two microarray data previously reported (Mendy
et al., 2017), we selected 25 genes (Table 1) whose role in nematode infection was
unknown. Loss-of-function mutants were obtained and screened for infection against H.
schachtii. Infection was demonstrated by deducing the average number of females per plant
in percentage to Col-0 at 100%. Among the 25 mutants tested, there were 2 mutants of CRK
genes; CRK10 (At4g23180) and CRK19 (At4g23270). Crk19 (At4g23270) was significantly

susceptible to infection by H.schachtii compared to wild type ColO (Fig. 1). On the contrary to
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Crk19 (At4g23270), crk10 (At4g23180) showed no difference with Col-0 when infected with

H. schachtii.
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Figure 1. The average number in percentage of female H. schachtii nematodes per
plant in Col-0 and 25 RLKs TDNA-insertion lines. Bars represent mean + SE for three

biological replicates.

To identify their involvement in nematode perception besides that of cyst nematode, we
analysed CRK10 (At4g23180) and CRK19 (At4g23270) mutants for infection with root-knot
nematode M. incognita. Interestingly, our data showed no difference in susceptibility of crk19
(At4g23270) to infection in comparison to wild type Col-0 (Fig. 2). The opposite was true for
crk10 (At4g23180) which was significantly hyper susceptible to infection with M. incognita
compared to Col-0. Similary to crk19 (At4g23270), One mutant of an LRR gene; nilr3
(Nematode Induced LRR-RLK 3) At1g53440)), was only significantly hyper susceptible to

infection by H. schachtii and not to M. incognita compared to Col-0 (Fig 1 & 2).
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NEK5 role in PTlis conserved within sedentary plant parasitic

nematodes

Among the 25 mutants tested for susceptibility to both H. schachtii and M. incognita, one
was a loss of function mutant of NIMA-related kinase 5 (NEKS5). In contrast to CRK mutants,
nek5 (At3g20860) was significantly hyper susceptible to infection by both H. schachtii and M.

incognita compared to wild type Col-0 (Fig 1 & 2).
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Figure 2. The average number in percentage of galls induced by M. incognita per plant
in Col-0 and 8 RLKs TDNA-insertion lines. Bars represent mean + SE for three biological

replicates.

72



Identification of putative plant receptors

PSKR1 acts negatively to PTI during infection by cyst nematode H.

schachtii.

Out of the 25 mutants tested, only 4 described above were significantly hypersusceptible to
infection by either or both H. schachtii and M. incognita. Although transcriptome level of one
of the LRR receptor gene was upregulated; Phytosulfokine receptor 1 (PSKR1) (At2g0220),
its loss of function mutant (pskrl (At2g0220)) was resistant to infection by H. schachtii (Fig
1). Nevertheless, there was no significant difference in percentage galling due to M.

incognita when pskrl (At2g0220) was compared to wildtype Col0 (Fig 2).

Discussion

Recent studies on PTI in plants against nematodes have shed the light on a topic that was
largely unknown. Demonstrating the ability of ascarosides to induce PTI like responses to
great extent hinted the plants ability to recognize molecules embedded or released by
nematodes. In addition, identification of NILR1 further demonstrated that plant receptors
have ability to interact with nematode in activities that leds to induction of PTI responses.
Here we analysed 25 other genes that had previously been reported to be upregulated by
cyst nematode H. schachtii. CRK19 (At4g23270) and NILR3 (Atl1g53440) demonstrated
roles in PTI induced specifically by cyst nematodes while CRK10 (At4g23180) only to root
knot nematodes. Interestingly, NEK5 (At3g20860) was shown to play a role against both
sedentary parasitic nematodes. Never In Mitosis A (NIMA) is a Ser/Thr protein kinase that
was originally found in a mitotic mutant of Aspergillus nidulans (Oakley and Morris, 1983;
Osmani et al., 1987). NIMA rElated Kinases (NEKSs) are family mitotic kinases which exist
conservatively in eukaryotes such as budding yeast (Saccharomyces cerevisiae),
Chlamydomonas, Tetrahymena, mammals, plants among others (O’Regan et al., 2007;
Parker et al., 2007). NEKs have a conserved N-terminal catalytic serine/threonine kinase
domain, as well as a long basic C-terminal non-catalytic extension. They are mainly involved

in various mitotic functions like mitotic initiation, spindle formation, centrosome separation
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and cytokinesis in fungi and mammals. In plants NEKs are quite conserved having been
successfully retrieved from poplar, Arabidopsis and rice whose genome contains nine, seven
and six NEK members respectively (Vigneault et al., 2007). Many of the plant NEKs have
been associated with hypocotyl development and flowering while some such as AtNEK6 has
not only been involved in plant growth regulation and responses to ABA and high osmolarity
during the seed germination stage, but also plays a role in salt tolerance and abiotic stresses
(Sakai et al., 2008; Lee et al., 2010). However, except these few studies, functions of plant
NEKSs remain unknown, and their role in plant growth and stress response are still largely
unclear. In our study, we demonstrated that AtINEKS5 plays a role in PTI against sedentary
plant parasitic nematodes. It's expression is the highest among all the AtNEKs and in roots,
its mostly expressed in mature tissues. Fortunately, AtINEKS5 is widely conserved in plants as
it has homologues in rice Oryza sativa (Os) (OsNek6; 0s02g37830) and poplar Populus
trichocarpa (Pt) (PtNek6 grail3.0152000301 °) (Vigneault et al., 2007). While very little is
known about NEKSs in plants, NEK5 remain as the first receptor in the NEK family to be

associated with pathogenic responses specifically against nematodes.

Unlike NEKs, CRKs are well known receptors. In the study, CRK19 and CRK10 indicated a
role in defense against cyst nematodes and root-knot nematodes respectively. This
phenomenon can be likened to various reports that have associated CRKs to biotic stress
including but not limited to pathogen defence and programmed cell death (Acharya et al.,
2007; Wrzaczek et al., 2010). CRKs are group of RLKs also referred to as DUF26 (Domain
of Unknown Function 26; PFAM domain PF01657) RLKs and are characterized by a single
or multiple repeats of DUF26 domain (also called antifungal domain since it has the
antifungal protein ginkbilolobin-2 (Gnk2) from Ginkgo biloba) consisting of four conserved C-
X8-C-X2-C cysteine motif in their extracellular domain (Fig 4). The conserved cysteine
residues it's believed to maintain the CRKs" three-dimensional structure through disulphide
bridges. It also forms zinc finger motifs to mediate protein-protein interaction and may be the

target for thiol redox regulation (Idanheimo et al., 2014). This group is one of the largest in
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RLK family in Arabidopsis containing 44 members arranged in several clusters of which 19
of them are simultaneously in chromosome IV starting with CRK5 to CRK24 excluding CRK9
(Fig 3) (Chen et al., 2001). The rest of the 23 CRKs from CRK1 to CRK46, are distributed
within chromosomes |, Ill and V in Arabidopsis. Expression of several AtCRKs is not only
induced during plant development but also by pathogens infection, Salicylic acid (SA),
Ozone and Reactive Oxygen Species (ROS) (Czernic et al., 1999; Du and Chen, 2000;
Chen, 2001; Chen et al., 2003; Acharya et al., 2007; Ohtake et al., 2000; Wrzaczek et al.,
2010; Bourdais et al., 2014). For example CRK4, CRK5, CRK19 and CRK20 have been
associated with defense against Pseudomonas syringae such as cell death and SA
dependent responses to infection (Czernic et al., 1999; Chen et al., 2003, 2004; Acharya et
al., 2007; Ederli et al., 2011; Yang et al., 2013). CRK-interacting protein; kinase-associated
type 2C protein phosphatases is known to interact with these CRKs through its kinase-
interacting FHA domain. Therefore, CRK19 could possibly have dual function as its ability to
induce defense is confirmed not to be restricted to bacteria, but also due to nematode
recognition. The close relation in CRK19 structure to CRK5, CRK4 and 20 and their joint
interacting protein are high indications which are yet to be proven of their shared biological
functions in nematode induced PTI as they are in bacteria defense responses. CRK10 on
the other hand has been hypothesized to be cytokinin-regulated since it contains an adenine
aptamer motif. Transcriptome analysis of genes differentially expressed upon cytokinin
treatment has actually shown that CRK10 is downregulated by three folds. However, direct
binding of cytokinin to the extracellular domain of CRK10 is yet to be proven (Grojean and
Downes, 2010). Promoter analysis of CRK10 has been reported to contains a W-boxes
recognized by the plant WRKY18 TF. In addition, WRKY proteins are important for inducible
expression of CRK10 (Du and Chen, 2000). It is therefore highly possible that the role of
CRK10 in nematode perception is related to WRKYs transcription factors involved in plant

defense.
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LRR-RLKs have been widely associated with perception of microbial ligands. In our study,
NILR3 (At1g53440) indicated a role in plant defense against cyst nematodes. While the
function of this gene remain mostly unknown, expression of NILR3 homology in cucumber
Cucsa.057870.1 (referred to as probable LRR receptor-like serine/threonine-protein kinase)
was altered in leaves of aphid-infested cucumber plants (Liang et al., 2015). Both Aphids
and nematodes can cause physical disruption of tissues and as such releases Damage
Associated Molecular Pattern (DAMP) that might be recognized by NILR3. Similarly, a

common PAMP between nematodes and aphids could be involved.
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Figure 3. Location of CRK10 and CRK19 genes in chromosome 4 and their domain
structure. (A) CRK10 and CRK19 are located in the largest tandem array on chromosome

IV (CRK5-CRK24). (B) CRKs have conserved protein structure that includes a signal
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peptide (SP), an extracellular domain containing one or more cysteine-rich DUF26 domains,

transmembrane domain (TM), and intracellular kinase domain.

Our most intricately surprising finding in our study is the role of PSKR1 in nematode
susceptibility regardless of its upregulated gene expression in our previously microarray data
(Mendy et al., 2017). This receptor perceives Phytosulfokine (PSK); a Penta peptide of the
sequence Tyr-lle-Tyr-Thr-Gln containing a sulphate group on each of the two tyrosine
residues (Sauter, 2015). PSK were first identified in cell cultures of Asparagus
(Matsubayashi and Sakagami, 1996). PSK promotes somatic embryogenesis, pollen
germination and adventitious root formation (Yamakawa et al., 1998; Chen et al., 2000;
Hanai et al., 2000; Igasaki et al., 2003). PSKRL1 has a putative GC catalytic domain within
subdomain IX of its kinase a characteristic it shares with the DAMP receptor PepR1 (Qi et
al., 2010; Kwezi et al., 2011). While PSK is also perceived to lesser extent by PSKR2, only
PSKR1 is the main receptor and the most widely studied. Among the LRR receptor kinases,
the PSK receptors PSKR1 and PSKR2 are closely related to the brassinosteroid receptor
(Brassinolide Insensitive 1 BRI1) involved in growth. The leucine-rich repeats of PSKR1,
PSKR2, and BRI1 contain an island domain which binds their ligands (Kinoshita et al., 2005;
Shinohara et al., 2007; Clouse, 2011). Studies have revealed binding of PSKR1 to
Arabidopsis thaliana H (+)-ATPase (AHA1) and AHA2, the two most highly expressed
isoforms of AHA gene family of 11 members. In comparison, BRI1 similarly activates AHAL
and hyperpolarization of the plasma membrane in a brassinolide-dependent manner. Most
interestingly, Just like BRI1, PSKRL1 interacts with BRI1 Associated Kinase 1 (BAK1) to form
a PSKR1/BAK1 complex. BAK1 binds to several LRR receptors recognizing ligand from
numerous pathogens as it does to the growth receptor BRI1 and as such very vital in growth
and defense especially in PTI simultaneously. Functionally so far, PSK signalling through
PSKR1 regulates root and hypocotyl elongation of Arabidopsis seedlings (Matsubayashi et
al., 2006; Kutschmar et al., 2009; Stihrwohldt et al., 2011; Caesar et al., 2011). Besides this

role, there are contrdadicting reports on PSKRL1 role in plant defense. For example, loss of
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function mutants of PSKR1 are more resistant to biotrohic bacteria Pseudomonas syringae
pv. Tomato DC3000 and showed reduced formation of lesions (lgarashi et al., 2012).
Contrary, pskrl mutant was more susceptible to necrotrophic fungi Alternaria brassicicola by
increased fungal growth unlike in wild type. In plant nematode interactions, pskrl mutants
are observed to have impairment of root-knot nematode reproduction and the giant cells
development is not fully differentiated or halted (Rodiuc et al., 2016). Likewise, here we
report that loss of function mutant of PSKR1 was more resistant to biotrophic cyst nematode.
The role of PSKR1 in Plant defense is thus pathogen-dependent and this antagonistic effect
between biotrophic and necrotrophic pathogen resistance is linked to enhanced SA and
reduced jasmonate pathways. PSKR1 therefore act similarly to BRI1 as they share
regulatory elements and they both respond negatively to immunity responses during defense
and growth cross talk. However, downstream signalling upon PSK perception is still unclear

and the mechanism underlying these regulatory functions remain to be explored.

In conclusion, this study explores various genes that are involved in PTI and can possibly
perceive nematode ligands. It is intriguing to find these four genes from families associated
with pathogenic responses, playing a vital role in PTI. Further studies require elucidation of
the components involve in their PTI roles, be it the PAMP recognized or the downstream

signalling components.

Material and methods

Plant growth

Single T-DNA inserted knockout mutants for the listed RLKs genes were ordered from
Nottingham Stock Centre (NaSC) (Table 1). Arabidopsis wildtype Col-0 and RLKs mutants’
seeds were sterilized in 0.7 % NaOcl and the bleach extracted with 70% Ethanol. The seeds
were rinsed 5 times with autoclaved distilled water and air-dried under the clean bench.
Seeds were seeded in petri dishes (Fig 4A) of modified KNOP and or Murashige and Skoog

(MS) media and then incubated in long day conditions (16hrs light/8hrs dark).
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Table 1. List of RLKs TDNA insertion mutants screen for susceptibility to nematodes.

Gene Order Mutant type Locus Gene Order Mutant type Locus
count Numbe count  Number
r

1 N872213 Sail-51-E04 AT4G30340 15 N663996 Salk-130548C  At1g53440

2 N862547 Sail-321-F05 AT3G59700 16 N678301 salk-028536C At5924430

3 N664269 Salk- At4921390 17 N685170 salk-008585C At2902220
147351C

4 N686377 Salk- At4g32300 18 N686653 salk-111817C At5965600
076637C

5 N677232 Salk- At1g11330 19 N675275 salk-057158C At3909830
143489C

6 N663753 Salk- At4923180 20 N800003 CS800003 AT1G73080
116653C

7 N661711 Salk- At4923270 21 N2030753 GK-878D10-1 Atlg16670
019639C

8 N671724 salk- At3914840 N2030754 GK-878D10- At1g16670
094512C 10

9 N654909 salk- At1g06840 22 N414335 GK-150C07-8 AT5G47070
134409C

10 N663387 Salk- At1g09970 23 N446527 GK-485F03-4 AT3G59350
094492C

11 N660433 Salk- At39g20860 24 N423042 GK-241A02-7 AT1G66880
054652C

12 N663922 Salk- At1g61370 25 N412564 GK-131G12-7 AT3G57120
126675C

13 N860331 Salk-091274  AT5G25930 N412564 GK-131G12- AT3G57120

10

14 N684335 Salk- At4g18950

099335C
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Plastic
tube

250 ml beaker

Figure 5. 12 days old Arabidopsis plants on KNOP medium (Left). Hatching of H.
schachtii in its chamber made up of a 100um sieve in a funnel. The J2s hatch from the

cyst in 0.05% zinc chloride ( Right).

Nematode infection

H. schachtii assay: J2s hatched from cysts of a sterile H. schachtii culture (Fig 5B) and
were sterilized using 0.03% mercury chloride (HgCI2) for 3 minutes after which, they were

rinsed thoroughly with autoclaved distilled water.

Figure 6. An illustration of H. schachtii female at 14 days post infection and its
syncytium (Left) and galling at 21 days post infection with M. incognita (right) whose

sizes were measured as a parameter for susceptibility to nematode.

Approximately 60 to 70 sterile J2 were inoculated to 12days old mutant and colO wild type in

plants knop medium under sterile conditions. 12 plants were used per genotype while the
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experiments were done independently and in triplicates. The number of females per plant

was counted at 14 days post inoculation (Fig 6A).

M. incognita assay: M. incognita eggs were extracted from heavily galled tomato (Solanum
lycopersicum cv. Money-maker) plants from a greenhouse propagated culture. Tomato
plants were blended in 1.5% NaOCI2 for about 3 minutes and rinsed with tap water. The
paste was passed through a stack of sieves; 250um 150um 100um 50um, 20pum. The eggs
were collected in 500 ml Erlenmeyer flask and surface sterilized in 10% NaOCI2 for 3
minutes. Eggs were rinsed with sterile tap water and the Sterile eggs suspension was
incubated in a sterile 500ml glass chamber with 150 pL Nystatin (10,000 U/ mL) and 2mL
gentamycin sulphate (22.5 mg/mL) in a total volume of 30 ml. The chamber was stored at
room temperature in the dark for 4 days. The hatched J2s were incubated in 0.5% (w/v)
streptomycin-penicillin for 20minutes and similarly with 0.1% (w/v) ampicillin-gentamycin
solution. J2s were rinsed with autoclaved distilled water and subsequently incubated in 0.1%
(v/v) chlorhexidine for 3 minutes after which they were thoroughly washed with autoclaved
distilled water. Approximately 100J2s were inoculated on each plant in MS media. 12 plants
were used per genotype and Col0. Experiments were done independently and in triplicates.

In each experiment, the numbers of galls were tallied (Fig 6B).

Statistical analysis

Data were statistically analysed using SigmaPlot v 14.0. Statistical analysis included one-
way Analysis Of Variance (ANOVA) (Dunnet t-test) of average number of females per plant

for H. schachtii infection assay and number of galls per plant for M. incognita infection assay.
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Abstract

Plant innate immunity involves recognition receptors that perceives ligands derived from
pathogen. Ligand perception initiates a signalling cascade that leads to changes in
expression of various defense genes and defense responses in plants. Upon ligands
recognition, Plant Recognition Receptors (PRRs) forms heteromeric complexes with other
receptor kinases, receptor proteins and cytoplasmic kinases that aid in phosphorylation and
signal transduction. Several studies have implicated the SERK LRR-RLKSs as co-receptors
not only to growth and development associated receptors but also many PRRs involved in
plant immunity. One particularly is SERK3/BAK1 which has been described as a universal
co-receptor to different pathogens induced basal immunity including bacteria, fungi and
oomycetes. BAK1 has been reported to play a role in plant innate immunity against
nematodes. We suggested that as a co-receptor, BAK1 interacts with other receptors and
possibly other components while initiating defense signalling. This study, not only confirm
the role of BAK1 in nematode induced basal defense, but also that it equally forms a

complex which can be analysed to determine the specific proteins involved.
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Introduction

Plants have a complex immune system that consists of two layers of receptors aimed at
preventing penetration of pathogens in the plant and subsequent disease. The first layer
involves Plant Recognition Receptors (PRRs), which recognizes conserved molecular
signatures from pathogens. The second level occurs once the first line of defense is crippled
by pathogen secreted effectors (Avr Proteins) and is characterized by effectors recognition
by intracellular Nucleotide-Binding Receptors (NLRs/ R gene proteins) and as such referred

to as Effector Triggered Immunity (ETI) (Win et al., 2012).

Various studies have clarified many details about functioning of PRRs and identity of
Pathogen Associated Molecular Patterns (PAMPSs). Majority of identified PRRs in plants are
either Receptor Like Kinases (RLKSs), which have an extracellular ectodomain, a
transmembrane domain and a C-terminal cytoplasmic kinase domain or Receptor Like
Proteins (RLPs) which are similar to RLKs but lack the cytoplasmic kinase domain (Shiu and
Bleecker, 2001; Macho and Zipfel, 2014). In addition, most of the identified PRRs
extracellular domains are Leucine Rich Repeats (LRR), which is the largest group of
receptors in Arabidopsis. PAMP recognition triggers a series of events such as Reactive
Oxygen Species (ROS) burst, Calcium burst, increased extracellular pH and cell wall
reinforcement by Callose disposition. In addition, activation of Mitogen -Activated Protein
kinases (MAPK) and Calcium-Dependent Protein Kinases (CDPKSs) occur which in turn
regulates the activity of relevant nuclear transcriptional factors associated with induction of

defense gene expression (Macho and Zipfel, 2014).
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PRRs have been shown to recruit other receptors regardless of their nature as RLKs, RLPs
and/or other cytoplasmic kinases upon PAMP perception to form heteromeric complexes
most of which are LRR-RLKs of the Somatic Embryogenesis Receptor Kinase (SERK)
family. They are characterized by an LRR domain with five residue repeats, followed by a
Ser-Pro-Pro (SPP) motif, the serine and proline rich domain, a single membrane-spanning
domain, a cytoplasmic kinase domain and a small C-terminal tail. Among its five members
(SERK1-5), SERKS3 was identified to form a complex with the brassinosteroid; plant
hormones with roles in growth and development, receptor Brassinosteroid Insensitivel
(BRI1) and thus renamed BRI1-Associated Kinase 1 (BAK1). Besides brassinosteroid
signalling, BAK1 has been implicated in other developmental processes like in photo
morphogenesis, root development and stomatal patterning (Whippo and Hangarter, 2005;
Du et al., 2012; Meng et al., 2015; Jorda et al., 2016). In immunity, BAK1 has been
confirmed to associate to an array of LRR-RLKs perceiving PAMPs derived from various
pathogens for example Flagellin Sensitive 2 (FLS2) and EF-TU Receptor (EFR) that
perceives a 22 epitope of the flagellin (flg22) and elongation factor Tu (EF-Tu) from bacteria
respectively. In addition, BAK1 is associated with LRR-RLPs for example, RLP23, BAK1 and
Suppressor of BRI1 interacting receptor kinase 1 (SOBIR1) forms a tripartite complex upon
recognition of a conserved a 20-amino-acid fragment of Necrosis and ethylene-inducing
peptide 1-Like Proteins (NLP20) present in several prokaryotic and eukaryotic species
(Monaghan and Zipfel, 2012; Zhang et al., 2013; Chen et al., 2014; Albert et al., 2015).
BAK1 has also been associated with resistance in tomato where the membrane bound
immune receptor Vel recognizes secreted fungus Verticillium dahliae effector Avirulence on
Vel tomato (Avel) (Fradin et al., 2009; Zhang et al., 2013). Some reports have suggested
that the specificity of these multiple functions of BAK1 in development, immunity and cell
death is determined by some amino acid residues of its ectodomain and specific proteins

interacting with BAK1 (Halter et al., 2014).
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Like most of the plant pathogens, Plant Parasitic Nematodes (PPN) are important in
agriculture as they cause great damage to plants that leads to incurring of massive losses in
the tune of 100billion dollars. To effectively control PPN, understanding plant immunity
especially nematode induced PTI is inevitable. Unfortunately, very little is known regarding
PAMP recognition by PRRs and the signalling components involved including BAK1.
Nevertheless, few reports have sort to shed to a topic that for a long time remained elusive.
For example, BAK1 has been associated with induction of PTI defense responses against
root knot nematode in Arabidopsis equally associated with camalaxin and glucosinolate
pathway (Teixeira et al., 2016). Similarly, silencing the Arabidopsis homologue of BAK1 in
tomatoes led to plants being hyper susceptible to root-knot nematodes linked to absence of
PTI (Peng and Kaloshian, 2014). In our most recent publication, the Nematode Induced
LRR-RLKs 1 (NILR1) activity was suggested to be BAK1 dependent due to their similar PTI
responses to cyst nematode Heterodera schachtii (Mendy et al., 2017). These evidences
highly indicate a central role of BAK1 in nematode induced PTI. However, direct binding or

PRR to BAK1 and the nematode derived PAMP recognized remain to be studied.

In this study, we aimed at identifying the role played by BAK1 at molecular level upod
induction by nematodes. We also sort to deduce the components that form a complex with
BAK1 in nematode induced PTI. This is essential for identification of RLKs and or RLPs in
plants involved as well as for understanding the mechanism behind signal transduction. We
aimed at utilized ImmunoPrecipitation (IP) techique, followed by liquid chromatography

tandem mass spectrometry (LC-MS/MS) in finding BAK1 protein interactors.

Results

BAK1 forms acomplex induced by nematodes

Knowing that BAK1 is required in nematode recognition (Teixeira et al., 2016; Mendy et al.,
2017), we proposed that BAK1 do form a heteromeric complex upond ematode ligand

perception similary to those formed in other pathosystem. We obtained Arabidopsis thaliana
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transgenic plants expressing AtBAK1 from the strong 35S promoter, fused translationally to

green fluorescent protein (GFP) (35::BAK1-GFP).
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Figure 1. BAK1 forms a protein complex induced by nematodes. (A) Immunoblot from
BAK1-GFP proteins indicating a signal at 120kDa position from both 35::BAK1-GFP
NemaWater treated Roots (NWR) and 35::BAK1-GFP Infected Roots (IR). 35::BAK1-GFP
Non Infected Roots (NIR) were used as negatively control to the treatments. The signal from

the infected roots was much intense compared to the non infected roots.
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(B) Coomasie blue stained gel showing pull down of 35::BAK1-GFP NemaWater treated
Roots (NWR), 35::BAK1-GFP Infected Roots (IR) and 35::BAK1-GFP Non Infected Roots
(NIR) forming a complex band at 120kDa position, different from the input sample. Col-0

whole plants were used as negative experimental control which showed no GFP pull down.

To identify proteins that form nematode derived PAMP (NAMPS) elicited complex with BAK1,
we performed Co - Immunoprecipitation (colP) experiments on Arabidopsis transgenic
35::BAK1-GFP roots before; (35::BAK1-GFP Non Infected Roots (NIR)) and after infection
with H. schachtii at 16hpi (35::BAK1-GFP Infected Roots (IR)) and treatment with
NemaWater; a water solution obtained after incubation with sterile H. schachtii J2s for 24hrs
(35::BAK1-GFP NemaWater treated Roots (NWR)). BAK1-GFP immunoprecipitated proteins
as detected by Western blot with a a-HA antibody upon a-GFP antibody (Fig 1A) on the
three protein samples tested; NIR, NWR and IR at 120kDa position. Similarly, SDS page
was performed on the three samples and Coomassie blue staining which confirmed the
immunoblot complex position that differed from the input sample and was absent in wildtype

Col0 plants (Fig 1B)

Protein Identification

To identify the proteins contained in the BAK1-GFP pull down bands from the Nemawater
treated, Infected root and Non infected gel bands, a tripsin digestion was performed to the
extracted gel bands. Liquid chromatography electrospray ionization tandem mass
spectrometry (LC/MS/MS) is currently being performed to deduce the identity of the peptide

sequence in the BAK1-GFP pull down bands for all samples.

Discussion

In recent years, colmmunoPrecipitation (colP) has turned out to be the most direct technique
to study protein-protein interactions in vitro in presence of antibodies against the target

proteins. The technology utilizes the fundamental principle of the specific antigen-antibody
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reaction where the entire intact protein complex is pulled out of solution as a first step in
identification unknown members of the complex. Isolated proteins complex are digested into
peptides before analysis by liquid chromatography-mass spectrometry (LC-MS/MS) for

peptide characterization.

In this study, we report first time isolation of protein complex pulled by GFP attached to the
the well known PRR co-receptor BAK1. Although the signal size is not an expression of
difference in the constitution of the protein complex, in our study, nematode infected
35::BAK1-GFP roots pull down complex signal was observed to be much more intense
compared to that of the non-infected (Fig 1A). The results went forth to demonstrate the
ability of BAK1 to form a nematode induced protein complex. This can be likened to other
similar studies whose approaches were similar. For example similar strategy was used to
identify the components of downstream immune signalling by using a GFP tagged EFR (EF-
Tu receptor) and subsequent identification of RBOH genes as part of its complex (Roux et

al., 2011; Kadota et al., 2014).

Material and methods

Plant growth and nematode preparation

Seeds of Arabidopsis transgenic plants overexpressing BAK1 attached to GFP; 35s::BAK1-
GFP, were kindly provided by Prof. Dr. Cyril Zipfel (The Sainsbury Laboratory, Norwich, UK).
BAK1-GFP plants were grown in greenhouse conditions on sand soil mix of 80:20 ratios and
after 8 weeks, seeds were harvested. Seed sterilization and seeding was done under sterile

conditions in a clean bench.

1ml of 0.7% Sodium hypochlorite was used to sterilize the seeds for 5 minutes in a 2ml
Eppendorf tube and the chemical extracted using 1ml 70% ethanol. The seeds were
thoroughly rinsed with autoclaved double deionized water (ddH»0) and pipetted out on a

clean filter paper in a petri dish. Seeds were air dried under the clean bench for 2hrs.
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Knop medium was prepared according to tablel, autoclaved and poured in 70mm diameter
petri dishes. 3 seeds were planted per petri dish and incubated under long day conditions

(16hrs light/8hrs dark).

Table 1. A list of modified Knop medium ingredients and their quantities.

Ingredients Content Volume L™
Knop

Stock soluitonl KNO3 121.32¢g 2ml
MgSO4 19.71g

Stock solution 2 Ca(NO3)2 x 1209 2ml
7H20

Stock solution 3 KH2PO4 27.22¢g 2ml

Stock solution 4 FeNaEDTA 7.349 0.4ml

Stock solution 5 H3BO3 2.86¢ 0.2ml
MnCI2 1.81¢g

CuSo4 X 5H20 0.073g

CaCl2 x 6H20 0.03g

NacCl 29

Sucrose 20g

Daishin agar 89
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Simultaneously, Cysts from a sterile laboratory culture of H. schachtii were harvested and
incubated in 3% zinc chloride for or 5days. Fresh J2s were sterilized using 0.03% mercury

chloride and rinsed thoroughly with autoclaved ddH-0.

Nematode infection and sampling

Approximately 200J2s were inoculated per plant and incubated under long day conditions
(16hrs light/8hrs dark).15hrs post infection (15hpi), long pieces of roots at nematode
migratory stage were cut and frozen in liquid nitrogen. The sampling was repeated until a
guantity of 9gs was achieved and labelled Infected Roots (IR). Equal amounts of uninfected
roots were sampled in a similar manner and labelled Non-Infected Roots (NIR). The samples
were crashed with mortar and pestle in presence of sand and 0.5 g polyvinylpolypyrrolidone

(PVPP). The samples were preserved in -80°C.
NemaWater treatments and sampling

Approximately 10,000 sterile J2s were incubated for 24hrs in 20ml of ddH20 while gently
shaking. The nematodes were then discarded and the remaining solution labelled
NemaWater. In 6 well plates, whole 10 days old plants were incubated with 3ml per well. The
roots were cut and frozen in liquid Nitrogen. The process was repeated until 9gs of material
was achieved and labelled NemaWater treated Roots (NWR). Non-treated wild type Col0
whole plants were collected in a separate 15ml falcon tube. The sample was crashed with
mortar and pestle in presence of sand and 0.5 g polyvinylpolypyrrolidone (PVPP). The

samples were preserved in -80°C.

Protein isolation and ImmunoPrecipitation (IP)

A modified protocol by Kadota et al. 2014 was followed for protein isolation and

immunoprecipitation.
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50ml extraction buffer was prepared accordingly; 50 mM Tris—HCI pH 7.5, 100-150 mM
NaCl, 10 % Glycerol, 5 mM DTT, 1 % (v/v) Protease inhibitor cocktail (P9599, Sigma), 0.5-2
% (v/v), IGEPAL CA-630, 1 mM Na > MoO 4 -2H >, O, 1 mM NaF, 1.5 mM Activated sodium
orthovanadate (Na ;s VO 4) and 1 mM EDTA (Optional). 5gs of each of the BAK1-GFP NIR,
NWR and Infected Roots IR samples was incubated in 10ml of extraction buffer and 1mM
Phenylmethanesulfonyl fluoride (PMSF) for 2hrs at 4°C while rotating at 10rpm. 2gs of wild
type Col0 whole plant powder was used as an experimental negative control (-CS). The
sample lysates were then centrifuged at 12000rpm 4 °C for 20 min using Beckman Coulter
B409 - Optima L-90K Ultracentrifuge. The crude protein samples were each passed through
a 20ml Bio-Rad empty fritted column into a fresh 15ml falcon tube. The protein samples
were again centrifuged at 1500g for 1minute to completely remove PVPP and the

supernatant transferred to a new tube.

200yl of each protein sample was used aliquoted in a low binding tube as an input sample.
Input samples were spun at full speed for 10 minutes and the supernatant discarded. Elution
was done by adding 40ul 2x NUPAGE LDS buffer with NUPAGE sample reducing agent then

heating at 70°C 15 min and centrifuging at full speed for 2minutes.

Preparation of agarose beads; approximately 120ul of chromatek GFP-Trap® A beads were
transferred into a low binding tube and washed 3 times with 600ml extraction buffer for each
wash by spinning at 1000rpm for 1 minute and discarding the supernatant. The beads were
then eluted with 1.2ml extraction buffer. 400ul of the beads was pipetted into each protein
sample and incubated on a roller at 4°C for 2hrs. Protein-beads mixtures were centrifuged at
500g for 1min and the supernatants transferred to another falcon tube. The beads were
pipetted into low binding tubes using extraction buffer. The beads were washed with
extraction buffer 3 times by centrifuging at 500g for 30sec at 4°C. Beads were eluted by
adding 80ul 2x NUPAGE LDS buffer with NUPAGE sample reducing agent and heating at

70°C 15 min and after, centrifuging at full speed for 2minutes.
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SDS page

20ul of each eluted sample was loaded into wells of NUPAGE Bis-Tris precast Gels from
Thermo fisher using greiner bio one tips in NIR, NWR, and IR order in addition to 10ul Page
Ruler™ Prestained Protein Ladder; 10 to 180 kDa. The gel was then run using ice cold 1X
NuPAGE MOPs SDS running buffer in an XCell SureLock® mini gel running tank at Amp/A

20 for 150 minutes.

Western Blotting

The gel was removed from the cassette and stack together with 8 cm by 8 cm Immun-Blot®
PVDF Membrane pre-soaked in methanol. Two 9cm by 9cm blotting papers and two same
sized sponges were introduced on each side of the gel-membrane and the stack placed
firmly XCell I™ Blot Module. The module was placed in an XCell SureLock® mini gel
running tank and run in 1X SDS buffer with 20% methanol at 200 Amp for 70 minutes. The
membrane was then blocked using 5% TBS Tween20-milk powder for 20 minutes. 3l of
primary antibody Anti-HA rat (Roche 11867423001)1:5000 was added and incubated at 4°C
overnight. The membrane was cleared off the blocking solution and washed three times with
15ml TBS-Tween at 4°C room for 15minutes each time. 15ml of 5% TBS Tween20-milk
powder with 3ul secondary antibody Anti-GFP mouse (Roche 11814460001)1:5000 was
added into the membrane and incubated at 4°C for 1.5hrs. The secondary antibody was
washed off using 15ml TBS-Tween at 4°C for 15minutes three times. The membrane was
soaked evenly in 1ml of Enhanced ChemiLuminescence (ECL) solution prepared from
Pierce™ ECL Western Blotting Substrate (Thermo fisher) according to manufacturer’s
instructions and spread on clear paper. Imaging was done by exposure to film using image
guant LAS 4000 program connected to a BioSpectrum Imaging System with an increment of

30 seconds.

Coomassie blue staining and gel cutting for LC-MS/MS analysis
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SDS page was repeated twice with the remaining 60pl of each sample in NIR, NWR, IR and
—CS order as well as their respective eluted input samples. The gel was washed 4 times
each with 100ml of autoclaved ddH-0 to remove excessive SDS. Each of the gels was
treated with 15ml of SimplyBlue™ Safe Stain from Life technologies for 2 hrs while shaking
gently at room temperature. The stain was washed off by incubating at room temperature
with autoclaved distilled water overnight and then twice for 1hr each duration while shaking
gently. The IP samples for NIR, NWR and IR at positions 130kDa, 120kDa and 100kDa were
cut precisely under clean glass plate using a sharp scalpel and stored in -80°C for LC-

MS/MS analysis.
Protein Identification and characterisation using MS/MS data

A tripsin digestion was performed to the extracted gel bands. Liquid chromatography
electrospray ionization tandem mass spectrometry (LC/MS/MS) is currently being done to
deduce the identity of the peptide sequence in the BAK1-GFP pull down bands for all

samples
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Chapter 5

DISCUSSION AND CONCLUSION

The use of resistant cultivars is the most successful and preferable method to manage yield
loss due to nematodes. To facilitate this, the importance to know and understand plant
innate immunity can never be more emphasized. In the recent decades, various studies
have sort to elaborate on the topic and the successful identification of acarosides as
nematode derived PAMP (NAMP), the ability of nematode to induce PTI and association of

BAK1 in nematode induced PTI has provided the evidence of PTI induction by nematodes.

In our studies, we have demonstrated the molecular events induced by nematodes and PTI-
like responses that follow there after contributing to plant tolerance to nematodes. The
induction of differentiated gene expression by NemaWater demonstrated presence of
elicitors capable of inducing defense responses. Equally to NemaWater treatment,
nematode attack at migratory stage caused the upregulation of several hormonal response
gene involved primarily in JA/ET pathway which is active defense against necrotrophic
pathogens and herbivorous insects (Kessler and Baldwin, 2002; Rojo et al., 2003;
Glazebrook, 2005; Howe and Jander, 2008). This finding therefore confirmed the role of
JA/ET pathway in promoting both nematode parasitism and damage associated responses
even though nematodes are biotrophs. This was in contrast to SA pathway whose activation
has been shown to inhibit nematode parasitism even though it has been shown to promote
infection by biotrophic pathogens (Branch et al., 2004; Wubben et al., 2008). Similary, only

slight increase in expression of SA biosynthesis genes was observed in our study
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Even though similar trends were observed in both scenarios at nematode migratory stage
and NemaWater treatment, there were some genes expressed specific to either of the
treatment. Migration of nematode involves stylet movement forward and backward to
facilitate nematode entry into the cell which in the process causes a lot of damage and would
explain the upregulation of a share of genes at migratory stage specifically. Concurrently, a
huge number of genes were upregulated due to treatment with NemaWater alone.
Interestingly, nematode infection induces suppression of innate immunity and therefore
upregulation of genes involved in these functions is thus expected mostly induced by
secreted effectors by the nematodes into NemaWater. For example, in comparison to what
is already known, the patterns of gene expression we observed in Soybean cyst nematode
infected plants have been shown to suggest coordinated regulation of genes involved in
parasitism. In addition, Calreticulin (CRT) Mi-CRT secreted from M. incognita triggers
suppression of callose disposition and reduced activation of defence-related genes

(Szakasits et al., 2009; Jaubert et al., 2005; Jaouannet et al., 2012, 2013).

We also demonstrated that nematode can induce PTI. One of the best characterized PTI
signalling event is ROS burst which has so far proven to be a valuable tool to study plant
immunity signalling components and regulatory mechanisms. ROS production is dependent
on the membrane localized NADPH respiratory burst oxidase homolog D (RbohD)
(Wojtaszek et al., 1997; Torres et al., 2002; Torres 2009; Kadota et al., 2015). ROS initiates
a series of downstream signalling events crucial for triggering defense to reduce pathogen
growth. The ability of NemaWater to induce ROS burst in wildtype Col-0 plants proved
presence of PAMPs and activation of defense responses due to nematodes. That
notwithstanding, NemaWater inhibited growth of wildtype Col-0 plants after treatment for 1hr.
Growth inhibition is as a result of immunity and growth crosstalk where activation of
immunity forces the plant to shift resources and nutrients towards defense ultimately
reducing growth. Growth vs immunity has been associated to the functioning of

brassinosteroid (BR) pathway. When BR is recognized by BRI1, there is formation of a
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heteromeric complex with BAK1 that initiates a signalling cascade and phosphorylate BIK1,
BSK1 and Brassinosteroid Suppressor 1 (BSU1). Phosphorylation of these components
inactivates the negative growth regulators of BR pathway; Brassinosteroid-INsenstive 2
(BIN2), and activates some transcription factors BrassinaZole-Resistant 1 (BZR1) and
Homolog of Brassinosteroid enhanced expression 2 interacting with increased leaf
Inclination 1 (HBI1) (Fan et al., 2014). Brassinosteroid signalling and PTI have BAK1, BIK1
and BSK1 in common as part of their signalling (Lin et al., 2013). It is currently known that
the roles of these components shift from growth to immunity or vice versa controlled by
transcription factors BZR1 and HBI1 which acts in favour of growth in absence of a pathogen
and vice versa (Gallego-Bartolome et al., 2012). Growth vs immunity has also been
associated to hormonal crosstalk involving a shift in Gibberellins, Jasmonate and auxin.
However, it remain unclear how the shift of hormones when PTlI is activated results into
changes in cellular processes that inhibits growth (Navarro et al., 2006; Eichmann and

Schéfer, 2015).

Knowing that nematodes can thus cause PTI responses, we sort to find out if that translated
into effects to overall infection due to nematode. In addition, we hypothesised those potential
receptors genes involved in activation of PTI would be over expressed during nematode
attack. Using reverse genetics especially use of knock-out mutations of genes is a
commonly used strategy utilized in elucidating gene functions including but not limited to
identification of novel PRRs (Shiu and Bleecker, 2001; Matsuda and Aiba, 2004; Bi et al.,
2010). We demonstrated that among the 51 upregulated RLKs genes shared between
NemaWater treatment and at nematode migratory stage, loss of function mutations of 5 of
the genes rendered the plants hyper susceptible to a group of sedentary endoparasitic
nematode attack. Susceptibility was illustrated by the female count per plant against wildtype
as an increase in food supply and a constantly optimum environment favours nematodes
differentiation into female cysts nematode (Wyss and Grundler, 1992; Lewis and Gaugler,

1994). For root knot nematodes, galling was the main characteristic used as a measure of
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susceptibility. Mainly, these genes belonged to CRK-RLK, NEK and LRR-RLK families
whose majority of gene members remain to be characterized. While NEK5 belonging to the
NEK family was shown to play a role in PTI induced by both cyst and root-knot nematodes,
there are no reports indicating or implicating this family to pathogenic responses. However,
most studies have shown its plays a role in salt tolerance and abiotic stresses (Sakai et al.,
2008; Lee et al., 2010). Members of this gene family involvement in tolerance to abiotic
stress could be a hint as to their role in immunity against biotic stress too. In addition, NEK5
involvement is also a great indicator of that this family could contain potential PRRs which
are yet to be characterized some probably involved in nematode triggered PTI. Unlike NEK
family, CRKs have been linked to biotic stress for example programmed cell death, among
others (Acharya et al., 2007; Wrzaczek et al., 2010). Nevertheless, our study found out that
genes belonging to this family can be species-specific in the role, since CRK19 and CRK10
expressed immunity against cyst nematodes and root-knot nematodes respectively. The
CRKs™ DUF26 domain possesses a conserved C-X8-C-X2-C motif whose Cys residue forms
Cys bridges believed to be targeted for apoplastic redox modification (Ohtake et al., 2000;
Chen, 2001; Bourdais et al., 2015). Members of this family such as the (PlasmoDesmata-
Located Proteins (PDLPs), has also been associated with regulation of cell to cell
communications and plant immunity (Amari et al., 2010; Lee et al., 2011; Caillaud et al.,
2014). In addition, CRKs are transcriptionally induced in response to abiotic stresses such
as salicylic SA, Ozone, salt, and drought treatments (Chen et al., 2003, 2004; Wrzaczek et
al., 2010; Bourdais et al., 2015; Yeh et al., 2015). A group of CRKs are also strongly induced
in response to pathogens and PAMP treatment such as CRK28 and CRK29 (Wrzaczek et
al., 2010; Bourdais et al., 2015). CRK28 for example is dependent on the co-receptor BAK1
and associated with FLS2 forming a complex to coordinate enhanced plant immune
response against bacteria. Members of this family is thus a potential player in immunity
(Yadeta et al., 2017). Further studies into the mechanism of binding of these receptors to

PAMPs remain to be elucidated on.

‘annj * ombe

104



Disussion and conclusion

Among all subfamilies in the RLKs family, the LRR-RLK gene family is most widely
associated with pathogenic responses and disease resistance. Expectedly, in our study,
11LRR genes were upregulated due to nematode invasion. We studied four LRR genes;
NILR1, NILR2, NILR3 and PSKR1 that were upregulated due to nematode invasion and
NemaWater treatment. However, further studies into infection with cyst nematodes revealed
NILR2 to play no role in nematode induced PTI. NILR3 homology in cucumber
Cucsa.057870.1, referred to as probable LRR receptor-like serine/threonine-protein kinase
was one of the genes with altered expression in leaves of aphid-infested cucumber plants
(Liang et al., 2015). NILR3 not only was upregulated due to nematode attack and
NemaWater treatment, but also potrayed a role in nematode infection. Since both aphids
and nematodes induce damage, it remains to be demonstrated if the role of NILR3 in PTl is
due to PAMP or DAMP perception. Intrigingly, PSKR1 was observed to act against immunity
in nematodes. Several recent reports have shown that sulfated peptides are important
signaling molecules utilized by plants to integrate growth and development programs with
stress responses. Activation of stress responses comes at the cost of reduced growth.
Improper regulation or prolonged activation of stress responses can lead to stunted growth
and even cell death. PSKa perception by PSKRL1 leads to the downregulation of SA-related
responses after biotrophic pathogen infection, thereby preventing an over-induction of this
particular signaling pathway that would otherwise reduce the fitness of the plants and leave
them vulnerable to necrotrophic pathogens (Mosher and Kemmerling, 2013). It is thus not
surprising that plants lacking PSKR1 were more resistant to nematode attack due to

absence of PSKR1-mediated regulation of PAMP responses.

Loss of function mutation of NILR1 gene rendered the plant more susceptible to a class of
sedentary nematode attack. Its insensitivity to NemaWater during ROS bursts and growth
inhibition assay confirmed it's important in PTI activation due to Nematode only. Just as it’s
predicted structural characteristics based on BRI1 model as having a transmembrane

domain, NILR1 has been confirmed to be localized in the plasma membrane when
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transiently expressed in Nicotiana bethamiana epidermis. Similarly to all secretory proteins
processed from the endoplasmic reticulum, a signal peptide is required for their secretion
and as such, NILR1 has a signal peptide in its predicted structure. The presence of an
extracellular domain is where potentially a nematode PAMP of protein nature binds and it
consists of 22 tandem LRRs residues that have a 76 amino acid Island Domain (ID) cysteine
cluster with the pattern of Cx2Cx16C between LRR17 and LRR18. Although the precise
ligand-binding sites of LRR-RKs are not understood, the extracellular Island Domain (ID)
usually plays a more stabilizing role during ligand binding (Torii, 2004). The Ser/Thr kinase
domain can be hypothesized to function in signal transfer to the intracellular regions.
Generally, the structure of NILR1 mimics most PRRs that have already characterized for
example FLS2 which has all 3 domains. These predicted structures are based on
Arabidopsis genome. A BLAST search of amino acid sequence of NILR1 extra cellular
domain against non-redundant protein of land plants indicated presence of homologues in
different Brassicaceae family species and in both monocots and dicots. In our study, NILR1
homologous from tomato Solanum lycopersicum (SINILR1) was transiently expressed in the
epidermis of Nicotiana bethamiana found to be localized in the plasma membrane
suggesting structural similarity to NILR1 (Fig E in S2). In addition, treatment of tomato plant
induced a ROS burst similar to that in Arabidopsis suggesting the tomato homologous elicit
responses similar to those of AtNILR1. Nevertheless, the functions of these homologues
from land plants and their similarity or differences with AtNILR1 remain to be studied. In

addition, the PAMPs perceived by NILR1 is yet to be identified.

The potential of Co-immuno precipitation technology has recently being in the fore front in
PTI studies especially in demonstrating the ability of a PAMP to physically bind to the
receptor and the signalling components involved. This method can be used to characterize
the PAMP in NemaWater that binds to NILR1 as well as the signalling cascade that follows
after perception. The successful transformation of NILR1 into an expression vector and

further expression in Arabidopsis is the first step towards attaining this objective (Fig A to D
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of S2). In addition, NILR1 over expression lines are important in studying the physiological

and functional changes due to NILR1 gene.

In confirmation to already available reports, BAK1 is involved nematode induced PTI. While
there are reports of PTI induction independent on BAK1, knocking out mutation of the BAK1
gene rendered the plant hyper susceptible in our study. Since previous studies had reported
similar findings due to root knot nematodes, our results showing the involvement of BAK1 in
PTI induced by cyst nematode confirmed that BAK1 role is conserved. In all reported cases,
BAK1 acts as a co-receptor to a stable PRR forming a complex. Using co-
immunoprecipitation and western blotting techniques, we managed to pull down BAK1 and
its associated proteins which froms a complex upon nematode perception. Protein-protein
interaction studies have so far used these methods successfully to decipher formation of a
complex induced by pathogens such as bacteria and fungi (Chinchilla et al., 2007; Albert et
al., 2015). In our case, deducing the identity of the protein components of the BAK1 complex

pulldown is underway.
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CONCLUSION

Here we report a comprehensive study into basal immunity by nematodes. Characterization
of NILR1 as the first ever reported nematode PRR is a broad step towards understanding
PTI in plants induced by nematode among other receptors. In addition, implication of CRKs,
NEKSs, and LRRs in nematode Induced PTI potrays presence of multiple receptors that plays
a role in nematode perception and the gene families mainly involved. Through the receptors
described, it is possible now to screen for their perceived NAMPS. Interestingly, just like
other reports, PSKR1 was observed to be a nematode triggered PTI regulator other than
inducer a similar scenario to ther patho system. This demonstrates the similarity of
nematode responses to other pathogens and the conserved nature of innate immunity in
plants. The successful pull down of BAK1 complex on the other hand, was the first step
towards identifying its interactors during nematode perception. A mass spectrometry
analysis of the complex peptides would be required to identify the protein components
involved which could further drive the understanding of BAK1 dependents nematode
molecular signalling. In addition, it might as well show how immunity is regulated and players

involved.

These findings bring us closer to understanding plant immunity and PRRs involved in PTI
against nematodes. Since PAMP receptor molecules differ among plant species, the
heterologous expression of PAMP recognition systems has been used to engineer broad-
spectrum disease resistance to important bacterial pathogens. Increased resistance has
been obtained using this strategy against a range of bacterial diseases in both monocots
and dicots. Similar strategy can be utilized to generate transgenic plants expressiong PRRs

that perceive nematodes which would confer fithess against parasitic nematodes.

‘annj * ombe

108



REFERENCES

Abad, P., Gouzy, J., Aury, J.-M., Castagnone-Sereno, P., Danchin, E. G. J., Deleury, E., ...
Wincker, P. (2008). Genome sequence of the metazoan plant-parasitic nematode
Meloidogyne incognita. Nature Biotechnology, 26, 909. Retrieved from
http://dx.doi.org/10.1038/nbt.1482

Acharya, B. R., Raina, S., Magbool, S. B., Jagadeeswaran, G., Mosher, S. L., Appel, H. M.,
... Raina, R. (2007). Overexpression of CRK13, an Arabidopsis cysteine-rich receptor-
like kinase, results in enhanced resistance to Pseudomonas syringae. The Plant
Journal, 50(3), 488—499. http://doi.org/10.1111/j.1365-313X.2007.03064.x

Adebesin, F., Widhalm, J. R., Boachon, B., Lefévre, F., Pierman, B., Lynch, J. H., ...
Dudareva, N. (2017). Emission of volatile organic compounds from petunia flowers is
facilitated by an ABC transporter. Science, 356(6345), 1386—1388.
http://doi.org/10.1126/science.aan0826

Aguinaldo, A. M. A. (1997). Evidence for a clade of nematodes, arthropods and other
moulting animals. Nature, 387, 489—-493. Retrieved from
http://dx.doi.org/10.1038/387489a0

Ahuja, I., Kissen, R., & Bones, A. M. (2012). Phytoalexins in defense against pathogens.
Trends in Plant Science, 17(2), 73-90.
http://doi.org/https://doi.org/10.1016/j.tplants.2011.11.002

Akira, S., & Takeda, K. (2004). Toll-like receptor signalling. Nat Rev Immunol (Vol. 4).
http://doi.org/10.1038/nri1391

Albert, I., Bohm, H., Albert, M., Feiler, C. E., Imkampe, J., Wallmeroth, N., ... Nirnberger, T.
(2015). An RLP23-SOBIR1-BAK1 complex mediates NLP-triggered immunity. Nature
Plants, 1(April 2016). http://doi.org/10.1038/nplants.2015.140

Albrecht, C., Boutrot, F., Segonzac, C., Schwessinger, B., Gimenez-lbanez, S., Chinchilla,
D., ... Zipfel, C. (2012). Brassinosteroids inhibit pathogen-associated molecular
pattern—triggered immune signaling independent of the receptor kinase BAK1.
Proceedings of the National Academy of Sciences, 109(1), 303 LP-308. Retrieved from
http://www.pnas.org/content/109/1/303.abstract

Ali, M. A., Abbas, A., Kreil, D. P., & Bohimann, H. (2013). Overexpression of the transcription
factor RAP2.6 leads to enhanced callose deposition in syncytia and enhanced
resistance against the beet cyst nematode Heterodera schachtii in Arabidopsis roots.
BMC Plant Biology, 13(1), 47. http://doi.org/10.1186/1471-2229-13-47

Ali, S., Magne, M., Chen, S., Cété, O., Stare, B. G., Obradovic, N., ... Moffett, P. (2015).
Analysis of putative apoplastic effectors from the nematode, Globodera rostochiensis,
and identification of an expansin-like protein that can induce and suppress host
defenses. PLoS ONE, 10(1), 1-23. http://doi.org/10.1371/journal.pone.0115042

Amari, K., Boutant, E., Hofmann, C., Schmitt-Keichinger, C., Fernandez-Calvino, L., Didier,
P., ... Ritzenthaler, C. (2010). A Family of Plasmodesmal Proteins with Receptor-Like
Properties for Plant Viral Movement Proteins. PLOS Pathogens, 6(9), €1001119.
Retrieved from https://doi.org/10.1371/journal.ppat.1001119

Anderson, R. C. (1992). Nematode Parasites of Vertebrates. Their Development and
Transmission.

109



References

Anwar, S. A., Zia, A., & Javed, N. (2009). Meloidogyne incognita Infection of Five Weed
Genotypes, 41(2), 95-100.

Apel, K., & Hirt, H. (2004). REACTIVE OXYGEN SPECIES: Metabolism, Oxidative Stress,
and Signal Transduction. Annual Review of Plant Biology, 55(1), 373-399.
http://doi.org/10.1146/annurev.arplant.55.031903.141701

Apostol, I., Heinstein, P. F., & Low, P. S. (1989). Rapid Stimulation of an Oxidative Burst
during Elicitation of Cultured Plant Cells. Plant Physiology, 90(1), 109 LP-116.
Retrieved from http://www.plantphysiol.org/content/90/1/109.abstract

Article, R. (1997). Mechanisms for the generation of reactive oxygen species in plant
defence — a broad perspective, 347—366.

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W.-L., Gomez-Gomez, L., ...
Sheen, J. (2002). MAP kinase signalling cascade in Arabidopsis innate immunity.
Nature, 415, 977. Retrieved from http://dx.doi.org/10.1038/415977a

Aumann, J., Dietsche, E., Rutencrantz, S., & Ladehoff, H. (1998). Physico-chemical
properties of the female sex pheromone of Heterodera schachtii (Nematoda:
Heteroderidae). International Journal for Parasitology, 28(11), 1691-1694.
http://doi.org/https://doi.org/10.1016/S0020-7519(98)00141-6

Ausubel, F. M. (2005). Are innate immune signaling pathways in plants and animals
conserved? Nature Immunology, 6, 973. Retrieved from
http://dx.doi.org/10.1038/ni1253

Avery, L., & You, Y.-J. (2012). C. elegans feeding. WormBook : The Online Review of C.
Elegans Biology, 1-23. http://doi.org/10.1895/wormbook.1.150.1

Ayal}, R., & Bergmann, J. (2011). Qualitative Methoden der Medienforschung. Therapie,
520. http://doi.org/10.1007/s11618-003-0025-2

Bai, S., Liu, J., Chang, C., Zhang, L., Maekawa, T., Wang, Q., ... Shen, Q.-H. (2012).
Structure-Function Analysis of Barley NLR Immune Receptor MLA10 Reveals Its Cell
Compartment Specific Activity in Cell Death and Disease Resistance. PLOS
Pathogens, 8(6), €1002752. Retrieved from
https://doi.org/10.1371/journal.ppat.1002752

Baldwin, J. G. (1997). The buccal capsule of Aduncospiculum halicti (Nemata:
Diplogasterina): an ultrastructural and molecular phylogenetic study. Can. J. Zool., 75,
407-423.

Baldwin, J. G., & Eddleman, C. D. (1995). Buccal capsule of Zeldia punctata (Nemata:
Cephalobidae): an ultrastructural study. Can. J. Zool., 73, 648—656.

Baldwin, J. G., Frisse, L. M., Vida, J. T., Eddleman, C. D., & Thomas, W. K. (1997). An
evolutionary framework for the study of developmental evolution in a set of nematodes
related to Caenorhabditis elegans. Mol. Phylogenet. Evol., 8, 249-259. Retrieved from
http://dx.doi.org/10.1006/mpev.1997.0433

Baldwin, J. G., Mundo-Ocampo, M., Prado Vera, I. C. Del, & Subbotin, S. a. (2011).
Identification, phylogeny and phylogeography of circumfenestrate cyst nematodes
(Nematoda: Heteroderidae) as inferred from analysis of ITS-rDNA. Nematology, 13(7),
805-824. http://doi.org/10.1163/138855410X552661

WMJ\ME 110



References

Balmer, A., Pastor, V., Gamir, J., Flors, V., & Mauch-Mani, B. (2015). The “prime-ome”:
Towards a holistic approach to priming. Trends in Plant Science, 20(7), 443-452.
http://doi.org/10.1016/j.tplants.2015.04.002

Balus'ka, F., & Vivanco, J. (2009). Signaling and Communication in plants. Retrieved from
http://link.springer.com/content/pdf/10.1007/978-3-642-23524-5.pdf

Baumberger, N., & Baulcombe, D. C. (2005). Arabidopsis ARGONAUTEL is an RNA Slicer
that selectively recruits microRNAs and short interfering RNAs. Proceedings of the
National Academy of Sciences of the United States of America, 102(33), 11928-33.
http://doi.org/10.1073/pnas.0505461102

Bednarek, P., PiSlewska-Bednarek, M., Svato§, A., Schneider, B., Doubsky, J., Mansurova,
M., ... Schulze-Lefert, P. (2009). A Glucosinolate Metabolism Pathway in Living Plant
Cells Mediates Broad-Spectrum Antifungal Defense. Science, 323(5910), 101 LP-106.
Retrieved from http://science.sciencemag.org/content/323/5910/101.abstract

Bednarik, R., Vrzakova, H., & Hradis, M. (2012). What Do You Want to Do Next: A Novel
Approach for Intent Prediction in Gaze-based Interaction. In Proceedings of the
Symposium on Eye Tracking Research and Applications (pp. 83-90). New York, NY,
USA: ACM. http://doi.org/10.1145/2168556.2168569

Belkhadir, Y., Jaillais, Y., Epple, P., Balsemao-Pires, E., Dangl, J. L., & Chory, J. (2012).
Brassinosteroids modulate the efficiency of plant immune responses to microbe-
associated molecular patterns. Proceedings of the National Academy of Sciences,
109(1), 297 LP-302. Retrieved from http://www.pnas.org/content/109/1/297 .abstract

Belkhadir, Y., Yang, L., Hetzel, J., Dangl, J. L., & Chory, J. (2014). The growth-defense
pivot: Crisis management in plants mediated by LRR-RK surface receptors. Trends in
Biochemical Sciences, 39(10), 447-456. http://doi.org/10.1016/j.tibs.2014.06.006

Berg, G. (2009). Plant—microbe interactions promoting plant growth and health: perspectives
for controlled use of microorganisms in agriculture. Applied Microbiology and
Biotechnology, 84(1), 11-18. http://doi.org/10.1007/s00253-009-2092-7

Beutler, B. (2003). Innate Immune Responses to Microbial Poisons: Discovery and Function
of the Toll-Like Receptors. Annual Review of Pharmacology and Toxicology, 43(1),
609-628. http://doi.org/10.1146/annurev.pharmtox.43.100901.135729

Bi, D., Cheng, Y. T., Li, X., & Zhang, Y. (2010). Activation of Plant Inmune Responses by a
Gain-of-Function Mutation in an Atypical Receptor-Like Kinase. Plant Physiology,
153(4), 1771 LP-1779. Retrieved from
http://www.plantphysiol.org/content/153/4/1771.abstract

Bigeard, J., Colcombet, J., & Hirt, H. (2015). Signaling mechanisms in pattern-triggered
immunity (PTI). Molecular Plant, 8(4), 521-539.
http://doi.org/10.1016/j.molp.2014.12.022

Biology, P. M., Avenue, Y., & York, N. (2016). Plant and Cell Physiology Advance Access
published May 11, 2016, 9.

BIRD, A. F., & BIRD, J. (1991). The Structure of Nematodes. The Structure of Nematodes.
Elsevier. http://doi.org/10.1016/B978-0-12-099651-3.50018-6

ng‘mie 111



References

Bird, D. M., Opperman, C. H., & Davies, K. G. (2003). Interactions between bacteria and
plant-parasitic nematodes: now and then. International Journal for Parasitology, 33(11),
1269-1276. http://doi.org/10.1016/S0020-7519(03)00160-7

Blaxter, M. L., De Ley, P., Garey, J. R., Liu, L. X, Scheldeman, P., Vierstraete, A,, ...
Thomas, W. K. (1998). A molecular evolutionary framework for the phylum Nematoda.
Nature, 392(6671), 71-75. Retrieved from http://dx.doi.org/10.1038/32160

Bdockenhoff, A., & Grundler, F. M. W. (1994). Studies on the nutrient uptake by the beet cyst
nematode Heterodera schachtii by in situ microinjection of fluorescent probes into the
feeding structures in Arabidopsis thaliana. Parasitology, 109(2), 249-255.
http://doi.org/10.1017/S003118200007637X

Bohlmann, H. (2015). Chapter Two - Introductory Chapter on the Basic Biology of Cyst
Nematodes. In C. Escobar & C. B. T.-A. in B. R. Fenoll (Eds.), Plant Nematode
Interactions (Vol. 73, pp. 33-59). Academic Press.
http://doi.org/https://doi.org/10.1016/bs.abr.2014.12.001

Bohlmann, H., & Sobczak, M. (2014). The plant cell wall in the feeding sites of cyst
nematodes. Frontiers in Plant Science, 5(March), 1-10.
http://doi.org/10.3389/fpls.2014.00089

Bohm, H., Albert, 1., Fan, L., Reinhard, A., & NlUrnberger, T. (2014). Immune receptor
complexes at the plant cell surface. Current Opinion in Plant Biology, 20(0), 47-54.
http://doi.org/10.1016/j.pbi.2014.04.007

Bolker, J. (2012). Model organisms: There is more to life than rats and flies. Nature, 491, 31.
Retrieved from http://dx.doi.org/10.1038/491031a

Boller, T., & Felix, G. (2009). A renaissance of elicitors: perception of microbe-associated
molecular patterns and danger signals by pattern-recognition receptors. Annual Review
of Plant Biology, 60, 379-406.
http://doi.org/10.1146/annurev.arplant.57.032905.105346

Bos, J. I. B, Prince, D., Pitino, M., Maffei, M. E., Win, J., & Hogenhout, S. A. (2010). A
Functional Genomics Approach Identifies Candidate Effectors from the Aphid Species
Myzus persicae (Green Peach Aphid). PLOS Genetics, 6(11), €1001216. Retrieved
from https://doi.org/10.1371/journal.pgen.1001216

Boudsocq, M., Willmann, M. R., McCormack, M., Lee, H., Shan, L., He, P., ... Sheen, J.
(2010). Differential innate immune signalling via Ca2+ sensor protein kinases. Nature,
464, 418. Retrieved from http://dx.doi.org/10.1038/nature08794

Bourdais, G., Burdiak, P., Gauthier, A., Nitsch, L., Salojarvi, J., Rayapuram, C., ...
Consortium, on behalf of the C. R. K. (2015). Large-Scale Phenomics Identifies Primary
and Fine-Tuning Roles for CRKs in Responses Related to Oxidative Stress. PLOS
Genetics, 11(7), €1005373. Retrieved from
https://doi.org/10.1371/journal.pgen.1005373

Branch, C., Hwang, C.-F., Navarre, D. A., & Williamson, V. M. (2004). Salicylic Acid Is Part
of the Mi-1-Mediated Defense Response to Root-Knot Nematode in Tomato. Molecular
Plant-Microbe Interactions, 17(4), 351-356. http://doi.org/10.1094/MPMI.2004.17.4.351

Brandt, B., & Hothorn, M. (2016). SERK co-receptor kinases. Current Biology, 26(6), R225—
R226. http://doi.org/10.1016/j.cub.2015.12.014

WMJ\ME 112



References

Brandt, B., & Hothorn, M. (2016). SERK co-receptor kinases. Current Biology, 26(6), R225—
R226. http://doi.org/10.1016/j.cub.2015.12.014

Braun, D. M., & Walker, J. C. (1996). Plant transmembrane receptors: new pieces in the
signaling puzzle. Trends in Biochemical Sciences, 21(2), 70-73.
http://doi.org/10.1016/S0968-0004(96)80185-X

Brutus, A., Sicilia, F., Macone, A., Cervone, F., & De Lorenzo, G. (2010). A domain swap
approach reveals a role of the plant wall-associated kinase 1 (WAK1) as a receptor of
oligogalacturonides. Proceedings of the National Academy of Sciences, 107(20), 9452
LP-9457. Retrieved from http://www.pnas.org/content/107/20/9452 .abstract

Burgwyn, B., Nagel, B., Ryerse, J., & Bolla, R. I. (2003). Heterodera glycines: eggshell
ultrastructure and histochemical localization of chitinous components. Experimental
Parasitology, 104(1), 47-53. http://doi.org/https://doi.org/10.1016/S0014-
4894(03)00118-8

Burkart, R. C., & Stahl, Y. (2017). Dynamic complexity: plant receptor complexes at the
plasma membrane. Current Opinion in Plant Biology, 40, 15-21.
http://doi.org/10.1016/j.pbi.2017.06.016

Cabello, S., Lorenz, C., Crespo, S., Cabrera, J., Ludwig, R., Escobar, C., & Hofmann, J.
(2014). Altered sucrose synthase and invertase expression affects the local and
systemic sugar metabolism of nematode-infected Arabidopsis thaliana plants. Journal
of Experimental Botany, 65(1), 201-12. http://doi.org/10.1093/jxb/ert359

Caesar, K., Elgass, K., Chen, Z., Huppenberger, P., Witthéft, J., Schleifenbaum, F., ...
Harter, K. (2011). A fast brassinolide-regulated response pathway in the plasma
membrane of Arabidopsis thaliana. The Plant Journal, 66(3), 528-540.
http://doi.org/10.1111/j.1365-313X.2011.04510.x

Caillaud, M.-C., Wirthmueller, L., Sklenar, J., Findlay, K., Piquerez, S. J. M., Jones, A. M. E.,
... Faulkner, C. (2014). The Plasmodesmal Protein PDLP1 Localises to Haustoria-
Associated Membranes during Downy Mildew Infection and Regulates Callose
Deposition. PLOS Pathogens, 10(11), e1004496. Retrieved from
https://doi.org/10.1371/journal.ppat.1004496

Cao, Y., Aceti, D. J., Sabat, G., Song, J., Makino, S. ichi, Fox, B. G., & Bent, A. F. (2013).
Mutations in FLS2 Ser-938 Dissect Signaling Activation in FLS2-Mediated Arabidopsis
Immunity. PLoS Pathogens, 9(4). http://doi.org/10.1371/journal.ppat.1003313

Cardoso, J. M. S., Anjo, S. |, Fonseca, L., Egas, C., Manadas, B., & Abrantes, |. (2016).
Bursaphelenchus xylophilus and B. mucronatus secretomes: A comparative proteomic
analysis. Scientific Reports, 6(December), 1-11. http://doi.org/10.1038/srep39007

Chen, K., Dy, L., & Chen, Z. (2003). Sensitization of defense responses and activation of
programmed cell death by a pathogen-induced receptor-like protein kinase in
Arabidopsis. Plant Molecular Biology, 53(1), 61-74.
http://doi.org/10.1023/B:PLAN.0000009265.72567.58

Chen, Q., Rehman, S., Smant, G., & Jones, J. T. (2005). Functional Analysis of
Pathogenicity Proteins of the Potato Cyst Nematode Globodera rostochiensis Using
RNAI. Molecular Plant-Microbe Interactions, 18(7), 621-625.
http://doi.org/10.1094/MPMI-18-0621

WMJ\ME 113



References

Chen, X., Chern, M., Canlas, P. E., Ruan, D., Jiang, C., & Ronald, P. C. (2010). An ATPase
promotes autophosphorylation of the pattern recognition receptor XA21 and inhibits
XA21-mediated immunity. Proceedings of the National Academy of Sciences, 107(17),
8029 LP-8034. Retrieved from http://www.pnas.org/content/107/17/8029.abstract

Chen, Z. (2001). A Superfamily of Proteins with Novel Cysteine-Rich Repeats. Plant
Physiology, 126(2), 473 LP-476. Retrieved from
http://www.plantphysiol.org/content/126/2/473.abstract

Chen, Z. (2014). A Superfamily of Proteins with Novel Cysteine-Rich Repeats 1.

Cheong, Y. H., Chang, H., Gupta, R., Wang, X., Zhu, T., & Luan, S. (2014). Transcriptional
Profiling Reveals Novel Interactions between Wounding , Pathogen , Abiotic Stress,
and Hormonal Responses in Arabidopsis 1 [ w ], 94720.
http://doi.org/10.1104/pp.002857.1

Chinchilla, D., Bauer, Z., Regenass, M., Boller, T., & Felix, G. (2006). The
&lt;emé&gt;Arabidopsis&lt;/emé&gt; Receptor Kinase FLS2 Binds flg22 and Determines
the Specificity of Flagellin Perception. The Plant Cell, 18(2), 465 LP-476. Retrieved
from http://www.plantcell.org/content/18/2/465.abstract

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nirnberger, T., Jones, J. D. G, ...
Boller, T. (2007). A flagellin-induced complex of the receptor FLS2 and BAK1 initiates
plant defence. Nature, 448, 497. Retrieved from http://dx.doi.org/10.1038/nature05999

Chisholm, S. T., Coaker, G., Day, B., & Staskawicz, B. J. (2006). Host-microbe interactions:
shaping the evolution of the plant immune response. Cell, 124(4), 803-14.
http://doi.org/10.1016/j.cell.2006.02.008

Chitwood, D. J. (2003). Research on plant-parasitic nematode biology conducted by the
United States Department of Agriculture-Agricultural Research Service. Pest
Management Science, 59(6—7), 748—753. http://doi.org/10.1002/ps.684

Chneeweiss, H. A. W. E., Reilhuber, J. O. G., & Chneeweiss, G. E. M. S. (2006). G ENOME
SIZE EVOLUTION IN HOLOPARASITIC O ROBANCHE ( O ROBANCHACEAE ) AND
RELATED GENERA 1, 93(1), 148-156.

Choi, W.-G., Toyota, M., Kim, S.-H., Hilleary, R., & Gilroy, S. (2014). Salt stress-induced
Ca&lt;sup&gt;2+&lt;/sup&gt; waves are associated with rapid, long-distance root-to-
shoot signaling in plants. Proceedings of the National Academy of Sciences, 111(17),
6497 LP-6502. Retrieved from http://www.pnas.org/content/111/17/6497 .abstract

Clark, S. E., Williams, R. W., & Meyerowitz, E. M. (1997). The CLAVATAL Gene Encodes a
Putative Receptor Kinase That Controls Shoot and Floral Meristem Size in Arabidopsis,
89, 575-585.

Clouse, S. D. (2011). Brassinosteroid Signal Transduction: From Receptor Kinase Activation
to Transcriptional Networks Regulating Plant Development. The Plant Cell, 23(4), 1219
LP-1230. Retrieved from http://www.plantcell.org/content/23/4/1219.abstract

Coall, N. S., Epple, P., & Dangl, J. L. (2011). Programmed cell death in the plant immune
system. Cell Death and Differentiation, 18(8), 1247-56.
http://doi.org/10.1038/cdd.2011.37

ng‘mie 114



References

Coll, P., Le Cadre, E., Blanchart, E., Hinsinger, P., & Villenave, C. (2011). Organic viticulture
and soil quality: A long-term study in Southern France. Applied Soil Ecology, 50, 37—44.
http://doi.org/10.1016/j.aps0il.2011.07.013

Cook, R., Tiller, S. a., Mizen, K. a., & Edwards, R. (1995). Isoflavonoid Metabolism in
Resistant and Susceptible Cultivars of White Clover Infected with the Stem Nematode
Ditylenchus Dipsaci. Journal of Plant Physiology, 146(3), 348—354.
http://doi.org/10.1016/S0176-1617(11)82067-5

Cotton, J. A., Lilley, C. J., Jones, L. M., Kikuchi, T., Reid, A. J., Thorpe, P., ... Urwin, P. E.
(2014). The genome and life-stage specific transcriptomes of Globodera
pallidaelucidate key aspects of plant parasitism by a cyst nematode. Genome Biology,
15(3), R43. http://doi.org/10.1186/gb-2014-15-3-r43

Curtis, M. A., Kam, M., Nannmark, U., Anderson, M. F., Axell, M. Z., Wikkelso, C., ...
Eriksson, P. S. (2007). Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral
Ventricular Extension. Science, 315(5816), 1243 LP-1249. Retrieved from
http://science.sciencemag.org/content/315/5816/1243.abstract

Czernic, P., Visser, B., Sun, W., Savouré, A., Deslandes, L., Marco, Y., ... Verbruggen, N.
(1999). Characterization of an Arabidopsis thaliana receptor-like protein kinase gene
activated by oxidative stress and pathogen attack. The Plant Journal, 18(3), 321-327.
http://doi.org/10.1046/j.1365-313X.1999.00447.x

Danna, C. H., Millet, Y. A., Koller, T., Han, S., Bent, A. F., Ronald, P. C., & Ausubel, F. M.
(2011). The Arabidopsis fl agellin receptor FLS2 mediates the perception of
Xanthomonas Ax21 secreted peptides. http://doi.org/10.1073/pnas.1106366108/-
/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1106366108

Dardick, C., Schwessinger, B., & Ronald, P. (2012). Non-arginine-aspartate (non-RD)
kinases are associated with innate immune receptors that recognize conserved
microbial signatures. Current Opinion in Plant Biology, 15(4), 358—366.
http://doi.org/10.1016/j.pbi.2012.05.002

Dardick, C., Schwessinger, B., & Ronald, P. (2012). Non-arginine-aspartate (non-RD)
kinases are associated with innate immune receptors that recognize conserved
microbial signatures. Current Opinion in Plant Biology, 15(4), 358—366.
http://doi.org/https://doi.org/10.1016/j.pbi.2012.05.002

Davis, R. F., Aryal, S. K., Perry, C. D., Sullivan, D. G., Timper, P., Ortiz, B. V., ... Hawkins,
G. (2013). Utilizing management zones for Rotylenchulus reniformis in cotton: Effects
on nematode levels, crop damage, and Pasteuria sp. Crop Protection, 50, 53-60.
http://doi.org/10.1016/j.cropro.2013.04.005

de Almeida Engler, J., & Gheysen, G. (2013). Nematode-Induced Endoreduplication in Plant
Host Cells: Why and How? Molecular Plant-Microbe Interactions, 26(1), 17-24.
http://doi.org/10.1094/MPMI-05-12-0128-CR

De Bruin, J. L., & Pedersen, P. (2008). Response of Old and New Soybean Cultivars to
Ichinohe. Agronomy Journal, 100(5), 1347. http://doi.org/10.2134/agronj2008.0028

De Bruyne, L., Hofte, M., & De Vleesschauwer, D. (2014). Connecting growth and defense:
The emerging roles of brassinosteroids and gibberellins in plant innate immunity.
Molecular Plant, 7(6), 943—-959. http://doi.org/10.1093/mp/ssu050

ng‘mie 115



References

de Leon, I. P., & Montesano, M. (2013). Activation of defense mechanisms against
pathogens in mosses and flowering plants. International Journal of Molecular Sciences,
14(2), 3178-3200. http://doi.org/10.3390/ijjms14023178

De Ley, P., van de Velde, M. C., Mounport, D., Baujard, P., & Coomans, A. (1995).
Ultrastructure of the stoma in Cephalobidae, Panagrolaimidae and Rhabditidae, with a
proposal for a revised stoma terminology in Rhabditida. Nematologica, 41, 153-182.

de Lucas, M., Daviére, J.-M., Rodriguez-Falcén, M., Pontin, M., Iglesias-Pedraz, J. M.,
Lorrain, S., ... Prat, S. (2008). A molecular framework for light and gibberellin control of
cell elongation. Nature, 451, 480. Retrieved from http://dx.doi.org/10.1038/nature06520

De Smet, 1., VoB3, U., Jirgens, G., & Beeckman, T. (2009). Receptor-like kinases shape the
plant. Nature Cell Biology, 11(10), 1166—1173. http://doi.org/10.1038/ncb1009-1166

De Torres Zabala, M., Bennett, M. H., Truman, W. H., & Grant, M. R. (2009). Antagonism
between salicylic and abscisic acid reflects early host—pathogen conflict and moulds
plant defence responses. The Plant Journal, 59(3), 375—386.
http://doi.org/10.1111/j.1365-313X.2009.03875.x

de Wit, P. J. G. M. (1992). Molecular Characterization of Gene-For-Gene Systems in Plant-
Fungus Interactions and the Application of Avirulence Genes in Control of Plant
Pathogens. Annual Review of Phytopathology, 30(1), 391-418.
http://doi.org/10.1146/annurev.py.30.090192.002135

den Akker, S., Lilley, C. J., Ault, J. R., Ashcroft, A. E., Jones, J. T., & Urwin, P. E. (2014).
The Feeding Tube of Cyst Nematodes: Characterisation of Protein Exclusion. PLOS
ONE, 9(1), 1-9. http://doi.org/10.1371/journal.pone.0087289

Dietrich, R. A., Richberg, M. H., Schmidt, R., Dean, C., Dangl, J. L., Hill, C., & Carolina, N.
(1997). A Novel Zinc Finger Protein Is Encoded by the Arabidopsis LSD1 Gene and
Functions as a Negative Regulator of Plant Cell Death, 88, 685-694.

Dillman, A. R., & Sternberg, P. W. (2012). Entomopathogenic nematodes. Current Biology,
22(11), R430—R431. http://doi.org/10.1016/J.CUB.2012.03.047

Dong, H.-P., Peng, J., Bao, Z., Meng, X., Bonasera, J. M., Chen, G., ... Dong, H. (2004).
Downstream Divergence of the Ethylene Signaling Pathway for Harpin-Stimulated
Arabidopsis Growth and Insect Defense. Plant Physiology, 136(3), 3628 LP-3638.
Retrieved from http://www.plantphysiol.org/content/136/3/3628.abstract

Dong, S., Stam, R., Cano, L. M., Song, J., Sklenar, J., Yoshida, K., ... Kamoun, S. (2014).
Effector specialization in a lineage of the Irish potato famine pathogen. Science,
343(6170), 552-555. http://doi.org/10.1126/science.1246300

Dong, X. (1998). SA, JA, ethylene, and disease resistance in plants. Current Opinion in Plant
Biology, 1(4), 316—323. http://doi.org/10.1016/1369-5266(88)80053-0

Dorris, M., De Ley, P., & Blaxter, M. L. (1999). Molecular Analysis of Nematode Diversity
and the Evolution of Parasitism. Parasitology Today, 15(5), 188—-193.
http://doi.org/https://doi.org/10.1016/S0169-4758(99)01439-8

Doyle, E. A., & Lambert, K. N. (2003). Meloidogyne javanica Chorismate Mutase 1 Alters
Plant Cell Development. Molecular Plant-Microbe Interactions, 16(2), 123-131.
http://doi.org/10.1094/MPMI.2003.16.2.123

WMJ\ME 116



References

Du, J., Yin, H., Zhang, S., Wei, Z., Zhao, B., Zhang, J., ... Li, J. (2012). Somatic
Embryogenesis Receptor Kinases Control Root Development Mainly via
Brassinosteroid-Independent Actions in Arabidopsis thaliana. Journal of Integrative
Plant Biology, 54(6), 388—399. http://doi.org/10.1111/j.1744-7909.2012.01124.x

Du, L., & Chen, Z. (2000). Identification of genes encoding receptor-like protein kinases as
possible targets of pathogen- and salicylic acid-induced WRKY DNA-binding proteins in
Arabidopsis. The Plant Journal, 24(6), 837-847. http://doi.org/10.1111/j.1365-
313X.2000.00923.x

Dunn, C. W., Hejnol, A., Matus, D. Q., Pang, K., Browne, W. E., Smith, S. A., ... Giribet, G.
(2008). Broad phylogenomic sampling improves resolution of the animal tree of life.
Nature, 452, 745. Retrieved from http://dx.doi.org/10.1038/nature06614

Durrant, W. E., & Dong, X. (2004). SYSTEMIC ACQUIRED RESISTANCE. Annual Review
of Phytopathology, 42(1), 185-209.
http://doi.org/10.1146/annurev.phyto.42.040803.140421

Ederli, L., Madeo, L., Calderini, O., Gehring, C., Moretti, C., Buonaurio, R., ... Pasqualini, S.
(2011). The Arabidopsis thaliana cysteine-rich receptor-like kinase CRK20 modulates
host responses to Pseudomonas syringae pv. tomato DC3000 infection. Journal of
Plant Physiology, 168(15), 1784-1794.
http://doi.org/https://doi.org/10.1016/j.jplph.2011.05.018

Eichmann, R., & Schéfer, P. (2015). Growth versus immunity—a redirection of the cell
cycle? Current Opinion in Plant Biology, 26, 106—112.
http://doi.org/https://doi.org/10.1016/j.pbi.2015.06.006

Ellis, R. E., Sulston, J. E., & Coulson, A. R. (1986). The rDNA of C. elegans: sequence and
structure. Nucleic Acids Res., 14, 2345-2364.

Endo, B. Y. (1984). Ultrastructure of the esophagus of larvae of the soybean cyst nematode,
Heterodera glycines. Proceedings of the Helminthological Society of Washington, 51(1),
1-24.

Erb, M., Meldau, S., & Howe, G. A. (2012). Role of phytohormones in insect-specific plant
reactions. Trends in Plant Science, 17(5), 250-259.
http://doi.org/https://doi.org/10.1016/j.tplants.2012.01.003

Escobar, C., Barcala, M., Cabrera, J., & Fenoll, C. (2015). Chapter One - Overview of Root-
Knot Nematodes and Giant Cells. In C. Escobar & C. B. T.-A. in B. R. Fenoll (Eds.),
Plant Nematode Interactions (Vol. 73, pp. 1-32). Academic Press.
http://doi.org/https://doi.org/10.1016/bs.abr.2015.01.001

Etzinger, A., & Sommer, R. (1997). The homeotic gene lin-39 and the evolution of nematode
epidermal cell fates. Science, 278, 452-455. Retrieved from
http://dx.doi.org/10.1126/science.278.5337.452

Falk, A., Feys, B. J., Frost, L. N., Jones, J. D., Daniels, M. J., & Parker, J. E. (1999). EDS1,
an essential component of R gene-mediated disease resistance in Arabidopsis has
homology to eukaryotic lipases. Proceedings of the National Academy of Sciences of
the United States of America, 96(6), 3292—-3297. http://doi.org/10.1073/pnas.96.6.3292

Fallas, G. A., Hahn, M. L., Fargette, M., Burrows, P. R., & Sarah, J. L. (1996). Molecular and
Biochemical Diversity Among Isolates of Radopholus spp. from Different Areas of the

ng‘mie 117



References

World. Journal of Nematology, 28(4), 422—-430. Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2619711/

Fei, Q., Zhang, Y., Xia, R., & Meyers, B. C. (2016). Small RNAs Add Zing to the Zig-Zag-Zig
Model of Plant Defenses. Molecular Plant-Microbe Interactions, 29(3), 165-169.
http://doi.org/10.1094/MPMI-09-15-0212-FI

Felix, G., Duran, J. D., Volko, S., & Boller, T. (1999). Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. The Plant Journal, 18(3),
265-276. http://doi.org/10.1046/j.1365-313X.1999.00265.x

Félix, M.-A. (2008). RNA interference in nematodes and the chance that favored Sydney
Brenner. Journal of Biology, 7(9), 34. http://doi.org/10.1186/jbiol97

Felsenstein, J. (1978). Cases in which parsimony and compatibility methods will be
positively misleading. Syst. Zool., 27, 401-410. Retrieved from
http://dx.doi.org/10.2307/2412923

Feng, B., & Shan, L. (2014). HOST-PATHOGENINTERACTIONS ROS Open
Roads to Roundworm Infection, 7(320), 8-10.

Fenoll, C., Grundler, F. M. W., & Ohl, S. A. (2012). Cellular and Molecular Aspects of Plant-
Nematode Interactions. Springer Netherlands. Retrieved from
https://books.google.de/books?id=CTLpCAAAQBAJ

Ferrari, S., Sella, L., Janni, M., De Lorenzo, G., Favaron, F., & D’Ovidio, R. (2012).
Transgenic expression of polygalacturonase-inhibiting proteins in Arabidopsis and
wheat increases resistance to the flower pathogen Fusarium graminearum. Plant
Biology, 14(SUPPL. 1), 31-38. http://doi.org/10.1111/j.1438-8677.2011.00449.x

Fitch, D. H. A., Bugaj-gaweda, B., & Emmons, S. W. (1995). 18S ribosomal gene phylogeny
for some rhabditidae related to Caenorhabditis elegans. Mol. Biol. Evol., 12, 346—-358.

Fradin, E. F., Zhang, Z., Juarez Ayala, J. C., Castroverde, C. D. M., Nazar, R. N., Robb, J.,
... Thomma, B. P. H. J. (2009). Genetic Dissection of Verticillium Wilt Resistance
Mediated by Tomato Vel. Plant Physiology, 150(1), 320-332.
http://doi.org/10.1104/pp.109.136762

Gallego-Bartolomé, J., Minguet, E. G., Grau-Enguix, F., Abbas, M., Locascio, A., Thomas, S.
G., ... Blazquez, M. A. (2012). Molecular mechanism for the interaction between
gibberellin and brassinosteroid signaling pathways in &lt;em&gt;Arabidopsis&lt;/emé&gt;
Proceedings of the National Academy of Sciences, 109(33), 13446 LP-13451.
Retrieved from http://www.pnas.org/content/109/33/13446.abstract

Gao, M., Labuda, T., Xia, Y., Gallagher, E., Fang, D., Liu, Y.-C., & Karin, M. (2004). Jun
Turnover Is Controlled Through JNK-Dependent Phosphorylation of the E3 Ligase Itch.
Science, 306(5694), 271 LP-275. Retrieved from
http://science.sciencemag.org/content/306/5694/271.abstract

Ghedin, E., Wang, S., Spiro, D., Caler, E., Zhao, Q., Crabtree, J., ... Scott, A. L. (2007).
Draft Genome of the Filarial Nematode Parasite Brugia malayi. Science (New York,
N.Y.), 317(5845), 1756—1760. http://doi.org/10.1126/science.1145406

Gimenez-lbanez, S., Hann, D. R., Ntoukakis, V., Petutschnig, E., Lipka, V., & Rathjen, J. P.
(2009). AvrPtoB Targets the LysM Receptor Kinase CERK1 to Promote Bacterial

WMJ\ME 118



References

Virulence on Plants. Current Biology, 19(5), 423—-429.
http://doi.org/https://doi.org/10.1016/j.cub.2009.01.054

Gimenez-lbanez, S., Ntoukakis, V., & Rathjen, J. P. (2009). The LysM receptor kinase
CERK1 mediates bacterial perception in Arabidopsis. Plant Signaling & Behavior, 4(6),
539-541. http://doi.org/10.4161/psb.4.6.8697

Glazebrook, J. (2005). Contrasting Mechanisms of Defense Against Biotrophic and
Necrotrophic Pathogens. Annual Review of Phytopathology, 43(1), 205-227.
http://doi.org/10.1146/annurev.phyto.43.040204.135923

Glazebrook, J., Chen, W., Estes, B., Chang, H.-S., Nawrath, C., Métraux, J.-P., ... Katagiri,
F. (2003). Topology of the network integrating salicylate and jasmonate signal
transduction derived from global expression phenotyping. The Plant Journal, 34(2),
217-228. http://doi.org/10.1046/j.1365-313X.2003.01717.x

Gohre, V., Spallek, T., Haweker, H., Mersmann, S., Mentzel, T., Boller, T., ... Robatzek, S.
(2008). Plant Pattern-Recognition Receptor FLS2 Is Directed for Degradation by the
Bacterial Ubiquitin Ligase AvrPtoB. Current Biology, 18(23), 1824-1832.
http://doi.org/https://doi.org/10.1016/j.cub.2008.10.063

Gold, L. I., Eggleton, P., Sweetwyne, M. T., Van Duyn, L. B., Greives, M. R., Naylor, S.-M.,
... Murphy-Ullrich, J. E. (2009). Calreticulin: non-endoplasmic reticulum functions in
physiology and disease. The FASEB Journal, 24(3), 665—-683.
http://doi.org/10.1096/f].09-145482

Golinowski, W., Sobczak, M., Kurek, W., & Grymaszewska, G. (1997). The structure of
syncytia. Cellular and Molecular Aspects of Plant-Nematode Interactions, 80-97.
http://doi.org/10.1007/978-94-011-5596-0_7

Gbmez-Gomez, L., & Boller, T. (2000). FLS2: An LRR Receptor—like Kinase Involved in the
Perception of the Bacterial Elicitor Flagellin in Arabidopsis. Molecular Cell, 5(6), 1003—
1011. http://doi.org/https://doi.org/10.1016/S1097-2765(00)80265-8

Gbmez-Gomez, L., Felix, G., & Boller, T. (1999). A single locus determines sensitivity to
bacterial flagellin in Arabidopsis thaliana. The Plant Journal, 18(3), 277—284.
http://doi.org/10.1046/j.1365-313X.1999.00451.x

Gourion, B., Berrabah, F., Ratet, P., & Stacey, G. (2014). Rhizobium — legume symbioses :
the crucial role of plant immunity. Trends in Plant Science, 20(3), 186—194.
http://doi.org/10.1016/j.tplants.2014.11.008

Gourion, B., Berrabah, F., Ratet, P., & Stacey, G. (2015). Rhizobium-legume symbioses: the
crucial role of plant immunity. Trends in Plant Science, 20(3), 186—-194.
http://doi.org/https://doi.org/10.1016/j.tplants.2014.11.008

Goverse, A., & Smant, G. (2014). The Activation and Suppression of Plant Innate Immunity
by Parasitic Nematodes. Annual Review of Phytopathology, 52(1), 243—-265.
http://doi.org/10.1146/annurev-phyto-102313-050118

Greilhuber, J., Borsch, T., Miller, K., Worberg, A., Porembski, S., & Barthlott, W. (2006).
Smallest Angiosperm Genomes Found in Lentibulariaceae, with Chromosomes of
Bacterial Size. Plant Biology, 8(6), 770—777. http://doi.org/10.1055/s-2006-924101

WMJ\ME 119



References

Grojean, J., & Downes, B. (2010). Riboswitches as hormone receptors: hypothetical
cytokinin-binding riboswitches in Arabidopsis thaliana. Biology Direct, 5(1), 60.
http://doi.org/10.1186/1745-6150-5-60

Grundler Kiel, Germany), F. (Christian-A.-U. K., Betka, M., & Wyss, U. (n.d.). Influence of
changes in the nurse cell system (syncytium) on sex determination and development of
the cyst nematode Heterodera schachtii: total amounts of proteins and amino acids.
Phytopathology (USA).

Grunewald, W., Vanholme, B., Pauwels, L., Plovie, E., Inzé, D., Gheysen, G., & Goossens,
A. (2009). Expression of the Arabidopsis jasmonate signalling repressor JAZ1/TIFY10A
is stimulated by auxin. EMBO Reports, 10(8), 923-928.
http://doi.org/10.1038/embor.2009.103

Gust, A. A, Biswas, R., Lenz, H. D., Rauhut, T., Ranf, S., Kemmerling, B., ... Nirnberger, T.
(2007). Bacteria-derived Peptidoglycans Constitute Pathogen-associated Molecular
Patterns Triggering Innate Immunity in Arabidopsis. Journal of Biological Chemistry ,
282(44), 32338-32348. http://doi.org/10.1074/jbc.M704886200

Haegeman, A., Mantelin, S., Jones, J. T., & Gheysen, G. (2012). Functional roles of
effectors of plant-parasitic nematodes. Gene, 492(1), 19-31.
http://doi.org/https://doi.org/10.1016/j.gene.2011.10.040

Halter, T., Imkampe, J., Mazzotta, S., Wierzba, M., Postel, S., Blicherl, C., ... Kemmerling,
B. (2014). The leucine-rich repeat receptor kinase BIR2 is a negative regulator of BAK1
in plant immunity. Current Biology : CB, 24(2), 134—-43.
http://doi.org/10.1016/j.cub.2013.11.047

Hamel, L. P., Sheen, J., & Séguin, A. (2014). Ancient signals: Comparative genomics of
green plant CDPKs. Trends in Plant Science, 19(2), 79-89.
http://doi.org/10.1016/j.tplants.2013.10.009

Han, Z., Sun, Y., & Chai, J. (2014). Structural insight into the activation of plant receptor
kinases. Current Opinion in Plant Biology, 20C, 55—-63.
http://doi.org/10.1016/j.pbi.2014.04.008

Hanai, H., Matsuno, T., Yamamoto, M., Matsubayashi, Y., Kobayashi, T., Kamada, H., &
Sakagami, Y. (2000). A Secreted Peptide Growth Factor, Phytosulfokine, Acting as a
Stimulatory Factor of Carrot Somatic Embryo Formation. Plant and Cell Physiology,
41(1), 27-32. Retrieved from http://dx.doi.org/10.1093/pcp/41.1.27

Hayafune, M., Berisio, R., Marchetti, R., Silipo, A., Kayama, M., Desaki, Y., ... Shibuya, N.
(2014). Chitin-induced activation of immune signaling by the rice receptor CEBIP relies
on a unique sandwich-type dimerization. Proceedings of the National Academy of
Sciences, 111(3), E404 LP-E413. Retrieved from
http://www.pnas.org/content/111/3/E404.abstract

Hayashi, F., Smith, K. D., Ozinsky, A., Hawn, T. R., Yi, E. C., Goodlett, D. R., ... Aderem, A.
(2001). The innate immune response to bacterial flagellin is mediated by Toll-like
receptor 5. Nature, 410, 1099. Retrieved from http://dx.doi.org/10.1038/35074106

He, J.-X., Gendron, J. M., Sun, Y., Gampala, S. S. L., Gendron, N., Sun, C. Q., & Wang, Z.-
Y. (2005). BZR1 Is a Transcriptional Repressor with Dual Roles in Brassinosteroid
Homeostasis and Growth Responses. Science, 307(5715), 1634 LP-1638. Retrieved
from http://science.sciencemag.org/content/307/5715/1634.abstract

WMJ\ME 120



References

He, Y., Fukushige, H., Hildebrand, D. F., & Gan, S. (2002). Evidence Supporting a Role of
Jasmonic Acid in Arabidopsis Leaf Senescence. Plant Physiology, 128(3), 876 LP-884.
Retrieved from http://www.plantphysiol.org/content/128/3/876.abstract

Hecht, V., Vielle-Calzada, J.-P., Hartog, M. V, Schmidt, E. D. L., Boutilier, K., Grossniklaus,
U., & de Vries, S. C. (2001). The Arabidopsis &lt;,em&gt;Somatic Embryogenesis
Receptor Kinase 1&lt;/emé&gt; Gene Is Expressed in Developing Ovules and Embryos
and Enhances Embryogenic Competence in Culture. Plant Physiology, 127(3), 803 LP-
816. Retrieved from http://www.plantphysiol.org/content/127/3/803.abstract

Hewezi, T., & Baum, T. J. (2013). Manipulation of Plant Cells by Cyst and Root-Knot
Nematode Effectors. Molecular Plant-Microbe Interactions, 26(1), 9-16.
http://doi.org/10.1094/MPMI-05-12-0106-FI

Hewezi, T., Howe, P. J., Maier, T. R., Hussey, R. S., Mitchum, M. G., Davis, E. L., & Baum,
T. J. (2010). Arabidopsis Spermidine Synthase Is Targeted by an Effector Protein of the
Cyst Nematode &lt;em&gt;Heterodera schachtii&lt;/emé&gt; Plant Physiology, 152(2),
968 LP-984. Retrieved from http://www.plantphysiol.org/content/152/2/968.abstract

Hewezi, T., Juvale, P. S., Piya, S., Maier, T. R., Rambani, A., Rice, J. H., ... Baum, T. J.
(2015). The Cyst Nematode Effector Protein 10A07 Targets and Recruits Host
Posttranslational Machinery to Mediate Its Nuclear Trafficking and to Promote
Parasitism in Arabidopsis. The Plant Cell, 27(3), 891-907.
http://doi.org/10.1105/tpc.114.135327

Holbein, J., Grundler, F. M. W., & Siddique, S. (2016). Plant basal resistance to nematodes:
An update. Journal of Experimental Botany, 67(7), 2049-2061.
http://doi.org/10.1093/jxb/erw005

Holton, N., Nekrasov, V., Ronald, P. C., & Zipfel, C. (2015). The phylogenetically-related
pattern recognition receptors EFR and XA21 recruit similar immune signaling
components in monocots and dicots. PLoS Pathogens, 11(1), e1004602.
http://doi.org/10.1371/journal.ppat.1004602

Hothorn, M., Belkhadir, Y., Dreux, M., Dabi, T., Noel, J. P., Wilson, I. A., & Chory, J. (2011).
Structural basis of steroid hormone perception by the receptor kinase BRI1. Nature,
474, 467. Retrieved from http://dx.doi.org/10.1038/nature10153

Howe, G. A., & Jander, G. (2008). Plant Immunity to Insect Herbivores. Annual Review of
Plant Biology, 59(1), 41-66. http://doi.org/10.1146/annurev.arplant.59.032607.092825

Huang, X., Tian, B., Niu, Q., Yang, J., Zhang, L., & Zhang, K. (2005). An extracellular
protease from Brevibacillus laterosporus G4 without parasporal crystals can serve as a
pathogenic factor in infection of nematodes. Research in Microbiology, 156(5), 719—
727. http://doi.org/https://doi.org/10.1016/j.resmic.2005.02.006

Huffaker, A., & Ryan, C. A. (2007). Endogenous peptide defense signals in
&lt;emé&gt;Arabidopsis&lt;/em&gt; differentially amplify signaling for the innate immune
response. Proceedings of the National Academy of Sciences, 104(25), 10732 LP-
10736. Retrieved from http://www.pnas.org/content/104/25/10732.abstract

Hugot, J.-P., Chamaillard, M., Zouali, H., Lesage, S., Cezard, J.-P., Belaiche, J., ... Thomas,
G. (2001). Association of NOD2 leucine-rich repeat variants with susceptibility to
Crohn’s disease. Nature, 411(6837), 599—-603. Retrieved from
http://dx.doi.org/10.1038/35079107

WMJ\ME 121



References

Huot, B., Yao, J., Montgomery, B. L., & He, S. Y. (2014). Growth-Defense Tradeoffs in
Plants: A Balancing Act to Optimize Fitness. Molecular Plant, 7(August), 1267-1287.
http://doi.org/10.1093/mp/ssu049

Hurni, S., Scheuermann, D., Krattinger, S. G., Kessel, B., Wicker, T., Herren, G., ... Keller,
B. (2015). The maize disease resistance gene Htnl against northern corn leaf blight
encodes a wall-associated receptor-like kinase. Proceedings of the National Academy
of Sciences, 112(28), 8780—8785. http://doi.org/10.1073/pnas.1502522112

Idanheimo, N., Gauthier, A., Salojarvi, J., Siligato, R., Brosché, M., Kollist, H., ... Wrzaczek,
M. (2014). The Arabidopsis thaliana cysteine-rich receptor-like kinases CRK6 and
CRK7 protect against apoplastic oxidative stress. Biochemical and Biophysical
Research Communications, 445(2), 457-462.
http://doi.org/https://doi.org/10.1016/j.bbrc.2014.02.013

Idmas, T. I. (2008). Similarity and Functional Analyses of Expressed Parasitism Genes in
Heterodera schachtii and Heterodera glycines, 40(4), 299-310.

Igarashi, D., Tsuda, K., & Katagiri, F. (2012). The peptide growth factor, phytosulfokine,
attenuates pattern-triggered immunity. The Plant Journal, 71(2), 194-204.
http://doi.org/10.1111/j.1365-313X.2012.04950.x

Igasaki, T., Akashi, N., Ujino-lhara, T., Matsubayashi, Y., Sakagami, Y., & Shinohara, K.
(2003). Phytosulfokine Stimulates Somatic Embryogenesis in Cryptomeria japonica.
Plant and Cell Physiology, 44(12), 1412-1416. Retrieved from
http://dx.doi.org/10.1093/pcp/pcgl6l

Iquira, E., Humira, S., & Fran??ois, B. (2015). Association mapping of QTLs for sclerotinia
stem rot resistance in a collection of soybean plant introductions using a genotyping by
sequencing (GBS) approach. BMC Plant Biology, 15(1), 1-12.
http://doi.org/10.1186/s12870-014-0408-y

J, J., Gutjahr, C., Gobbato, E., Choi, J., Riemann, M., Johnston, M. G., ... Paszkowski, U.
(2015). Research|reports, 714(June).

J.D., E. (1985). Detailed morphology and anatomy of second-stage juveniles, males, and
females of the genus Meloidogyne (root-knot nematodes). Retrieved from
http://agris.fao.org/agris-search/search.do?recordID=US19870116596#.Wqgt-
gcbfcA.mendeley

Jacquet, M., Bongiovanni, M., Martinez, M., Verschave, P., Wajnberg, E., & Castagnone-
Sereno, P. (2005). Variation in resistance to the root-knot nematode Meloidogyne
incognita in tomato genotypes bearing the Mi gene. Plant Pathology, 54(2), 93—-99.
http://doi.org/10.1111/j.1365-3059.2005.01143.x

Jaffe, H., Huettel, R. N., Demilo, A. B., Hayes, D. K., & Rebois, R. V. (1989). Isolation and
identification of a compound from soybean cyst nematode,Heterodera glycines, with
sex pheromone activity. Journal of Chemical Ecology, 15(7), 2031-2043.
http://doi.org/10.1007/BF01207435

Jagdale, G. B., Kamoun, S., & Grewal, P. S. (2009). Entomopathogenic nematodes induce
components of systemic resistance in plants: Biochemical and molecular evidence.
Biological Control, 51(1), 102—-109.
http://doi.org/https://doi.org/10.1016/j.biocontrol.2009.06.009

WMJ\ME 122



References

Jaillais, Y., & Vert, G. (2012). Brassinosteroids, gibberellins and light-mediated signalling are
the three-way controls of plant sprouting. Nature Cell Biology, 14, 788. Retrieved from
http://dx.doi.org/10.1038/ncbh2551

Janeway, C. A. (1989). Immunotherapy by peptides? Nature, 341, 482. Retrieved from
http://dx.doi.org/10.1038/341482a0

Jaouannet, M., Magliano, M., Arguel, M. J., Gourgues, M., Evangelisti, E., Abad, P., &
Rosso, M. N. (2012). The Root-Knot Nematode Calreticulin Mi-CRT Is a Key Effector in
Plant Defense Suppression. Molecular Plant-Microbe Interactions, 26(1), 97-105.
http://doi.org/10.1094/MPMI-05-12-0130-R

Jaouannet, M., Perfus-Barbeoch, L., Deleury, E., Magliano, M., Engler, G., Vieira, P., ...
Rosso, M.-N. (2012). A root-knot nematode-secreted protein is injected into giant cells
and targeted to the nuclei. New Phytologist, 194(4), 924-931.
http://doi.org/10.1111/j.1469-8137.2012.04164.x

Jarrell, T. A., Wang, Y., Bloniarz, A. E., Brittin, C. A., Xu, M., Thomson, J. N., ... Emmons, S.
W. (2012). The Connectome of a Decision-Making Neural Network. Science,
337(6093), 437—-444. http://doi.org/10.1126/science.1221762

Jaubert, S., Milac, A. L., Petrescu, A. J., de Almeida-Engler, J., Abad, P., & Rosso, M.-N.
(2005). In Planta Secretion of a Calreticulin by Migratory and Sedentary Stages of
Root-Knot Nematode. Molecular Plant-Microbe Interactions, 18(12), 1277-1284.
http://doi.org/10.1094/MPMI-18-1277

Jeworutzki, E., Roelfsema, M. R. G., Anschitz, U., Krol, E., Elzenga, J. T. M., Felix, G, ...
Becker, D. (2010). Early signaling through the Arabidopsis pattern recognition receptors
FLS2 and EFR involves Ca2+-associated opening of plasma membrane anion
channels. The Plant Journal, 62(3), 367-378. http://doi.org/10.1111/j.1365-
313X.2010.04155.x

Jones MD, P., Kafonek MD, S., Laurora PharmD, I., & Hunninghake MD, D. (2018).
Comparative Dose Efficacy Study of <em>Atorvastatin</em> Versus <em>Simvastatin,
Pravastatin, Lovastatin,</em> and <em>Fluvastatin</em> in Patients With
Hypercholesterolemia (The CURVES Study) fnl. American Journal of Cardiology,
81(5), 582-587. http://doi.org/10.1016/S0002-9149(97)00965-X

Jones, J. T., Haegeman, A., Danchin, E. G. J., Gaur, H. S., Helder, J., Jones, M. G. K,, ...
Perry, R. N. (2013). Top 10 plant-parasitic nematodes in molecular plant pathology.
Molecular Plant Pathology, 14(9), 946—961. http://doi.org/10.1111/mpp.12057

Jones, J. T., Furlanetto, C., Bakker, E., Banks, B., Blok, V., Chen, Q., ... Prior, A. (2003).
Characterization of a chorismate mutase from the potato cyst nematode Globodera
pallida. Molecular Plant Pathology, 4(1), 43-50. http://doi.org/10.1046/j.1364-
3703.2003.00140.x

Jones, J. D. G., & Dangl, J. L. (2006). The plant inmune system. Nature, 444(7117), 323-9.
http://doi.org/10.1038/nature05286

Jones, M. G. K., & Goto, D. B. (2011). Root-knot Nematodes and Giant Cells BT -
Genomics and Molecular Genetics of Plant-Nematode Interactions. In J. Jones, G.
Gheysen, & C. Fenoll (Eds.), (pp. 83—100). Dordrecht: Springer Netherlands.
http://doi.org/10.1007/978-94-007-0434-3 5

WMJ\ME 123



References

Jones-Rhoades, M. W., & Bartel, D. P. (2004). Computational Identification of Plant
MicroRNAs and Their Targets, Including a Stress-Induced miRNA. Molecular Cell,
14(6), 787—799. http://doi.org/https://doi.org/10.1016/j.molcel.2004.05.027

Jord4, L., Sopefia-Torres, S., Escudero, V., Nufiez-Corcuera, B., Delgado-Cerezo, M., Torii,
K. U., & Molina, A. (2016). ERECTA and BAK1 Receptor Like Kinases Interact to
Regulate Immune Responses in Arabidopsis . Frontiers in Plant Science . Retrieved
from https://www.frontiersin.org/article/10.3389/fpls.2016.00897

K,S.R,0,C,N,JW,D,P. A, &B, J. O.(1999). Survey of Crop Losses in Response to
Phytoparasitic Nematodes in the United States for 1994 1, 31(1987), 587-618.

Kachroo, A., & Robin, G. P. (2013). Systemic signaling during plant defense. Current
Opinion in Plant Biology, 16(4), 527-533. http://doi.org/10.1016/j.pbi.2013.06.019

Kadota, Y., Goh, T., Tomatsu, H., Tamauchi, R., Higashi, K., Muto, S., & Kuchitsu, K. (2004).
Cryptogein-Induced Initial Events in Tobacco BY-2 Cells: Pharmacological
Characterization of Molecular Relationship among Cytosolic Ca2+ Transients, Anion
Efflux and Production of Reactive Oxygen Species. Plant and Cell Physiology, 45(2),
160-170. Retrieved from http://dx.doi.org/10.1093/pcp/pch020

Kadota, Y., Shirasu, K., & Zipfel, C. (2015). Regulation of the NADPH Oxidase RBOHD
During Plant Immunity. Plant and Cell Physiology, 56(8), 1472—-1480. Retrieved from
http://dx.doi.org/10.1093/pcp/pcv063

Kadota, Y., Sklenar, J., Derbyshire, P., Stransfeld, L., Asai, S., Ntoukakis, V., ... Zipfel, C.
(2014). Direct Regulation of the NADPH Oxidase RBOHD by the PRR-Associated
Kinase BIK1 during Plant Immunity. Molecular Cell, 54(1), 43-55.
http://doi.org/10.1016/j.molcel.2014.02.021

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, N., Takio, K., ...
Shibuya, N. (2006). Plant cells recognize chitin fragments for defense signaling through
a plasma membrane receptor. Proceedings of the National Academy of Sciences,
103(29), 11086 LP-11091. Retrieved from
http://www.pnas.org/content/103/29/11086.abstract

Kammerhofer, N., Radakovic, Z., Regis, J. M. A., Dobrev, P., Vankova, R., Grundler, F. M.
W., ... Wieczorek, K. (2015). Role of stress-related hormones in plant defence during
early infection of the cyst nematode Heterodera schachtii in Arabidopsis. New
Phytologist, 778-789. http://doi.org/10.1111/nph.13395

Kandoth, P. K., & Mitchum, M. G. (2013). War of the worms: How plants fight underground
attacks. Current Opinion in Plant Biology, 16(4), 457-463.
http://doi.org/10.1016/j.pbi.2013.07.001

Karuri, H. W., Olago, D., Neilson, R., Mararo, E., & Villinger, J. (2017). A survey of root knot
nematodes and resistance to Meloidogyne incognita in sweet potato varieties from
Kenyan fields. Crop Protection, 92, 114-121.
http://doi.org/10.1016/j.cropro.2016.10.020

Kazlauskait, S., & Coosemans, J. (2009). Reproductive Rate of the Heterodera schachtii on
Different Winter Rapeseed Cultivars, 83(83), 2—6.

Kearn, J., Ludlow, E., Dillon, J., O’'Connor, V., & Holden-Dye, L. (2014). Fluensulfone is a
nematicide with a mode of action distinct from anticholinesterases and macrocyclic

WMJ\ME 124



References

lactones. Pesticide Biochemistry and Physiology, 109, 44-57.
http://doi.org/https://doi.org/10.1016/j.pestbp.2014.01.004

Kerry Turner, R. (1988). Sustainable environmental management: principles and practice.
London: Belhaven Press.

Kerstan, U. (1969). Die Beeinflussung Des Geschlechterverhaltnisses in Der Gattung
Heterodera. Nematologica, 15(2), 210-228.
http://doi.org/https://doi.org/10.1163/187529269X00641

Kessler, A., & Baldwin, I. T. (2002). PLANT RESPONSES TO INSECT HERBIVORY: The
Emerging Molecular Analysis. Annual Review of Plant Biology, 53(1), 299-328.
http://doi.org/10.1146/annurev.arplant.53.100301.135207

Khan, S. A. (2010). EVALUATION OF BACILLUS THURINGIENSIS ISOLATES AGAINST
ROOT-KNOT NEMATODES FOLLOWING SEED APPLICATION IN OKRA AND
MUNGBEAN, 42(4), 2903-2910.

Kikuchi, T., Cotton, J. A, Dalzell, J. J., Hasegawa, K., Kanzaki, N., McVeigh, P., ...
Berriman, M. (2011). Genomic Insights into the Origin of Parasitism in the Emerging
Plant Pathogen Bursaphelenchus xylophilus. PLOS Pathogens, 7(9), €1002219.
Retrieved from https://doi.org/10.1371/journal.ppat.1002219

Kinoshita, T., Cafio-Delgado, A., Seto, H., Hiranuma, S., Fujioka, S., Yoshida, S., & Chory,
J. (2005). Binding of brassinosteroids to the extracellular domain of plant receptor
kinase BRI1. Nature, 433, 167. Retrieved from http://dx.doi.org/10.1038/nature03227

Koch, E. (1990). Arabidopsis Is Susceptible to Infection by a Downy Mildew Fungus. The
Plant Cell Online, 2(5), 437—-445. http://doi.org/10.1105/tpc.2.5.437

KOHCHI, C., INAGAWA, H., NISHIZAWA, T., & SOMA, G.-I. (2009). ROS and Innate
Immunity. Anticancer Research , 29(3), 817—-821. Retrieved from
http://ar.iiarjournals.org/content/29/3/817 .abstract

Kong, L. A., Wu, D. Q., Huang, W. K., Peng, H., Wang, G. F., Cui, J. K, ... Peng, D. L.
(2015). Large-scale identification of wheat genes resistant to cereal cyst nematode
Heterodera avenae using comparative transcriptomic analysis. BMC Genomics, 16(1),
1-18. http://doi.org/10.1186/s12864-015-2037-8

Kozai, D., Ogawa, N., & Mori, Y. (2013). Redox Regulation of Transient Receptor Potential
Channels. Antioxidants & Redox Signaling, 21(6), 971-986.
http://doi.org/10.1089/ars.2013.5616

Krol, E., Mentzel, T., Chinchilla, D., Boller, T., Felix, G., Kemmerling, B., ... Hedrich, R.
(2010). Perception of the Arabidopsis Danger Signal Peptide 1 Involves the Pattern
Recognition Receptor AtPEPR1 and Its Close Homologue AtPEPR2. Journal of
Biological Chemistry , 285(18), 13471-13479. http://doi.org/10.1074/jbc.M109.097394

Kumar, S., Tamura, K., & Nei, M. (1993). MEGA: Molecular Evolutionary Genetics Analysis.
Version 1.0.

Kunkel, B. N., & Brooks, D. M. (2002). Cross talk between signaling pathways in pathogen
defense. Current Opinion in Plant Biology, 5(4), 325-331. http://doi.org/10.1016/S1369-
5266(02)00275-3

WMJ\ME 125



References

Kutschmar, A., Rzewuski, G., Stihrwohldt, N., Beemster, G. T. S., Inzé, D., & Sauter, M.
(2009). PSK-a promotes root growth in Arabidopsis. New Phytologist, 181(4), 820-831.
http://doi.org/10.1111/j.1469-8137.2008.02710.x

Kwezi, L., Ruzvidzo, O., Wheeler, J. I., Govender, K., lacuone, S., Thompson, P. E., ...
Irving, H. R. (2011). The Phytosulfokine (PSK) Receptor Is Capable of Guanylate
Cyclase Activity and Enabling Cyclic GMP-dependent Signaling in Plants. Journal of
Biological Chemistry , 286(25), 22580—22588. http://doi.org/10.1074/jbc.M110.168823

Lai, Z., & Mengiste, T. (2013). Genetic and cellular mechanisms regulating plant responses
to necrotrophic pathogens. Current Opinion in Plant Biology, 16(4), 505-512.
http://doi.org/10.1016/j.pbi.2013.06.014

Lally, D., Ingmire, P., Tong, H., & He, Z. (2001). Antisense Expression of a Cell Wall —
Associated Protein Kinase , WAK4 , Inhibits Cell Elongation and Alters Morphology,
13(June), 1317-1331.

Lalonde, B. A., Nasrallah, M. E., Dwyer, K. G., Chen, C., Barlow, B., & Nasrallah, J. B.
(1989). A Highly Conserved Brassica Gene with Homology to the S-Locus-Specific
Glycoprotein Structural Gene, 1(February), 249-258.

Laluk, K., Luo, H., Chai, M., Dhawan, R., Lai, Z., & Mengiste, T. (2011). Biochemical and
Genetic Requirements for Function of the Immune Response Regulator BOTRYTIS-
INDUCED KINASEZ1 in Plant Growth, Ethylene Signaling, and PAMP-Triggered
Immunity in Arabidopsis. The Plant Cell, 23(8), 2831-2849.
http://doi.org/10.1105/tpc.111.087122

Laluk, K., Luo, H., Chai, M., Dhawan, R., Lai, Z., & Mengiste, T. (2011). Biochemical and
Genetic Requirements for Function of the Immune Response Regulator BOTRYTIS-
INDUCED KINASEL1 in Plant Growth, Ethylene Signaling, and PAMP-Triggered
Immunity in &lt;emé&gt;Arabidopsis&lt;/emé&gt; The Plant Cell, 23(8), 2831 LP-2849.
Retrieved from http://www.plantcell.org/content/23/8/2831.abstract

Lambshead, J. (1993). Recent developments in marine benthic biodiversity research.
Oceanis, 19, 5-24.

Landau, L. (1937). No Title. Zhurnal Eksperimental’noi | Teoreticheskoi Fiziki. Retrieved from
http://scholar.google.com/scholar?hl=en&btnG=Search&qg=intitle:No+Title#0

Langenhorst, F., Langenhorst, F., Petersen, F. L., Roddy, D. J., Pepin, R. O., Merrill, R. B.,
... Reimold, W. U. (2008). References and Notes 1., 342(December), 1681-1685.

Lee, C., Chronis, D., Kenning, C., Peret, B., Hewezi, T., Davis, E. L., ... Mitchum, M. G.
(2011). The Novel Cyst Nematode Effector Protein 19C07 Interacts with the
Arabidopsis Auxin Influx Transporter LAX3 to Control Feeding Site Development. Plant
Physiology, 155(2), 866 LP-880. Retrieved from
http://www.plantphysiol.org/content/155/2/866.abstract

Lee, D. J., Park, G. Y., Oh, K. T., Oh, N. M., Kwag, D. S., Youn, Y. S, ... Lee, E. S. (2012).
Multifunctional poly (lactide-co-glycolide) nanoparticles for luminescence/magnetic
resonance imaging and photodynamic therapy. International Journal of Pharmaceutics,
434(1), 257-263. http://doi.org/https://doi.org/10.1016/].ijpharm.2012.05.068

WMJ\ME 126



References

Lee, S., Cho, D.-I., Kang, J., Kim, M.-D., & Kim, S. Y. (2010). AtNEK®6 interacts with ARIA
and is involved in ABA response during seed germination. Molecules and Cells, 29(6),
559-566. http://doi.org/10.1007/s10059-010-0070-7

Lewis, E. E., & Gaugler, R. (1994). Entomopathogenic nematode (Rhabdita:
Steinernematidae) sex ratio relates to foraging strategy. Journal of Invertebrate
Pathology, 64(3), 238—242. http://doi.org/https://doi.org/10.1016/S0022-2011(94)90325-
5

Li, B., Meng, X., Shan, L., & He, P. (2016). Transcriptional Regulation of Pattern-Triggered
Immunity in Plants. Cell Host and Microbe, 19(5), 641-650.
http://doi.org/10.1016/j.chom.2016.04.011

Li, F., Pignatta, D., Bendix, C., Brunkard, J. O., Cohn, M. M., Tung, J., ... Baker, B. (2012).
MicroRNA regulation of plant innate immune receptors. Proceedings of the National
Academy of Sciences, 109(5), 1790 LP-1795. Retrieved from
http://www.pnas.org/content/109/5/1790.abstract

Li, J., & Chory, J. (1997). A Putative Leucine-Rich Repeat Receptor Kinase Involved in
Brassinosteroid Signal Transduction. Cell, 90(5), 929-938.
http://doi.org/https://doi.org/10.1016/S0092-8674(00)80357-8

Li, J., Brader, G., & Palva, E. T. (2004). The WRKY70 Transcription Factor: A Node of
Convergence for Jasmonate-Mediated and Salicylate-Mediated Signals in Plant
Defense. The Plant Cell, 16(2), 319 LP-331. Retrieved from
http://www.plantcell.org/content/16/2/319.abstract

Li, L., Li, M., Yu, L., Zhou, Z,, Liang, X., Liu, Z., ... Zhou, J. M. (2014). The FLS2-associated
kinase BIK1 directly phosphorylates the NADPH oxidase RbohD to control plant
immunity. Cell Host and Microbe, 15(3), 329-338.
http://doi.org/10.1016/j.chom.2014.02.009

Li, N., Alam, J., Venkatesan, M. I., Eiguren-Fernandez, A., Schmitz, D., Di Stefano, E., ...
Nel, A. E. (2004). Nrf2 Is a Key Transcription Factor That Regulates Antioxidant
Defense in Macrophages and Epithelial Cells: Protecting against the Proinflammatory
and Oxidizing Effects of Diesel Exhaust Chemicals. The Journal of Immunology, 173(5),
3467 LP-3481. Retrieved from http://www.jimmunol.org/content/173/5/3467 .abstract

Li, S., & Zhang, Y. (2014). To grow or not to grow: FERONIA has her say. Molecular Plant,
7(8), 1261-1263. http://doi.org/10.1093/mp/ssu031

Liang, D., Liu, M., Hu, Q., He, M., Qi, X,, Xu, Q., ... Chen, X. (2015). Identification of
differentially expressed genes related to aphid resistance in cucumber (Cucumis
sativus L.). Scientific Reports, 5, 9645. Retrieved from
http://dx.doi.org/10.1038/srep09645

Liebrand, T. W. H., van den Berg, G. C. M., Zhang, Z., Smit, P., Cordewener, J. H. G.,
America, A. H. P., ... Joosten, M. H. A. J. (2013). Receptor-like kinase SOBIR1/EVR
interacts with receptor-like proteins in plant immunity against fungal infection.
Proceedings of the National Academy of Sciences, 110(24), 10010 LP-10015.
Retrieved from http://www.pnas.org/content/110/24/10010.abstract

Ligterink, W. (1997). Receptor-Mediated Activation of a MAP Kinase in Pathogen Defense of
Plants. Science, 276(5321), 2054—-2057. http://doi.org/10.1126/science.276.5321.2054

WMJ\ME 127



References

Lin, W., Li, B, Lu, D., Chen, S., Zhu, N., He, P., & Shan, L. (2014). Tyrosine phosphorylation
of protein kinase complex BAK1/BIK1 mediates Arabidopsis innate immunity.
Proceedings of the National Academy of Sciences, 111(9), 3632—-3637.
http://doi.org/10.1073/pnas.1318817111

Lin, W., Lu, D., Gao, X., Jiang, S., Ma, X., Wang, Z., ... Shan, L. (2013). Inverse modulation
of plant immune and brassinosteroid signaling pathways by the receptor-like
cytoplasmic kinase BIK1. Proceedings of the National Academy of Sciences, 110(29),
12114 LP-12119. Retrieved from http://www.pnas.org/content/110/29/12114.abstract

Liu, S., Kandoth, P. K., Warren, S. D., Yeckel, G., Heinz, R., Alden, J., ... Meksem, K.
(2012). A soybean cyst nematode resistance gene points to a new mechanism of plant
resistance to pathogens. Nature, 492, 256. Retrieved from
http://dx.doi.org/10.1038/nature11651

Liu, T., Liu, Z., Song, C., Hu, Y., Han, Z,, She, J., ... Chai, J. (2012). Chitin-Induced
Dimerization Activates a Plant Imnmune Receptor. Science, 336(6085), 1160 LP-1164.
Retrieved from http://science.sciencemag.org/content/336/6085/1160.abstract

Liu, Y. L., Schiff, M., & Dinesh-Kumar, S. P. (2002). Virus-induced gene silencing in tomato.
Plant Journal, 31(OCTOBER), 777-786. http://doi.org/10.1111/j.1365-
313X.2005.02441.x

Liu, Z., Wu, Y., Yang, F., Zhang, Y., Chen, S., Xie, Q., ... Zhou, J.-M. (2013). BIK1 interacts
with PEPRs to mediate ethylene-induced immunity. Proceedings of the National
Academy of Sciences, 110(15), 6205 LP-6210. Retrieved from
http://www.pnas.org/content/110/15/6205.abstract

Lloyd, J., & Meinke, D. (2012). A Comprehensive Dataset of Genes with a Loss-of-Function
Mutant Phenotype in Arabidopsis. Plant Physiology, 158(3), 1115-1129.
http://doi.org/10.1104/pp.111.192393

Lopez, J. A., Sun, Y., Blair, P. B., & Mukhtar, M. S. (2015). TCP three-way handshake:
Linking developmental processes with plant immunity. Trends in Plant Science, 20(4),
238-245. http://doi.org/10.1016/j.tplants.2015.01.005

Lorenzen, S. (1994). The Phylogenetic Systematics of Free-Living Nematodes.

Lozano-Duran, R., Macho, A. P., Boutrot, F., Segonzac, C., Somssich, I. E., & Zipfel, C.
(2013). The transcriptional regulator BZR1 mediates trade-off between plant innate
immunity and growth. eLife, 2, e00983. http://doi.org/10.7554/eLife.00983

Lozano-Duran, R., & Zipfel, C. (2015). Trade-off between growth and immunity: Role of
brassinosteroids. Trends in Plant Science, 20(1), 12—-19.
http://doi.org/10.1016/j.tplants.2014.09.003

Lozano-Torres, J. L., Wilbers, R. H. P., Warmerdam, S., Finkers-Tomczak, A., Diaz-
Granados, A., van Schaik, C. C., ... Smant, G. (2014). Apoplastic Venom Allergen-like
Proteins of Cyst Nematodes Modulate the Activation of Basal Plant Innate Immunity by
Cell Surface Receptors. PLoS Pathogens, 10(12).
http://doi.org/10.1371/journal.ppat.1004569

Lozano-Torres, J. L., Wilbers, R. H. P., Gawronski, P., Boshoven, J. C., Finkers-Tomczak,
A., Cordewener, J. H. G, ... Smant, G. (2012). Dual disease resistance mediated by
the immune receptor Cf-2 in tomato requires a common virulence target of a fungus

WMJ\ME 128



References

and a nematode. Proceedings of the National Academy of Sciences, 109(25), 10119
LP-10124. Retrieved from http://www.pnas.org/content/109/25/10119.abstract

Lu, D., He, P., & Shan, L. (2014). Bacterial effectors target BAK1-associated receptor
complexes. Communicative & Integrative Biology, 3(2), 80-83.
http://doi.org/10.4161/cib.3.2.10301

Lu, D.,Wu, S., Gao, X., Zhang, Y., Shan, L., & He, P. (2010). A receptor-like cytoplasmic
kinase, BIK1, associates with a flagellin receptor complex to initiate plant innate
immunity. Proceedings of the National Academy of Sciences of the United States of
America, 107(1), 496-501. http://doi.org/10.1073/pnas.0909705107

Lu, D.,Wu, S., Gao, X., Zhang, Y., Shan, L., & He, P. (2010). A receptor-like cytoplasmic
kinase, BIK1, associates with a flagellin receptor complex to initiate plant innate
immunity. Proceedings of the National Academy of Sciences, 107(1), 496 LP-501.
Retrieved from http://www.pnas.org/content/107/1/496.abstract

Luc, M., Sikora, R. A., & Bridge, J. (1990). Plant Parasitic Nematodes in Tropical and
Subtropical Agriculture.

Ludewig, A. H., & Schroeder, F. C. (2013). Ascaroside signaling in C. elegans. WormBook :
The Online Review of C. Elegans Biology, 1—22.
http://doi.org/10.1895/wormbook.1.155.1

Luna, E., Pastor, V., Robert, J., Flors, V., Mauch-Mani, B., & Ton, J. (2011). Callose
deposition: a multifaceted plant defense response. Molecular Plant-Microbe
Interactions : MPMI, 24(2), 183-93. http://doi.org/10.1094/MPMI-07-10-0149

Luna, E., Pastor, V., Robert, J., Flors, V., Mauch-Mani, B., & Ton, J. (2010). Callose
Deposition: A Multifaceted Plant Defense Response. Molecular Plant-Microbe
Interactions, 24(2), 183—193. http://doi.org/10.1094/MPMI-07-10-0149

Macho, A. P., & Zipfel, C. (2014). Plant PRRs and the activation of innate immune signaling.
Molecular Cell, 54(2), 263—72. http://doi.org/10.1016/j.molcel.2014.03.028

MacLean, A. M., Orlovskis, Z., Kowitwanich, K., Zdziarska, A. M., Angenent, G. C., Immink,
R. G. H., & Hogenhout, S. A. (2014). Phytoplasma Effector SAP54 Hijacks Plant
Reproduction by Degrading MADS-box Proteins and Promotes Insect Colonization in a
RAD23-Dependent Manner. PLoS Biology, 12(4).
http://doi.org/10.1371/journal.pbio.1001835

Maggenti, A. R. (1983). Concepts in Nematode Systematics.
Malakhov, V. V. (1994). Nematodes. Structure, Development, Classification and Phylogeny.

Manosalva, P., Manohar, M., Von Reuss, S. H., Chen, S., Koch, A., Kaplan, F., ... Klessig,
D. F. (2015). Conserved nematode signalling molecules elicit plant defenses and
pathogen resistance. Nature Communications, 6, 1-8.
http://doi.org/10.1038/ncomms8795

Manosalva, P., Manohar, M., von Reuss, S. H., Chen, S., Koch, A., Kaplan, F., ... Klessig,
D. F. (2015). Conserved nematode signalling molecules elicit plant defenses and
pathogen resistance. Nature Communications, 6, 7795. Retrieved from
http://dx.doi.org/10.1038/ncomms8795

WMJ\ME 129



References

Mantelin, S., Thorpe, P., & Jones, J. T. (2015). Suppression of plant defences by plant-
parasitic nematodes. Advances in Botanical Research, 73, 325-337.
http://doi.org/10.1016/bs.abr.2014.12.011

Manuscript, A. (2007). NIH Public Access. Changes, 7(12), 59-64.
http://doi.org/10.1038/ni1410.Plant

Mao, G., Meng, X., Liu, Y., Zheng, Z., Chen, Z., & Zhang, S. (2011). Phosphorylation of a
WRKY Transcription Factor by Two Pathogen-Responsive MAPKs Drives Phytoalexin
Biosynthesis in &lt;em&gt;Arabidopsis&lt;/em&gt; The Plant Cell, 23(4), 1639 LP-1653.
Retrieved from http://www.plantcell.org/content/23/4/1639.abstract

Mao, Y.-B., Tao, X.-Y., Xue, X.-Y., Wang, L.-J., & Chen, X.-Y. (2011). Cotton plants
expressing CYP6AE14 double-stranded RNA show enhanced resistance to bollworms.
Transgenic Research, 20(3), 665—673. http://doi.org/10.1007/s11248-010-9450-1

Marino, D., Dunand, C., Puppo, A., & Pauly, N. (2012). A burst of plant NADPH oxidases.
Trends in Plant Science, 17(1), 9-15.
http://doi.org/https://doi.org/10.1016/j.tplants.2011.10.001

Marroquin-Guzman, M., Hartline, D., Wright, J. D., Elowsky, C., Bourret, T. J., & Wilson, R.
A. (2017). The Magnaporthe oryzae nitrooxidative stress response suppresses rice
innate immunity during blast disease. Nature Microbiology, 2(April).
http://doi.org/10.1038/nmicrobiol.2017.54

Martinez-Medina, A., Flors, V., Heil, M., Mauch-Mani, B., Pieterse, C. M. J., Pozo, M. J., ...
Conrath, U. (2016). Recognizing Plant Defense Priming. Trends in Plant Science,
21(10), 818-822. http://doi.org/10.1016/j.tplants.2016.07.009

Matschi, S., Hake, K., Herde, M., Hause, B., & Romeis, T. (2015). The Calcium-Dependent
Protein Kinase CPK28 Regulates Development by Inducing Growth Phase-Specific,
Spatially Restricted Alterations in Jasmonic Acid Levels Independent of Defense
Responses in Arabidopsis. The Plant Cell, 27(3), 591-606.
http://doi.org/10.1105/tpc.15.00024

Matsubayashi, Y., & Sakagami, Y. (1996). Phytosulfokine, sulfated peptides that induce the
proliferation of single mesophyll cells of Asparagus officinalis L. Proceedings of the
National Academy of Sciences, 93(15), 7623 LP-7627. Retrieved from
http://www.pnas.org/content/93/15/7623.abstract

Matsubayashi, Y., & Sakagami, Y. (2006). PEPTIDE HORMONES IN PLANTS. Annual
Review of Plant Biology, 57(1), 649—-674.
http://doi.org/10.1146/annurev.arplant.56.032604.144204

Matsuda, I., & Aiba, A. (2004). Receptor Knock-Out and Knock-In Strategies BT - Receptor
Signal Transduction Protocols. In G. B. Willars & R. A. J. Challiss (Eds.), (pp. 379-390).
Totowa, NJ: Humana Press. http://doi.org/10.1385/1-59259-754-8:379

Matsushima, N., & Miyashita, H. (2012). Leucine-rich repeat (LRR) domains containing
intervening motifs in plants. Biomolecules, 2(2), 288-311.
http://doi.org/10.3390/biom2020288

Matthews, B. F., Beard, H., Brewer, E., Kabir, S., MacDonald, M. H., & Youssef, R. M.
(2014). Arabidopsis genes, AtNPR1, AtTGA2 and AtPR-5, confer partial resistance to

WMJ\ME 130



References

soybean cyst nematode (Heterodera glycines) when overexpressed in transgenic
soybean roots. BMC Plant Biology, 14(1), 96. http://doi.org/10.1186/1471-2229-14-96

Maule, A. G., & Curtis, R. (2011). Parallels Between Plant and Animal Parasitic Nematodes
BT - Genomics and Molecular Genetics of Plant-Nematode Interactions. In J. Jones, G.
Gheysen, & C. Fenoll (Eds.), (pp. 221-251). Dordrecht: Springer Netherlands.
http://doi.org/10.1007/978-94-007-0434-3_11

McDowell, J. M., & Dangl, J. L. (2000). Signal transduction in the plant immune response.
Trends in Biochemical Sciences, 25(2), 79-82.
http://doi.org/https://doi.org/10.1016/S0968-0004(99)01532-7

Medzhitov, R., & Horng, T. (2009). Transcriptional control of the inflammatory response.
Nature Reviews Immunology, 9, 692. Retrieved from http://dx.doi.org/10.1038/nri2634

Melotto, M., Underwood, W., & He, S. Y. (2008). Role of Stomata in Plant Innate Immunity
and Foliar Bacterial Diseases. Annual Review of Phytopathology, 46(1), 101-122.
http://doi.org/10.1146/annurev.phyto.121107.104959

Mendy, B., Wanijiku, M., Radakovic, Z. S., Holbein, J., llyas, M., Chopra, D., ... Siddique, S.
(2017). Arabidopsis leucine-rich repeat receptor—like kinase NILR1 is required for
induction of innate immunity to parasitic nematodes. PLoS Pathogens, 13(4), 1-22.
http://doi.org/10.1371/journal.ppat.1006284

Meng, X., Zhou, J., Tang, J., Li, B., de Oliveira, M. V. V., Chai, J., ... Shan, L. (2016).
Ligand-Induced Receptor-like Kinase Complex Regulates Floral Organ Abscission in
Arabidopsis. Cell Reports, 14(6), 1330-1338.
http://doi.org/10.1016/j.celrep.2016.01.023

Mersmann, S., Bourdais, G., Rietz, S., & Robatzek, S. (2010). Ethylene signaling regulates
accumulation of the FLS2 receptor and is required for the oxidative burst contributing to
plant immunity. Plant Physiology, 154(1), 391-400.
http://doi.org/10.1104/pp.110.154567

Michalak, M., Groenendyk, J., Szabo, E., Gold, L. |., & Opas, M. (2009). Calreticulin, a multi-
process calcium-buffering chaperone of the endoplasmic reticulum. Biochemical
Journal, 417(3), 651 LP-666. Retrieved from
http://www.biochemj.org/content/417/3/651.abstract

Mishra, N. S., Tuteja, R., & Tuteja, N. (2006). Signaling through MAP kinase networks in
plants. Archives of Biochemistry and Biophysics, 452(1), 55-68.
http://doi.org/https://doi.org/10.1016/j.abb.2006.05.001

Mitchum, M. G., Hussey, R. S., Baum, T. J., Wang, X., Elling, A. A., Wubben, M., & Davis, E.
L. (2013). Tansley review Nematode effector proteins : an emerging paradigm of
parasitism, 879-894.

Mittler, R. (2017). ROS Are Good. Trends in Plant Science, 22(1), 11-19.
http://doi.org/10.1016/j.tplants.2016.08.002

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., ... Shibuya, N. (2007).
CERK1, a LysM receptor kinase, is essential for chitin elicitor signaling in
&lt;emé&gt;Arabidopsis&lt;/em&gt; Proceedings of the National Academy of Sciences,
104(49), 19613 LP-19618. Retrieved from
http://www.pnas.org/content/104/49/19613.abstract

WMJ\ME 131



References

Monaghan, J., Matschi, S., Shorinola, O., Rovenich, H., Matei, A., Segonzac, C., ... Zipfel,
C. (2014). The Calcium-Dependent Protein Kinase CPK28 Buffers Plant Immunity and
Regulates BIK1 Turnover. Cell Host & Microbe, 16(5), 605—-615.
http://doi.org/http://dx.doi.org/10.1016/j.chom.2014.10.007

Monaghan, J., & Zipfel, C. (2012). Plant pattern recognition receptor complexes at the
plasma membrane. Current Opinion in Plant Biology, 15(4), 349-357.
http://doi.org/https://doi.org/10.1016/.pbi.2012.05.006

Mora-Garcia, S., Vert, G., Yin, Y. H., Cano-Delgado, a, Cheong, H., & Chory, J. (2004).
Nuclear protein phosphatases with Kelch-repeat domains modulate the response to
bras sino steroids in Arabidopsis. Genes & Development, 18, 448-460.
http://doi.org/10.1101/gad.1174204

Morales, M., & Munné-Bosch, S. (2016). Oxidative Stress: A Master Regulator of Plant
Trade-Offs? Trends in Plant Science, 21(12), 996—999.
http://doi.org/10.1016/j.tplants.2016.09.002

Morris, K. A., Langston, D. B., Davis, R. F., Noe, J. P., Dickson, D. W., & Timper, P. (2016).
Efficacy of Various Application Methods of Fluensulfone for Managing Root-knot
Nematodes in Vegetables. Journal of Nematology, 48(2), 65-71. Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4930317/

Mukhtar, T., Hussain, M. A., Kayani, M. Z., & Aslam, M. N. (2014). Evaluation of resistance
to root-knot nematode (Meloidogyne incognita) in okra cultivars. Crop Protection, 56,
25-30. http://doi.org/10.1016/j.cropro.2013.10.019

Muller, J., Steudel, W., & Schlang, J. (1990). Vergleich von Extraktionsverfahren und Biotest
zur Bestimmung von Populationsdichten des Ribennematoden (Heterodera schachtii) /
Comparison of extraction technique and bioassay for the assessment of population
densities of the sugar beet nematode (Heterod. Zeitschrift Fur Pflanzenkrankheiten Und
Pflanzenschutz / Journal of Plant Diseases and Protection, 97(5), 449-457. Retrieved
from http://www.jstor.org/stable/43385849

Muller, J., Rehbock, K., & Wyss, U. (1981). Growth of Heterodera schachtii with remarks on
amounts of food consumed. Revue Nematol., 4(2), 227-234.

Mur, L. A. J., Kenton, P., Atzorn, R., Miersch, O., & Wasternack, C. (2006). The Outcomes of
Concentration-Specific Interactions between Salicylate and Jasmonate Signaling
Include Synergy, Antagonism, and Oxidative Stress Leading to Cell Death. Plant
Physiology, 140(1), 249 LP-262. Retrieved from
http://www.plantphysiol.org/content/140/1/249.abstract

Nam, K. H., & Li, J. (2002). BRI1/BAK1, a Receptor Kinase Pair Mediating Brassinosteroid
Signaling. Cell, 110(2), 203—-212. http://doi.org/https://doi.org/10.1016/S0092-
8674(02)00814-0

Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., ... Jones, J. D. G.
(2006). A Plant miRNA Contributes to Antibacterial Resistance by Repressing Auxin
Signaling. Science, 312(5772), 436 LP-439. Retrieved from
http://science.sciencemag.org/content/312/5772/436.abstract

Nelson, B. K., Cai, X., & Nebenfihr, A. (2007). A multicolored set of in vivo organelle
markers for co-localization studies in Arabidopsis and other plants. Plant Journal, 51(6),
1126-1136. http://doi.org/10.1111/j.1365-313X.2007.03212.x

WMJ\ME 132



References

Niblack, T. L., Lambert, K. N., & Tylka, G. L. (2006). A Model Plant Pathogen from the
Kingdom Animalia: Heterodera glycines, the Soybean Cyst Nematode. Annual Review
of Phytopathology, 44(1), 283-303.
http://doi.org/10.1146/annurev.phyto.43.040204.140218

Nicaise, V., Roux, M., & Zipfel, C. (2009). Recent advances in PAMP-triggered immunity
against bacteria: pattern recognition receptors watch over and raise the alarm. Plant
Physiology, 150(4), 1638-47. http://doi.org/10.1104/pp.109.139709

Nicol, J. M., Turner, S. J., Coyne, D. L., Nijs, L. den, Hockland, S., & Maafi, Z. T. (2011).
Current Nematode Threats to World Agriculture BT - Genomics and Molecular
Genetics of Plant-Nematode Interactions. In J. Jones, G. Gheysen, & C. Fenoll (Eds.),
(pp. 21-43). Dordrecht: Springer Netherlands. http://doi.org/10.1007/978-94-007-0434-
3.2

Niehl, A., Appaix, F., Bosc4, S., van der Sanden, B., Nicoud, J.-F., Bolze, F., & Heinlein, M.
(2016). Fluorescent Tobacco mosaic virus-Derived Bio-Nanoparticles for Intravital Two-
Photon Imaging . Frontiers in Plant Science . Retrieved from
https://www.frontiersin.org/article/10.3389/fpls.2015.01244

Nomura, H., Komori, T., Uemura, S., Kanda, Y., Shimotani, K., Nakai, K., ... Shiina, T.
(2012). Chloroplast-mediated activation of plant immune signalling in Arabidopsis.
Nature Communications, 3, 926. Retrieved from http://dx.doi.org/10.1038/ncomms1926

Nordbring-Hertz, B., Jansson, H.-B., & Tunlid, A. (2001). Nematophagous Fungi. In eLS.
John Wiley & Sons, Ltd. http://doi.org/10.1002/9780470015902.a0000374.pub3

Nurnberger, T., Brunner, F., Kemmerling, B., & Piater, L. (2004). Innate immunity in plants
and animals: striking similarities and obvious differences. Immunological Reviews,
198(1), 249-266. http://doi.org/10.1111/j.0105-2896.2004.0119.x

O Donnell, P. J., Schmelz, E., Block, A., Miersch, O., Wasternack, C., Jones, J. B., & Klee,
H. J. (2003). Multiple Hormones Act Sequentially to Mediate a Susceptible Tomato
Pathogen Defense Response. Plant Physiology, 133(3), 1181 LP-1189. Retrieved from
http://www.plantphysiol.org/content/133/3/1181.abstract

O’Brien, J. A., Daudi, A., Butt, V. S., & Paul Bolwell, G. (2012). Reactive oxygen species and
their role in plant defence and cell wall metabolism. Planta, 236(3), 765—-779.
http://doi.org/10.1007/s00425-012-1696-9

Oakley, B. R., & Morris, R. (1983). A mutation in aspergillus nidulans that blocks the
transition from interphase to prophase. The Journal of Cell Biology, 96(4), 1155 LP-
1158. Retrieved from http://jcb.rupress.org/content/96/4/1155.abstract

O’Donnell, P. J., Schmelz, E., Block, A., Miersch, O., Wasternack, C., Jones, J. B., & Klee,
H. J. (2003). Multiple hormones act sequentially to mediate a susceptible tomato
pathogen defense response. Plant Physiology, 133(3), 1181-1189.
http://doi.org/10.1104/pp.103.030379

Ogasawara, Y., Kaya, H., Hiraoka, G., Yumoto, F., Kimura, S., Kadota, Y., ... Kuchitsu, K.
(2008). Synergistic Activation of the Arabidopsis NADPH Oxidase AtrbohD by Ca2+
and Phosphorylation. Journal of Biological Chemistry , 283(14), 8885-8892.
http://doi.org/10.1074/jbc.M708106200

WMJ\ME 133



References

Ohtake, Y., Takahashi, T., & Komeda, Y. (2000). Salicylic Acid Induces the Expression of a
Number of Receptor-Like Kinase Genes in Arabidopsis thaliana. Plant and Cell
Physiology, 41(9), 1038-1044. Retrieved from http://dx.doi.org/10.1093/pcp/pcd028

Okmen, B., & Doehlemann, G. (2014). Inside plant: Biotrophic strategies to modulate host
immunity and metabolism. Current Opinion in Plant Biology, 20, 19-25.
http://doi.org/10.1016/j.pbi.2014.03.011

Opperman, C. H., Bird, D. M., Williamson, V. M., Rokhsar, D. S., Burke, M., Cohn, J., ...
Windham, E. (2008). Sequence and genetic map of Meloidogyne hapla: A compact
nematode genome for plant parasitism. Proceedings of the National Academy of
Sciences, 105(39), 14802—-14807. http://doi.org/10.1073/pnas.0805946105

O’Regan, L., Blot, J., & Fry, A. M. (2007). Mitotic regulation by NIMA-related kinases. Cell
Division, 2(1), 25. http://doi.org/10.1186/1747-1028-2-25

Osbourn, A. E. (1996). Preformed Antimicrobial Compounds and Plant Defense against
Fungal Attack. The Plant Cell, 8(10), 1821-1831. Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC161317/

Osbourn, A. (1996). Saponins and plant defence — a soap story. Trends in Plant Science,
1(1), 4-9. http://doi.org/https://doi.org/10.1016/S1360-1385(96)80016-1

Osmani, S. A., May, G. S., & Morris, N. R. (1987). Regulation of the mRNA levels of nimA, a
gene required for the G2-M transition in Aspergillus nidulans. The Journal of Cell
Biology, 104(6), 1495 LP-1504. Retrieved from
http://jcb.rupress.org/content/104/6/1495.abstract

Pajerowska-Mukhtar, K. M., Wang, W., Tada, Y., Oka, N., Tucker, C. L., Fonseca, J. P., &
Dong, X. (2012). The HSF-like Transcription Factor TBF1 Is a Major Molecular Switch
for Plant Growth-to-Defense Transition. Current Biology, 22(2), 103-112.
http://doi.org/https://doi.org/10.1016/j.cub.2011.12.015

Parker, J. D. K., Bradley, B. A., Mooers, A. O., & Quarmby, L. M. (2007). Phylogenetic
Analysis of the Neks Reveals Early Diversification of Ciliary-Cell Cycle Kinases. PLOS
ONE, 2(10), €1076. Retrieved from https://doi.org/10.1371/journal.pone.0001076

Pastuglia, M., Roby, D., Dumas, C., & Cockagi, J. M. (1997). Rapid Induction by Wsunding
and Bacterial Infection of an S Gene Family Receptor-like Kinase Gene in Brassica
oleracea, 9(January), 49-60.

Peng, H. C., & Kaloshian, I. (2014). The tomato leucine-rich repeat receptor-like kinases
SISERK3A and SISERK3B have overlapping functions in bacterial and nematode
innate immunity. PLoS ONE, 9(3). http://doi.org/10.1371/journal.pone.0093302

Perry, R. N., Moens, M., & Starr, J. L. (2009). Root-knot Nematodes. CABI. Retrieved from
https://books.google.de/books?id=ACmHXeF8SHQC

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research, 29(9), 45e-45. http://doi.org/10.1093/nar/29.9.e45

Pfund, C., Tans-kersten, J., Dunning, F. M., Alonso, J. M., Ecker, J. R., Allen, C., & Bent, A.
F. (2004). Flagellin Is Not a Major Defense Elicitor in Ralstonia solanacearum Cells or
Extracts Applied to Arabidopsis thaliana, 17(6), 696—706.

WMJ\ME 134



References

Pieterse, C. M. J., Van der Does, D., Zamioudis, C., Leon-Reyes, A., & Van Wees, S. C. M.
(2012). Hormonal Modulation of Plant Immunity. Annual Review of Cell and
Developmental Biology, 28(1), 489-521. http://doi.org/10.1146/annurev-cellbio-092910-
154055

Pitzschke, A. (2015). Modes of MAPK substrate recognition and control. Trends in Plant
Science, 20(1), 49-55. http://doi.org/10.1016/].tplants.2014.09.006

Poinar, G. (1993). Origins and phylogenetic relationships of the entomophilic rhabditids,
Heterorhabditis and Steinernema. Fund. Appl. Nematol., 16, 332-338.

Poinar, G. O. (1983). The Natural History of Nematodes.
Postma, J., Liebrand, T. W. H., Bi, G., Evrard, A., & Ruby, R. (2015). Manuscript information:

Postma, W. J., Slootweg, E. J., Rehman, S., Finkers-Tomczak, A., Tytgat, T. O. G., van
Gelderen, K., ... Smant, G. (2012). The Effector SPRYSEC-19 of Globodera
rostochiensis Suppresses CC-NB-LRR-Mediated Disease Resistance in Plants. Plant
Physiology, 160(2), 944-954. http://doi.org/10.1104/pp.112.200188

Prince, D. C., Drurey, C., Zipfel, C., & Hogenhout, S. A. (2014). The Leucine-Rich Repeat
Receptor-Like Kinase BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1
and the Cytochrome P450 PHYTOALEXIN DEFICIENT3 Contribute to Innate Immunity
to Aphids in Arabidopsis. Plant Physiology, 164(4), 2207-2219.
http://doi.org/10.1104/pp.114.235598

Pritchard, L., & Birch, P. R. J. (2014). The zigzag model of plant-microbe interactions: Is it
time to move on? Molecular Plant Pathology, 15(9), 865-870.
http://doi.org/10.1111/mpp.12210

Publishing, I. C., & York, N. (2001). M. W . Kennedy , W . Harnett ( Eds .): Parasitic
Nematodes : Molecular Biology , Biochemistry and, O(Chapter 8), 85199.

Qi, J., Wang, J., Gong, Z., & Zhou, J. M. (2017). Apoplastic ROS signaling in plant immunity.
Current Opinion in Plant Biology, 38, 92—100. http://doi.org/10.1016/j.pbi.2017.04.022

Qi, Z., Verma, R., Gehring, C., Yamaguchi, Y., Zhao, Y., Ryan, C. A., & Berkowitz, G. A.
(2010). Ca2+ signaling by plant Arabidopsis thaliana Pep peptides depends on
AtPepR1, a receptor with guanylyl cyclase activity, and cGMP-activated Ca2+
channels. Proceedings of the National Academy of Sciences, 107(49), 21193-21198.
http://doi.org/10.1073/pnas.1000191107

Quentin, M., Abad, P., & Favery, B. (2013). Plant parasitic nematode effectors target host
defense and nuclear functions to establish feeding cells. Frontiers in Plant Science,
4(March), 1-7. http://doi.org/10.3389/fpls.2013.00053

Radford, J. E., Vesk, M., & Overall, R. L. (1998). Callose deposition at plasmodesmata.
Protoplasma, 201(1), 30-37. http://doi.org/10.1007/BF01280708

Ranf, S. (2017). Sensing of molecular patterns through cell surface immune receptors.
Current Opinion in Plant Biology, 38, 68—77. http://doi.org/10.1016/j.pbi.2017.04.011

Ranf, S., Eschen-Lippold, L., Frhlich, K., Westphal, L., Scheel, D., & Lee, J. (2014). Microbe-
associated molecular pattern-induced calcium signaling requires the receptor-like

WMJ\ME 135



References

cytoplasmic kinases, PBL1 and BIK1. Annals of Botany, 14, 1-15.
http://doi.org/10.1186/s12870-014-0374-4

Ranf, S., Eschen-Lippold, L., Pecher, P., Lee, J., & Scheel, D. (2011). Interplay between
calcium signalling and early signalling elements during defence responses to microbe-
or damage-associated molecular patterns. The Plant Journal, 68(1), 100-113.
http://doi.org/10.1111/j.1365-313X.2011.04671.x

Ren, D., Liu, Y., Yang, K.-Y., Han, L., Mao, G., Glazebrook, J., & Zhang, S. (2008). A fungal-
responsive MAPK cascade regulates phytoalexin biosynthesis in
&lt;emé&gt;Arabidopsis&lt;/emé&gt; Proceedings of the National Academy of Sciences,
105(14), 5638 LP-5643. Retrieved from
http://www.pnas.org/content/105/14/5638.abstract

Riddle, D., Blumenthal, T., Meyer, B., & Priess, J. (1997). C. elegans II.

Robertson, H. M. (2000). The large srh family of chemoreceptor genes in Caenorhabditis
nematodes reveals processes of genome evolution involving large duplications and
deletions and intron gains and losses. Genome Research, 10(2), 192—203.
http://doi.org/10.1101/gr.10.2.192

Rodiuc, N., Barlet, X., Hok, S., Perfus-Barbeoch, L., Allasia, V., Engler, G., ... Keller, H.
(2016). Evolutionarily distant pathogens require the Arabidopsis phytosulfokine
signalling pathway to establish disease. Plant, Cell & Environment, 39(7), 1396-1407.
http://doi.org/10.1111/pce.12627

Rodriguez-Moreno, L., Song, Y., & Thomma, B. P. (2017). Transfer and engineering of
immune receptors to improve recognition capacities in crops. Current Opinion in Plant
Biology, 38, 42—49. http://doi.org/10.1016/j.pbi.2017.04.010

Rojo, E., Solano, R., & Sanchez-Serrano, J. J. (2003). Interactions Between Signaling
Compounds Involved in Plant Defense. Journal of Plant Growth Regulation, 22(1), 82—
98. http://doi.org/10.1007/s00344-003-0027-6

Romeis, T., & Herde, M. (2014). From local to global: CDPKs in systemic defense signaling
upon microbial and herbivore attack. Current Opinion in Plant Biology, 20(March), 1-10.
http://doi.org/10.1016/j.pbi.2014.03.002

Rossi, M., Goggin, F. L., Milligan, S. B., Kaloshian, I., Ullman, D. E., & Williamson, V. M.
(1998). The nematode resistance gene &lt;em&gt;Mi&lt;/emé&gt; of tomato confers
resistance against the potato aphid. Proceedings of the National Academy of Sciences,
95(17), 9750 LP-9754. Retrieved from http://www.pnas.org/content/95/17/9750.abstract

Roux, M., Schwessinger, B., Albrecht, C., Chinchilla, D., Jones, A., Holton, N., ... Zipfel, C.
(2011). The Arabidopsis Leucine-Rich Repeat Receptor-Like Kinases BAK1/SERKS
and BKK1/SERK4 Are Required for Innate Immunity to Hemibiotrophic and Biotrophic
Pathogens. The Plant Cell, 23(6), 2440—-2455. http://doi.org/10.1105/tpc.111.084301

Rovenich, H., Boshoven, J. C., & Thomma, B. P. H. J. (2014). Filamentous pathogen
effector functions: of pathogens, hosts and microbiomes. Current Opinion in Plant
Biology, 20, 96—103. http://doi.org/https://doi.org/10.1016/j.pbi.2014.05.001

Sakai, T., Honing, H. van der, Nishioka, M., Uehara, Y., Takahashi, M., Fujisawa, N, ...
Wasteneys, G. O. (2008). Armadillo repeat-containing kinesins and a NIMA-related

WMJ\ME 136



References

kinase are required for epidermal-cell morphogenesis in Arabidopsis. The Plant
Journal, 53(1), 157-171. http://doi.org/10.1111/j.1365-313X.2007.03327.x

Sana, T. R., Fischer, S., Wohlgemuth, G., Katrekar, A., Jung, K., Ronald, P. C., & Fiehn, O.
(2010). Metabolomic and transcriptomic analysis of the rice response to the bacterial
blight pathogen Xanthomonas oryzae pv. oryzae . Metabolomics, 6(3), 451—
465. http://doi.org/10.1007/s11306-010-0218-7

Santiago, J., Henzler, C., & Hothorn, M. (2013). Molecular Mechanism for Plant Steroid
Receptor Activation by Somatic Embryogenesis Co-Receptor Kinases. Science,
341(6148), 889 LP-892. Retrieved from
http://science.sciencemag.org/content/341/6148/889.abstract

Saur, I. M. L., Kadota, Y., Sklenar, J., Holton, N. J., Smakowska, E., Belkhadir, Y., ...
Rathjen, J. P. (2016). NbCSPR underlies age-dependent immune responses to
bacterial cold shock protein in Nicotiana benthamiana. Proceedings of the National
Academy of Sciences, 113(12), 3389-3394. http://doi.org/10.1073/pnas.1511847113

Sauter, M. (2015). Phytosulfokine peptide signalling. Journal of Experimental Botany, 66(17),
5161-5169. Retrieved from http://dx.doi.org/10.1093/jxb/erv071

Sawinski, K., Mersmann, S., Robatzek, S., & Bohmer, M. (2013). Guarding the Green:
Pathways to Stomatal Immunity. Molecular Plant-Microbe Interactions, 26(6), 626—632.
http://doi.org/10.1094/MPMI-12-12-0288-CR

Scheler, C., Durner, J., & Astier, J. (2013). Nitric oxide and reactive oxygen species in plant
biotic interactions. Current Opinion in Plant Biology, 16(4), 534-539.
http://doi.org/10.1016/j.pbi.2013.06.020

Schmid, M., Davison, T. S., Henz, S. R., Pape, U. J., Demar, M., Vingron, M., ... Lohmann,
J. U. (2005). A gene expression map of Arabidopsis thaliana development. Nature
Genetics, 37(5), 501-6. http://doi.org/10.1038/ng1543

Schmidt-Rhaesa, A., Bartolomaeus, T., Lemburg, C., Ehlers, U., & Garey, J. R. (1998). The
position of the Arthropoda in the phylogenetic system. Journal of Morphology, 238(3),
263-285. http://doi.org/10.1002/(SICI)1097-4687(199812)238:3<263::AlD-
JMOR1>3.0.CO;2-L

Schwandt, H., Wang, B., Wang, Z., Guo, Q., Tabuchi, K., Hammer, R. E., ... Braun, A. R.
(2013). Correction for Currie and Schwandt, Within-mother analysis of seasonal
patterns in health at birth. Proceedings of the National Academy of Sciences, 110(32),
13228-13228. http://doi.org/10.1073/pnas.1313401110

Segonzac, C., Feike, D., Gimenez-lbanez, S., Hann, D. R., Zipfel, C., & Rathjen, J. P.
(2011). Hierarchy and Roles of Pathogen-Associated Molecular Pattern-Induced
Responses in &lt;em&gt;Nicotiana benthamiana&lt;/em&gt; Plant Physiology, 156(2),
687 LP-699. Retrieved from http://www.plantphysiol.org/content/156/2/687 .abstract

Seong, S.-Y., & Matzinger, P. (2004). Hydrophobicity: an ancient damage-associated
molecular pattern that initiates innate immune responses. Nat Rev Immunol, 4(6), 469—
478. Retrieved from http://dx.doi.org/10.1038/nri1372

She, J.,, Han, Z., Kim, T.-W., Wang, J., Cheng, W., Chang, J., ... Chai, J. (2011). Structural

insight into brassinosteroid perception by BRI1. Nature, 474, 472. Retrieved from
http://dx.doi.org/10.1038/nature10178

WMJ\ME 137



References

Shi, H., Shen, Q., Qj, Y., Yan, H., Nie, H., Chen, Y., ... Tang, D. (2013). BR-SIGNALING
KINASEL1 Physically Associates with FLAGELLIN SENSING2 and Regulates Plant
Innate Immunity in &lt;em&gt;Arabidopsis&lt;/emé&gt; The Plant Cell, 25(3), 1143 LP-
1157. Retrieved from http://www.plantcell.org/content/25/3/1143.abstract

Shigenaga, A. M., & Argueso, C. T. (2016). No hormone to rule them all: Interactions of plant
hormones during the responses of plants to pathogens. Seminars in Cell and
Developmental Biology, 56, 174—-189. http://doi.org/10.1016/j.semcdb.2016.06.005

Shigenaga, A. M., Berens, M. L., Tsuda, K., & Argueso, C. T. (2017). Towards engineering
of hormonal crosstalk in plant immunity. Current Opinion in Plant Biology, 38, 164-172.
http://doi.org/10.1016/j.pbi.2017.04.021

Shih, H. W., Miller, N. D., Dai, C., Spalding, E. P., & Monshausen, G. B. (2014). The
receptor-like kinase FERONIA is required for mechanical signal transduction in
Arabidopsis seedlings. Current Biology, 24(16), 1887-1892.
http://doi.org/10.1016/j.cub.2014.06.064

Shinohara, H., & Matsubayashi, Y. (2007). TECHNICAL ADVANCE: Functional
immobilization of plant receptor-like kinase onto microbeads towards receptor array
construction and receptor-based ligand fishing. The Plant Journal, 52(1), 175-184.
http://doi.org/10.1111/j.1365-313X.2007.03204.x

Shinya, T., Nakagawa, T., Kaku, H., & Shibuya, N. (2015). Chitin-mediated plant-fungal
interactions: Catching, hiding and handshaking. Current Opinion in Plant Biology, 26,
64—71. http://doi.org/10.1016/j.pbi.2015.05.032

Shiu, S.-H., & Bleecker, A. B. (2001). Receptor-like kinases from Arabidopsis form a
monophyletic gene family related to animal receptor kinases. Proceedings of the
National Academy of Sciences, 98(19), 10763—10768.
http://doi.org/10.1073/pnas.181141598

Shiu, S., & Bleecker, A. B. (2001). Plant Receptor-Like Kinase Gene Family : Diversity ,
Function , and Signaling, (December), 1-13.

Siddigi, M. R. (1983). Phylogenetic relationships of the soil orders Dorylaimida, Mononchida,
Triplonchida and Alaimida, with a revised classification of the subclass Enoplia. Pak. J.
Nematol., 1, 79-110.

Siddique, S., Matera, C., Radakovic, Z. S., Hasan, M. S., Gutbrod, P., Rozanska, E., ...
Grundler, F. M. W. (2014). Host-pathogen interactions: Parasitic worms stimulate host
NADPH oxidases to produce reactive oxygen species that limit plant cell death and
promote infection. Science Signaling, 7(320), 1-10.
http://doi.org/10.1126/scisignal.2004777

Sijmons, P. C., Grundler, F. M. W., von Mende, N., Burrows, P. R., & Wyss, U. (1991).
Arabidopsis thaliana as a new model host for plant-parasitic nematodes. The Plant
Journal, 1(2), 245-254. http://doi.org/10.1111/j.1365-313X.1991.00245.x

Smant, G., Stokkermans, J. P, Yan, Y., de Boer, J. M., Baum, T. J., Wang, X., ... Windham,
E. (1998). Endogenous cellulases in animals: isolation of beta-1, 4-endoglucanase
genes from two species of plant-parasitic cyst nematodes. Proceedings of the National
Academy of Sciences of the United States of America, 95(9), 4906-11.
http://doi.org/10.1073/pnas.95.9.4906

WMJ\ME 138



References

Smant, G., & Jones, J. (2011). Suppression of Plant Defences by Nematodes BT -
Genomics and Molecular Genetics of Plant-Nematode Interactions. In J. Jones, G.
Gheysen, & C. Fenoll (Eds.), (pp. 273—286). Dordrecht: Springer Netherlands.
http://doi.org/10.1007/978-94-007-0434-3_13

Smith, K. D., Andersen-Nissen, E., Hayashi, F., Strobe, K., Bergman, M. A., Barrett, S. L. R,
... Aderem, A. (2003). Toll-like receptor 5 recognizes a conserved site on flagellin
required for protofilament formation and bacterial motility. Nature Immunology, 4, 1247.
Retrieved from http://dx.doi.org/10.1038/ni1011

Sobczak, M., Avrova, A., Jupowicz, J., Phillips, M. S., Ernst, K., & Kumar, A. (2005).
Characterization of Susceptibility and Resistance Responses to Potato Cyst Nematode
(Globodera spp.) Infection of Tomato Lines in the Absence and Presence of the Broad-
Spectrum Nematode Resistance Hero Gene. Molecular Plant-Microbe Interactions,
18(2), 158-168. http://doi.org/10.1094/MPMI-18-0158

Sobczak, M., Golinowski, W., & Grundler, F. (1999). Ultrastructure of feeding plugs and
feeding tubes formed by Heterodera schachtii. Nematology, 1(4), 363—-374.
http://doi.org/https://doi.org/10.1163/156854199508351

Spoel, S. H. (2003). NPR1 Modulates Cross-Talk between Salicylate- and Jasmonate-
Dependent Defense Pathways through a Novel Function in the Cytosol. The Plant Cell
Online, 15(3), 760-770. http://doi.org/10.1105/tpc.009159

Spoel, S. H., Johnson, J. S., & Dong, X. (2007). Regulation of tradeoffs between plant
defenses against pathogens with different lifestyles. Proceedings of the National
Academy of Sciences, 104(47), 18842 LP-18847. Retrieved from
http://www.pnas.org/content/104/47/18842.abstract

Srinivasan, J., von Reuss, S. H., Bose, N., Zaslaver, A., Mahanti, P., Ho, M. C., ...
Schroeder, F. C. (2012). A Modular Library of Small Molecule Signals Regulates Social
Behaviors in Caenorhabditis elegans. PLOS Biology, 10(1), e1001237. Retrieved from
https://doi.org/10.1371/journal.pbio.1001237

Stael, S., Kmiecik, P., Willems, P., Van Der Kelen, K., Coll, N. S., Teige, M., & Van
Breusegem, F. (2015). Plant innate immunity - sunny side up? Trends in Plant Science,
20(1), 3—11. http://doi.org/10.1016/j.tplants.2014.10.002

Stepanova, A. N., Hoyt, J. M., Hamilton, A. A., & Alonso, J. M. (2005). A Link between
Ethylene and Auxin Uncovered by the Characterization of Two Root-Specific Ethylene-
Insensitive Mutants in Arabidopsis, 17(August), 2230-2242.
http://doi.org/10.1105/tpc.105.033365.0f

Stewart Lilley, J. L., Gan, Y., Graham, |. A., & Nemhauser, J. L. (2013). The effects of
DELLAs on growth change with developmental stage and brassinosteroid levels. The
Plant Journal, 76(1), 165-173. http://doi.org/10.1111/tpj.12280

Stuihrwohldt, N., Dahlke, R. I., Steffens, B., Johnson, A., & Sauter, M. (2011).
Phytosulfokine-a Controls Hypocotyl Length and Cell Expansion in Arabidopsis thaliana
through Phytosulfokine Receptor 1. PLOS ONE, 6(6), €21054. Retrieved from
https://doi.org/10.1371/journal.pone.0021054

Sudha, R., Venkatasalam, E. P., Bairwa, A., Bhardwaj, V., Dalamu, & Sharma, R. (2016).
Identification of potato cyst nematode resistant genotypes using molecular markers.
Scientia Horticulturae, 198, 21-26. http://doi.org/10.1016/].scienta.2015.11.029

WMJ\ME 139



References

Sun, L., Yang, D., Kong, Y., Chen, Y., Li, X.-Z., Zeng, L.-J., ... He, Z.-H. (2014). Sugar
homeostasis mediated by cell wall invertase GRAIN INCOMPLETE FILLING 1 (GIF1)
plays a role in pre-existing and induced defence in rice. Molecular Plant Pathology,
15(2), 161-173. http://doi.org/10.1111/mpp.12078

Sun, Y., Han, Z,, Tang, J., Hu, Z., Chai, C., Zhou, B., & Chai, J. (2013). Structure reveals
that BAK1 as a co-receptor recognizes the BRI1-bound brassinolide. Cell Research, 23,
1326. Retrieved from http://dx.doi.org/10.1038/cr.2013.131

Sunkar, R., & Zhu, J.-K. (2004). Novel and Stress-Regulated MicroRNAs and Other Small
RNAs from Arabidopsis. The Plant Cell, 16(8), 2001 LP-2019. Retrieved from
http://www.plantcell.org/content/16/8/2001.abstract

Swofford, D. L. (1993). PAUP: Phylogenetic Analysis Using Parsimony, Version 3.1.
Swofford, D. L., Olsen, G. J., Waddell, P. J., & Hillis, D. M. (1996). Molecular Systematics.

Szakasits, D., Heinen, P., Wieczorek, K., Hofmann, J., Wagner, F., Kreil, D. P., ...
Bohlmann, H. (2009). The transcriptome of syncytia induced by the cyst nematode
Heterodera schachtii in Arabidopsis roots. The Plant Journal, 57(5), 771-784.
http://doi.org/10.1111/j.1365-313X.2008.03727.X

Szakasits, D., Heinen, P., Wieczorek, K., Hofmann, J., Wagner, F., Kreil, D. P., ...
Bohlmann, H. (2009). The transcriptome of syncytia induced by the cyst nematode
Heterodera schachtii in Arabidopsis roots. The Plant Journal, 57(5), 771-784.
http://doi.org/10.1111/j.1365-313X.2008.03727.X

Tamaoki, D., Seo, S., Yamada, S., Kano, A., Miyamoto, A., Shishido, H., ... Gomi, K. (2013).
Jasmonic acid and salicylic acid activate a common defense system in rice. Plant
Signaling & Behavior, 8(6), €24260. http://doi.org/10.4161/psb.24260

Tang, W., Yuan, M., Wang, R., Yang, Y., Wang, C., Oses-Prieto, J. A., ... Wang, Z.-Y.
(2011). PP2A activates brassinosteroid-responsive gene expression and plant growth
by dephosphorylating BZR1. Nature Cell Biology, 13, 124. Retrieved from
http://dx.doi.org/10.1038/ncb2151

Tang, Z., Yang, Z., & Fu, S. (2014). Oligonucleotides replacing the roles of repetitive
sequences pAsl, pScl19.2, pTa-535, pTa71, CCS1, and pAWRC.1 for FISH analysis.
Journal of Applied Genetics, 55(3), 313-318. http://doi.org/10.1007/s13353-014-0215-z

Tax, F., & Kemmerling, B. (2012). Receptor-like kinases in plants. Springer.

Teixeira, M. A., Wei, L., & Kaloshian, 1. (2016). Root-knot nematodes induce pattern-
triggered immunity in Arabidopsis thaliana roots. New Phytologist, 211(1), 276-287.
http://doi.org/10.1111/nph.13893

Thilmony, R., Underwood, W., & He, S. Y. (2006). Genome-wide transcriptional analysis of
the Arabidopsis thaliana interaction with the plant pathogen Pseudomonas syringae pv.
tomato DC3000 and the human pathogen Escherichia coli 0157:H7. The Plant Journal,
46(1), 34-53. http://doi.org/10.1111/j.1365-313X.2006.02725.x

Thomas, C. M. (1998). Genetic and molecular analysis of tomato &lt;emé&gt;Cf&lt;/em&gt;
genes for resistance to &lt;emé&gt;Cladosporium fulvum&lt;/emé&gt; Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences, 353(1374),

WMJ * ombe 140



References

1413 LP-1424. Retrieved from
http://rstb.royalsocietypublishing.org/content/353/1374/1413.abstract

Tierens, K. F. M.-J. (2001). Study of the Role of Antimicrobial Glucosinolate-Derived
Isothiocyanates in Resistance of Arabidopsis to Microbial Pathogens. Plant Physiology,
125(4), 1688-1699. http://doi.org/10.1104/pp.125.4.1688

Tierens, K. F. M.-J. (2001). Study of the Role of Antimicrobial Glucosinolate-Derived
Isothiocyanates in Resistance of Arabidopsis to Microbial Pathogens. Plant Physiology,
125(4), 1688-1699. http://doi.org/10.1104/pp.125.4.1688

Torii, K. U. B. T.-l. R. of C. (2004). Leucine-Rich Repeat Receptor Kinases in Plants:
Structure, Function, and Signal Transduction Pathways (Vol. 234, pp. 1-46). Academic
Press. http://doi.org/https://doi.org/10.1016/S0074-7696(04)34001-5

Torres, M. A., Dangl, J. L., & Jones, J. D. G. (2002). Arabidopsis gp91phox homologues
AtrbohD and AtrbohF are required for accumulation of reactive oxygen intermediates in
the plant defense response. Proceedings of the National Academy of Sciences, 99(1),
517-522. http://doi.org/10.1073/pnas.012452499

Trapet, P., Kulik, A., Lamotte, O., Jeandroz, S., Bourque, S., Nicolas-Frances, V., ...
Wendehenne, D. (2015). NO signaling in plant immunity: A tale of messengers.
Phytochemistry, 112(1), 72—79. http://doi.org/10.1016/j.phytochem.2014.03.015

Trusov, Y., Rookes, J., Chakravorty, D., & Armour, D. (2006). Heterotrimeric G Proteins
Facilitate Arabidopsis Resistance to Necrotrophic Pathogens and Are .... Plant
Physiology, 140(January), 210-220. http://doi.org/10.1104/pp.105.069625.210

Trusov, Y., Edward Rookes, J., Chakravorty, D., Armour, D., Martin Schenk, P., & Ramd
Botella, J. (n.d.). Heterotrimeric G Proteins Facilitate Arabidopsis Resistance to
Necrotrophic Pathogens and Are Involved in Jasmonate Signaling 1.
http://doi.org/10.1104/pp.105.069625

Trusov, Y., Edward Rookes, J., Chakravorty, D., Armour, D., Martin Schenk, P., & Ramd
Botella, J. (n.d.). Heterotrimeric G Proteins Facilitate Arabidopsis Resistance to
Necrotrophic Pathogens and Are Involved in Jasmonate Signaling 1.
http://doi.org/10.1104/pp.105.069625

Tylka, G. L., Niblack, T. L., Walk, T. C., Harkins, K. R., Barnett, L., & Baker, N. K. (1993).
Flow Cytometric Analysis and Sorting of Heterodera glycines Eggs. Journal of
Nematology, 25(4), 596—602. Retrieved from
http://www.ncbi.nim.nih.gov/pmc/articles/PMC2619431/

Tytgat, T., De Meutter, J., Vanholme, B., Claeys, M., Verreijdt, L., Gheysen, G., & Coomans,
A. (2002). Development and pharyngeal gland activities of Heterodera schachtii
infecting Arabidopsis thaliana roots. Nematology, 4(8), 899-908.
http://doi.org/https://doi.org/10.1163/156854102321122511

Van de Peer, Y., & De Wachter, R. (1994). TREECON for Windows: a software package for
the construction and drawing of evolutionary trees for the Microsoft Windows
environment. Comput. Appl. Biosci., 10, 569-570.

Van de Peer, Y., Rensing, S., Maire, U.-G., & De Wachter, R. (1996). Substitution rate
calibration of small subunit subunit RNA identifies chlorarachniophyte nucleomorphs as

ng‘mie 141



References

remnants of green algae. Proc. Natl Acad. Sci. USA, 93, 7732—-7736. Retrieved from
http://dx.doi.org/10.1073/pnas.93.15.7732

Van der Does, D., Leon-Reyes, A., Koornneef, A., Van Verk, M. C., Rodenburg, N.,
Pauwels, L., ... Pieterse, C. M. J. (2013). Salicylic Acid Suppresses Jasmonic Acid
Signaling Downstream of SCF&lt;sup&gt; COI1&lt;/sup&gt;-JAZ by Targeting GCC
Promoter Motifs via Transcription Factor ORA59. The Plant Cell, 25(2), 744 LP-761.
Retrieved from http://www.plantcell.org/content/25/2/744.abstract

van Doorn, W. G., Beers, E. P., Dangl, J. L., Franklin-Tong, V. E., Gallois, P., Hara-
Nishimura, I., ... Bozhkov, P. V. (2011). Morphological classification of plant cell deaths.
Cell Death And Differentiation, 18, 1241. Retrieved from
http://dx.doi.org/10.1038/cdd.2011.36

van Doorn, W. G. (2011). Classes of programmed cell death in plants, compared to those in
animals. Journal of Experimental Botany, 62(14), 4749-4761. Retrieved from
http://dx.doi.org/10.1093/jxb/err196

van Loon, L. C., Rep, M., & Pieterse, C. M. J. (2006). Significance of Inducible Defense-
related Proteins in Infected Plants. Annual Review of Phytopathology, 44(1), 135-162.
http://doi.org/10.1146/annurev.phyto.44.070505.143425

van Loon, L. C. (2016). The Intelligent Behavior of Plants. Trends in Plant Science, 21(4),
286—294. http://doi.org/10.1016/j.tplants.2015.11.009

Van Wees, S. C. M., & Glazebrook, J. (2003). Loss of non-host resistance of Arabidopsis
NahG to Pseudomonas syringae pv. phaseolicola is due to degradation products of
salicylic acid. The Plant Journal, 33(4), 733—742. http://doi.org/10.1046/j.1365-
313X.2003.01665.x

VANHOLME, B., VAN THUYNE, W., VANHOUTEGHEM, K., DE MEUTTER, J. A. N.,
CANNOOT, B., & GHEYSEN, G. (2007). Molecular characterization and functional
importance of pectate lyase secreted by the cyst nematode Heterodera schachtii.
Molecular Plant Pathology, 8(3), 267—278. http://doi.org/10.1111/j.1364-
3703.2007.00392.x

Varden, F. A., De la Concepcion, J. C., Maidment, J. H., & Banfield, M. J. (2017). Taking the
stage: effectors in the spotlight. Current Opinion in Plant Biology, 38, 25-33.
http://doi.org/10.1016/j.pbi.2017.04.013

Vert, G., & Chory, J. (2006). Downstream nuclear events in brassinosteroid signalling.
Nature, 441, 96. Retrieved from http://dx.doi.org/10.1038/nature04681

Vieira, P., De Clercq, A., Stals, H., Van Leene, J., Van De Slijke, E., Van Isterdael, G,, ...
Engler, J. d. A. (2014). The Cyclin-Dependent Kinase Inhibitor KRP6 Induces Mitosis
and Impairs Cytokinesis in Giant Cells Induced by Plant-Parasitic Nematodes in
Arabidopsis. The Plant Cell, 26(6), 2633—-2647. http://doi.org/10.1105/tpc.114.126425

Vigneault, F., Lachance, D., Cloutier, M., Pelletier, G., Levasseur, C., & Séguin, A. (2007).
Members of the plant NIMA-related kinases are involved in organ development and
vascularization in poplar, Arabidopsis and rice. The Plant Journal, 51(4), 575-588.
http://doi.org/10.1111/j.1365-313X.2007.03161.x

von Reuss, S. H., Bose, N., Srinivasan, J., Yim, J. J., Judkins, J. C., Sternberg, P. W., &
Schroeder, F. C. (2012). Comparative Metabolomics Reveals Biogenesis of

WMJ * ombe 142



References

Ascarosides, a Modular Library of Small-Molecule Signals in C. elegans. Journal of the
American Chemical Society, 134(3), 1817-1824. http://doi.org/10.1021/ja210202y

Waetzig, G., Sobczak, M., & Grundler, F. (1999). Localization of hydrogen peroxide during
the defence response of Arabidopsis thaliana against the plant-parasitic nematode
Heterodera glycines. Nematology, 1(7), 681-686.
http://doi.org/https://doi.org/10.1163/156854199508702

Wagner, S., Behera, S., De Bortoli, S., Logan, D. C., Fuchs, P., Carraretto, L., ...
Schwarzlander, M. (2015). The EF-Hand Ca ?* Binding Protein MICU Choreographs
Mitochondrial Ca 2* Dynamics in Arabidopsis. The Plant Cell, 27(11), 3190-3212.
http://doi.org/10.1105/tpc.15.00509

Wagner, T. A., & Kohorn, B. D. (2001). Wall-Associated Kinases Are Expressed throughout
Plant Development and Are Required for Cell Expansion, 13(February), 303—-318.

Wang, D., Pajerowska-Mukhtar, K., Culler, A. H., & Dong, X. (2007). Salicylic Acid Inhibits
Pathogen Growth in Plants through Repression of the Auxin Signaling Pathway.
Current Biology, 17(20), 1784-1790.
http://doi.org/https://doi.org/10.1016/j.cub.2007.09.025

Wang, E., Schornack, S., Marsh, J. F., Gobbato, E., Schwessinger, B., Eastmond, P., ...
Oldroyd, G. E. D. (2012). A Common Signaling Process that Promotes Mycorrhizal and
Oomycete Colonization of Plants. Current Biology, 22(23), 2242—-2246.
http://doi.org/https://doi.org/10.1016/j.cub.2012.09.043

Wang, L., Chen, S., Kong, W., Li, S., & Archbold, D. D. (2006). Salicylic acid pretreatment
alleviates chilling injury and affects the antioxidant system and heat shock proteins of
peaches during cold storage. Postharvest Biology and Technology, 41(3), 244-251.
http://doi.org/https://doi.org/10.1016/j.postharvbio.2006.04.010

Wang, N., Xu, X., & Kestemont, P. (2009). Effect of temperature and feeding frequency on
growth performances, feed efficiency and body compaosition of pikeperch juveniles
(Sander lucioperca). Aquaculture, 289(1), 70—73.
http://doi.org/https://doi.org/10.1016/j.aquaculture.2009.01.002

Wang, W., Bai, M. Y., &Wang, Z. Y. (2014). The brassinosteroid signaling network-a
paradigm of signal integration. Current Opinion in Plant Biology, 21, 147-153.
http://doi.org/10.1016/j.pbi.2014.07.012

Wang, X., & Chory, J. (2006). Brassinosteroids Regulate Dissociation of BKI1, a Negative
Regulator of BRI1 Signaling, from the Plasma Membrane. Science, 313(5790), 1118
LP-1122. Retrieved from http://science.sciencemag.org/content/313/5790/1118.abstract

Wang, Z.-Y., Nakano, T., Gendron, J., He, J., Chen, M., Vafeados, D., ... Chory, J. (2002).
Nuclear-Localized BZR1 Mediates Brassinosteroid-Induced Growth and Feedback
Suppression of Brassinosteroid Biosynthesis. Developmental Cell, 2(4), 505-513.
http://doi.org/https://doi.org/10.1016/S1534-5807(02)00153-3

Wasternack, C., & Hause, B. (2013). Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and development. An update
to the 2007 review in Annals of Botany. Annals of Botany, 111(6), 1021-1058.
Retrieved from http://dx.doi.org/10.1093/aob/mct067

WMJ * ombe 143



References

Weigel, D., & Mott, R. (2009). The 1001 genomes project for Arabidopsis thaliana. Genome
Biology, 10(5), 107. http://doi.org/10.1186/gb-2009-10-5-107

Wesemael, W., Perry, R., & Moens, M. (2006). The influence of root diffusate and host age
on hatching of the root-knot nematodes, Meloidogyne chitwoodi and M. fallax.
Nematology, 8(6), 895-902. http://doi.org/https://doi.org/10.1163/156854106779799204

West, P. C., Gerber, J. S., Engstrom, P. M., Mueller, N. D., Brauman, K. A., Carlson, K. M.,
... Siebert, S. (2014). Leverage points for improving global food security and the
environment. Science, 345(6194), 325-328. http://doi.org/10.1126/science.1246067

Wharton, D., & Raml&Oslash;V, H. (1995). Differential scanning calorimetry studies on the
cysts of the potato-cyst nematode Globodera rostochiensis during freezing and melting.
The Journal of Experimental Biology, 198(Pt 12), 2551-5. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/9320478

Whippo, C. W., & Hangarter, R. P. (2005). A Brassinosteroid-Hypersensitive Mutant of BAK1
Indicates That a Convergence of Photomorphogenic and Hormonal Signaling
Modulates Phototropism. Plant Physiology, 139(1), 448 LP-457. Retrieved from
http://www.plantphysiol.org/content/139/1/448.abstract

Wildermuth, G. B., McNamara, R. B., & Quick, J. S. (2001). Crown depth and susceptibility
to crown rot in wheat. Euphytica, 122(2), 397-405.
http://doi.org/10.1023/A:1012947516161

Wildermuth, M. C., Dewdney, J., Wu, G., & Ausubel, F. M. (2001). Isochorismate synthase is
required to synthesize salicylic acid for plant defence. Nature, 414, 562. Retrieved from
http://dx.doi.org/10.1038/35107108

Willmann, R., Lajunen, H. M., Erbs, G., Newman, M.-A., Kolb, D., Tsuda, K., ... NUrnberger,
T. (2011). &lt;emé&gt;Arabidopsis&lt;/em&gt; lysin-motif proteins LYM1 LYM3 CERK1
mediate bacterial peptidoglycan sensing and immunity to bacterial infection.
Proceedings of the National Academy of Sciences, 108(49), 19824 LP-19829.
Retrieved from http://www.pnas.org/content/108/49/19824.abstract

Win, J., Chaparro-Garcia, A., Belhaj, K., Saunders, D. G. O, Yoshida, K., Dong, S, ...
Kamoun, S. (2012). Effector biology of plant-associated organisms: Concepts and
perspectives. Cold Spring Harbor Symposia on Quantitative Biology, 77, 235-247.
http://doi.org/10.1101/sgb.2012.77.015933

Winnepenninckx, B. (1995). 18S rRNA data indicate that Aschelminthes are polyphyletic in
origin and consist of at least three distinct clades. Mol. Biol. Evol., 12, 1132-1137.

Withers, J., & Dong, X. (2017). Post-translational regulation of plant immunity. Current
Opinion in Plant Biology, 38, 124-132. http://doi.org/10.1016/j.pbi.2017.05.004

Woijtaszek, P., Stobiecki, M., & Bolwell, G. P. (1997). Changes in the composition of
exocellular proteins of suspension-cultured Lupinus albus cells in response to fungal
elicitors or CuClI2. Journal of Experimental Botany, 48(12), 2015-2021. Retrieved from
http://dx.doi.org/10.1093/jxb/48.12.2015

Womersley, C., & Smith, L. (1981). Anhydrobiosis in nematodes—I. The role of glycerol
myo-inositol and trehalose during desiccation. Comparative Biochemistry and
Physiology Part B: Comparative Biochemistry, 70(3), 579-586.
http://doi.org/https://doi.org/10.1016/0305-0491(81)90299-6

ng‘mie 144



References

Womersley, C., & Smith, L. (1981). Anhydrobiosis in nematodes—I. The role of glycerol
myo-inositol and trehalose during desiccation. Comparative Biochemistry and
Physiology Part B: Comparative Biochemistry, 70(3), 579-586.
http://doi.org/10.1016/0305-0491(81)90299-6

Wrzaczek, M., Brosche, M., Salojarvi, J., Kangasjarvi, S., [ddnheimo, N., Mersmann, S., ...
Kangasjarvi, J. (2010). Transcriptional regulation of the CRK/DUF26 group of Receptor-
like protein kinases by ozone and plant hormones in Arabidopsis. BMC Plant Biology,
10(1), 95. http://doi.org/10.1186/1471-2229-10-95

Wubben, M. J. E., Jin, J., & Baum, T. J. (2008). Cyst Nematode Parasitism of Arabidopsis
thaliana Is Inhibited by Salicylic Acid (SA) and Elicits Uncoupled SA-Independent
Pathogenesis-Related Gene Expression in Roots. Molecular Plant-Microbe Interactions,
21(4), 424-432. http://doi.org/10.1094/MPMI-21-4-0424

Wyss, U., & Grundler, F. M. W. (1992). Feeding behavior of sedentary plant parasitic
nematodes. Netherlands Journal of Plant Pathology, 98(S2), 165-173.
http://doi.org/10.1007/BF01974483

Wyss, U., & Zunke, U. (1986). Observation of the behaviour of second stage juveniles of
Heterodera schachtii inside host roots. Revue de Nematologie, 9(2), 153-166.

Xue, B., Hamamouch, N., Li, C., Huang, G., Hussey, R. S., Baum, T. J., & Davis, E. L.
(2013). The 8DO05 Parasitism Gene of Meloidogyne incognita Is Required for Successful
Infection of Host Roots. Phytopathology, 103(2), 175-181.
http://doi.org/10.1094/PHYTO-07-12-0173-R

Yadeta, K. A., ElImore, J. M., Creer, A. Y., Feng, B., Franco, J. Y., Rufian, J. S., ... Coaker,
G. (2017). A Cysteine-Rich Protein Kinase Associates with a Membrane Immune
Complex and the Cysteine Residues Are Required for Cell Death. Plant Physiology,
173(1), 771-787. http://doi.org/10.1104/pp.16.01404

Yamada, K., Saijo, Y., Nakagami, H., & Takano, Y. (2016). Regulation of sugar transporter
activity for antibacterial defense in Arabidopsis. Science, 354(6318), 1427-1430.
http://doi.org/10.1126/science.aah5692

Yamada, S., Kano, A., Tamaoki, D., Miyamoto, A., Shishido, H., Miyoshi, S., ... Gomi, K.
(2012). Involvement of OsJAZ8 in Jasmonate-Induced Resistance to Bacterial Blight in
Rice. Plant and Cell Physiology, 53(12), 2060-2072. Retrieved from
http://dx.doi.org/10.1093/pcp/pcslas

Yamada, T., Horimoto, H., Kameyama, T., Hayakawa, S., Yamato, H., Dazai, M., ...
Takaoka, A. (2016). Constitutive aryl hydrocarbon receptor signaling constrains type |
interferon—mediated antiviral innate defense. Nature Immunology, 17, 687. Retrieved
from http://dx.doi.org/10.1038/ni.3422

Yamaguchi, Y., Huffaker, A., Bryan, A. C., Tax, F. E., & Ryan, C. A. (2010). PEPR2 Is a
Second Receptor for the Pepl and Pep2 Peptides and Contributes to Defense
Responses in &lt;em&gt;Arabidopsis&lt;/emé&gt; The Plant Cell, 22(2), 508 LP-522.
Retrieved from http://www.plantcell.org/content/22/2/508.abstract

Yamaguchi-Shinozaki, K., & Shinozaki, K. (2006). TRANSCRIPTIONAL REGULATORY
NETWORKS IN CELLULAR RESPONSES AND TOLERANCE TO DEHYDRATION
AND COLD STRESSES. Annual Review of Plant Biology, 57(1), 781-803.
http://doi.org/10.1146/annurev.arplant.57.032905.105444

ng‘mie 145



References

Yamakawa, S., Sakuta, C., Matsubayashi, Y., Sakagami, Y., Kamada, H., & Satoh, S.
(1998). The promotive effects of a peptidyl plant growth factor, phytosulfokine-a, on the
formation of adventitious roots and expression of a gene for a root-specific cystatin in
cucumber hypocotyls. Journal of Plant Research, 111(3), 453—-458.
http://doi.org/10.1007/BF02507810

Yang, D. L., Yang, Y., & He, Z. (2013). Roles of plant hormones and their interplay in rice
immunity. Molecular Plant, 6(3), 675-685. http://doi.org/10.1093/mp/sst056

Yang, J., Wang, L., Ji, X., Feng, Y., Li, X., Zou, C., ... Zhang, K.-Q. (2011). Genomic and
Proteomic Analyses of the Fungus Arthrobotrys oligospora Provide Insights into
Nematode-Trap Formation. PLOS Pathogens, 7(9), e1002179. Retrieved from
https://doi.org/10.1371/journal.ppat.1002179

Yang, K., Rong, W., Qi, L., Li, J., Wei, X., & Zhang, Z. (2013). Isolation and characterization
of a novel wheat cysteine-rich receptor-like kinase gene induced by Rhizoctonia
cerealis. Scientific Reports, 3, 3021. Retrieved from
http://dx.doi.org/10.1038/srep03021

Yang, Z. (1996). Phylogenetic Analysis by Maximum Likelihood (PAML) Version 1.2.

Yasuda, S., Okada, K., & Saijo, Y. (2017). A look at plant immunity through the window of
the multitasking coreceptor BAK1. Current Opinion in Plant Biology, 38, 10-18.
http://doi.org/10.1016/j.pbi.2017.04.007

Yeh, Y.-H., Chang, Y.-H., Huang, P.-Y., Huang, J.-B., & Zimmerli, L. (2015). Enhanced
Arabidopsis pattern-triggered immunity by overexpression of cysteine-rich receptor-like
kinases . Frontiers in Plant Science . Retrieved from
https://www.frontiersin.org/article/10.3389/fpls.2015.00322

Yi, D., Jian-guo, Z., Yong-jun, W., Jin-song, Z., & Shou-yi, C. (2004). Phylogenetic Analysis
of Receptor-like Kinases from Rice, 46(6), 647—654.

Yin, Y., Vafeados, D., Tao, Y., Yoshida, S., Asami, T., & Chory, J. (2005). A New Class of
Transcription Factors Mediates Brassinosteroid-Regulated Gene Expression in
Arabidopsis. Cell, 120(2), 249-259.
http://doi.org/https://doi.org/10.1016/j.cell.2004.11.044

Yin, Y., Wang, Z.-Y., Mora-Garcia, S., Li, J., Yoshida, S., Asami, T., & Chory, J. (2002).
BES1 Accumulates in the Nucleus in Response to Brassinosteroids to Regulate Gene
Expression and Promote Stem Elongation. Cell, 109(2), 181-191.
http://doi.org/https://doi.org/10.1016/S0092-8674(02)00721-3

Yoo, S. D., Cho, Y. H., & Sheen, J. (2007). Arabidopsis mesophyll protoplasts: A versatile
cell system for transient gene expression analysis. Nature Protocols, 2(7), 1565-1572.
http://doi.org/10.1038/nprot.2007.199

Yoshida, K., Bozkurt, T. O., Oliva, R., & Liu, Z. (2014). Effector Specialization in a Lineage
of, (January), 552-555. http://doi.org/10.1126/science.1246300

Yun, H. S., & Kwon, C. (2017). Vesicle trafficking in plant immunity. Current Opinion in Plant
Biology, 40, 34—42. http://doi.org/10.1016/j.pbi.2017.07.001

Zander, M., La Camera, S., Lamotte, O., Métraux, J.-P., & Gatz, C. (2010). Arabidopsis
thaliana class-Il TGA transcription factors are essential activators of jasmonic

WMJ\ME 146



References

acid/ethylene-induced defense responses. The Plant Journal, 61(2), 200-210.
http://doi.org/10.1111/j.1365-313X.2009.04044 .x

Zarlenga, D. S., Stringfellow, F., Nobary, M., & Lichtenfels, J. R. (1994). Cloning and
characterisation of ribosomal RNA genes from three species of Haemonchus
(Nematoda: Trichostrongyloidea) and identification of PCR primers for rapid
differentiation. Exp. Parasitol., 78, 28—36. Retrieved from
http://dx.doi.org/10.1006/expr.1994.1003

Zhang, C., Ding, Z., Wu, K., Yang, L., Li, Y., Yang, Z., ... Wu, J. (2016). Suppression of
Jasmonic Acid-Mediated Defense by Viral-Inducible MicroRNA319 Facilitates Virus
Infection in Rice. Molecular Plant, 9(9), 1302-1314.
http://doi.org/10.1016/j.molp.2016.06.014

Zhang, J. (2003). Evolution by gene duplication: an update. Trends in Ecology & Evolution,
18(6), 292—298. http://doi.org/https://doi.org/10.1016/S0169-5347(03)00033-8

Zhang, J., Li, W, Xiang, T., Liu, Z., Laluk, K., Ding, X, ... Zhou, J.-M. (2010). Receptor-like
cytoplasmic kinases integrate signaling from multiple plant immune receptors and are
targeted by a Pseudomonas syringae effector. Cell Host & Microbe, 7(4), 290-301.
http://doi.org/10.1016/j.chom.2010.03.007

Zhang, W., Fraiture, M., Kolb, D., Loffelhardt, B., Desaki, Y., Boutrot, F. F. G., ... Brunner, F.
(2013). Arabidopsis RECEPTOR-LIKE PROTEIN30 and Receptor-Like Kinase
SUPPRESSOR OF BIR1-1/EVERSHED Mediate Innate Immunity to Necrotrophic
Fungi. The Plant Cell, 25(10), 4227-4241. http://doi.org/10.1105/tpc.113.117010

Zhang, X., Yazaki, J., Sundaresan, A., Cokus, S., Chan, S. W.-L., Chen, H., ... Ecker, J. R.
(2006). Genome-wide high-resolution mapping and functional analysis of DNA
methylation in arabidopsis. Cell, 126(6), 1189-201.
http://doi.org/10.1016/j.cell.2006.08.003

Zhang, X., Henriques, R., Lin, S.-S., Niu, Q.-W., & Chua, N.-H. (2006). Agrobacterium-
mediated transformation of Arabidopsis thaliana using the floral dip method. Nature
Protocols, 1(2), 641-6. http://doi.org/10.1038/nprot.2006.97

Zhang, Y., Tessaro, M. J., Lassner, M., & Li, X. (2003). Knockout Analysis of Arabidopsis
Transcription Factors &lt;em&gt; TGA2&It;/em&gt;, &lt;em&gt; TGAS&It;/emé&gt;, and
&lt;em&gt; TGAB&It;/em&gt; Reveals Their Redundant and Essential Roles in Systemic
Acquired Resistance. The Plant Cell, 15(11), 2647 LP-2653. Retrieved from
http://www.plantcell.org/content/15/11/2647 .abstract

Zhou, J.-M., Trifa, Y., Silva, H., Pontier, D., Lam, E., Shah, J., & Klessig, D. F. (2000). NPR1
Differentially Interacts with Members of the TGA/OBF Family of Transcription Factors
That Bind an Element of the PR-1 Gene Required for Induction by Salicylic Acid.
Molecular Plant-Microbe Interactions, 13(2), 191-202.
http://doi.org/10.1094/MPMI.2000.13.2.191

Zipfel, C. (2009). Early molecular events in PAMP-triggered immunity. Current Opinion in
Plant Biology, 12(4), 414—-420. http://doi.org/http://dx.doi.org/10.1016/j.pbi.2009.06.003

Zipfel, C. (2008). Pattern-recognition receptors in plant innate immunity. Current Opinion in
Immunology, 20(1), 10-6. http://doi.org/10.1016/j.c0i.2007.11.003

ng‘mie 147



References

Zipfel, C. (2014). Plant pattern-recognition receptors. Trends in Immunology, 35(7), 345—
351. http://doi.org/10.1016/.it.2014.05.004

Zipfel, C., & Colmar, A. (2005). Receptor-like kinases and pathogen-associated molecular
patterns perception in Arabidopsis.

Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J. D. G., Boller, T., & Felix, G.
(2006). Perception of the Bacterial PAMP EF-Tu by the Receptor EFR Restricts
Agrobacterium-Mediated Transformation. Cell, 125(4), 749-760.
http://doi.org/https://doi.org/10.1016/j.cell.2006.03.037

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E. J., Jones, J. D. G., Felix, G., & Boller, T.
(2004). Bacterial disease resistance in Arabidopsis through flagellin perception. Nature,
428(6984), 764—767. Retrieved from http://dx.doi.org/10.1038/nature02485

Zulawski, M., Schulze, G., Braginets, R., Hartmann, S., & Schulze, W. X. (2014). The
Arabidopsis Kinome : phylogeny and evolutionary insights into functional diversification
The Arabidopsis Kinome : phylogeny and evolutionary insights into functional
diversification.

Zunke, U. (2000). Ectoparasitic feeding behaviour of the root lesion nematode ,
PratyZenchuspenetrans , on root hairs of different host plants, (1985).

Zvereva, A. S., & Pooggin, M. M. (2012). Silencing and innate immunity in plant defense
against viral and non-viral pathogens. Viruses, 4(11), 2578-2597.
http://doi.org/10.3390/v4112578

Zwaal, R. R., Mendel, J. E., Sternberg, P. W., & Plasterk, R. H. A. (1997). Two neuronal G
proteins are involved in chemosensation of the Caenorhabditis elegans dauer-inducing
pheromone. Genetics, 145(3), 715-727. http://doi.org/10.1093/embo-reports/kvd010

WMJ\ME 148



ANNEXES

149



.ﬂ.m$..mmfmmfm@.

150

GO annotation

[0 Background/ Reference

[ Input list

wWWm.m%.mm%m

84
63

'Rheinische Friedrich-Wilhelms-University of Bonn, INRES — Molecular Phytomedicine, Karlrobert-Kreiten-
S1 Text

Stralle 13, D-53115 Bonn, Germany
T Corresponding authors: Dr. Shahid Siddique: siddique@uni-bonn.de and Prof. Florian M. W. Grundler:

Badou Mendy 1*, Mary Wanjiku Wang’ombe 1%, Zoran S. Radakovic 1, Julia Holbein 1, Muhammad llyas 1,
grundler@uni-bonn.de

Arabidopsis leucine-rich repeat receptor—like kinase NILR1 is required for induction
Divykriti Chopra 1, Nick Holton 2, Cyril Zipfel 2, Florian M. W. Grundler 11, Shahid Siddique 1t

of innate immunity to parasitic nematodes
2The Sainsbury Laboratory, Norwich Research Park, Norwich, NR4 7UH, UK

* Equal contributions

N
<

[sauab jo Jusoiad]

Fig A: GO categories preferentially upregulated during migratory stages of

m%m}ﬂmﬁ.
nematode infection.

21+
0~



root growth

N

ho

= ~ ®
| |

Avg. root fresh weight / plant [mg]
~
|

(=]
|

&

Fig B: Inhibition of root growth upon NemaWater treatment. 5-day-old Col-0
seedlings were incubated in water, flg22, or HsNemaWater for seven days. Fresh
weight of root was measured at 12 days after germination. Data were analyzed
using t-test. Asterisk represent significant difference to water-treated control root
segments (P<0.05). Hs, Heterodera schachtii.
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Counting of cyst nematode (H. schachtii)

14 dpi

*female nematode is marked as red dots

Fig D: An illustration of our method for cyst nematode counting. Each Petri
dish is screened at 14 dpi under the binocular microscope and each female
nematode is marked (represented by dots) to calculate rate of infection per plant.
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Fig E: Growth inhibition was impaired in bak71-5 upon NemaWater

treatment. 5-day-old Col-0 and bak1-5 seedlings were incubated in water, flg22,

or HsNemaWater for seven days. Fresh weight of the root was measured at 12 days
after germination. Data were analyzed using single-factor ANOVA and Dunnet’s
post hoc test (P<0.05).
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Fig F: Genotyping of NILR1 and NILR2 mutants. Genomic DNA of Col-0 or
knockout lines (nilrl-1, nilr2-1) was PCR amplified using primers given in Dataset 6.
The presence or absence of intact wild-type allele is shown.
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Fig G: RT-PCR for presence or absence of gene expression in Col-0 or
knockout mutants. RNA from Col-0 or knockout lines (nilrl-1, nilr2-1) was extracted to
synthesize single stranded cDNA. The presence or absence of expression is shown
using primers given in Dataset 6. The upper and lower panel run separately.

154



ROS measurements

400

300 I
T bc

200

Total RLU [*107]

100

a a a
0- _ﬂ_ﬁ,\ N
NI Q . Q .
NN S $
H,0 flg22 MiNemaWater

Fig H: Knocking of NILR1 impair ROS burst to MiNemaWater. Root
segments from Col-0, and nilrl-1 plants were treated with water,
flg22 or NemaWater from M. incognita (MiNemaWater) and ROS burst was
measured using L-012 based assay from 0 to 120 min. Bars represent mean
+ SE for twelve biological replicates. Columns sharing same letter are not
statistically different.
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Fig I: NemaWater-induced growth inhibition was reduced strongly in nilr1-1. 5-
day-old Col-0, nilrl-land nilr2-1 seedlings were incubated in water, flg22, or
NemaWater for seven days. Fresh weight of the root was measured at 12 days
after germination. Data were analyzed using single-factor ANOVA and Dunnet’s
post hoc test (P<0.05).
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Fig J: Expression analysis of nilr1-2 mutants. RT-PCR for presence or absence of
gene expression in Col-0 or knockout mutants. RNA from Col-0 or knockout line
(nilr1-2) was extracted to synthesize single stranded cDNA. a and b represent two
independent plants. The presence or absence of expression is shown using primers
given in Dataset 6.
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Fig K: Knock-out nilr1-2 enhances susceptibility to nematodes. Average number
of female nematodes per plant in Col-0 and nilrl-2. Bars represent mean = SE
for six biological replicates.

156



ROS measurements

280
b
= 210 I b
e By
r 140 - s
I
<
'_
a a
70 | 3
0o . S A S, 0
\& ’ \/ ’ \/ ”
& S
H,0 flg22 HsNemaWater

Fig L: Knock-out nilr1-2 enhances susceptibility to nematodes. Root
segments from Col-0, and nilrl-2 plants were treated with water, flg22 or
NemaWater from H. schachtii (HsNemaWater) and ROS burst was measured using L-012
based assay from O to 120 min. Bars represent mean = SE for three technical
replicates. Experiment was repeated three times with similar results.
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PX[ SE] [ FI L] [ SG RQNXX

690

FDKDSFL GNPLLRFPSFFNQSGNN

TRKI SNQVLGNRPRT
Transnenbr ane donmai n
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LLLI W SLALALAFI ACLWSA@ VLM
Ser/ Thr ki nase

755

VVKASREAEI| DLLDGSKTRHDMI'SSSGGSSPW.SGKI KVI RL
DKSTFTYADI LK

ATSNFSEERVWGRGGYGTVYRGVLPDGRE
VAVKKL QREGTEAEKEFRAEMEVL S
ANAFGDWAHPNL VRL YGACL DGSEKI LVH
EYMGGGSLEELI TDKTKLQWAKKRI D

| ATDVARGLVFLHHECYPSI VHRDVKASN
VLLDKHGNARVTDFGLARLLNVGDS
HVSTVI AGTI GYVAPEYGOTWQATTRGDV
YSYGVLTMELATGRRAVDGGEECLV
EVARRVMI GNMIAKGSPI TLSGTKPGNGA
EQVITELLKI GVKCTADHPQARPNIVK
EVLAMLVKI SGKAELFNGLSSQGYI EM

Fig M: NILR1 encodes a LRR receptor kinase. Primary structure of the
NILR1 divided into signal peptide; N-terminal containing a pair of cysteine
residues (underlined); the LRR domain with LRR consensus residues in
grey; the island domain containing a cysteine cluster with the pattern of

Cx2Cx16C; the transmembrane domain; and the Ser/Thr kinase domain.
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Fig N: A putative structural model for ECD of NILR1. The model was built using BRI1
as template. Conserved and similar residues between BRI1 and NILR1 are
highlighted as red or blue respectively. Grey color represents additional residues.

White dashed box represent Island domain
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Fig O: Conservation of NILR1 in land plants. A phylogram tree generated from
maximume-likelihood trees construction

method based on alignment
sequence spanning NILR1's ECD. The number next to each branch (in brown)

indicate a measure of support. The number varies between 0 and 1 where 1
represent maximum.
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Fig P: Expression of NILR1 during development stages of plants.
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(i)

NILR1 Without stop codon

Forward primer
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGACTATGGTGACGCGTGTG
Reverse primer
GGGGACCACTTTGTACAAGAAAGCTGGGTCCATTTCTATGTAACCTTGTGAAGATAAG
NILR1 With stop codon

Forward Primer

GGGGACA AGT TTG TAC AAA AAA GCA GGC TGCATGACTATGGTGACGCGTGTG
Reverse primer

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACATTTCTATGTAACCTTGTGAAGATA
AG

(i)

-SC +SC

1KB

Figure A: Amplification of NILR1 gene. RT-PCR using 2 pairs of primers (i) with one
amplifying the gene with stop codon (+SC) and another without (-SC) from wildtype Col0
genomic DNA (ii).
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Figure B. A genetic map of the donor vector used to deliver NILR1 gene into
destination vector. The amplified NILR1 fragments were cloned into pDONR207 using BP
clonase (Invitrogen) according to manufacturer's instructions separately.

PMDC 83
2 x 35S ccdB
RB gfp6his llnos T Hyg LB
attR1 attR2
PMDC32
2 x 358 ccdB
RB nos T Hyg" LB
attR1 attR2

Figure C: A map of destination vector used to over express NILR1. BP cloning resultant
PENTRY vectors (pENTRY/NILR1-sc) and (pENTRY/NILR1-sc) were used to clone NILR1
into the destination vector pMDC83 and PMDC32 respectively, via Gateway LR cloning
using LR clonase (Invitrogen) according to manufacturer's instructions. In both cases, the
gene replaced the ccdB gene and were regulated by the strong 35s promoter. Both vectors

conferred Hygromycine resistance for selection of transformants
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Figure D: An illustration of transformation of Arabidopsis with NILR1. The expression
vector pMDC83 35S:NILR1-GFP and PMDC32 35S:NILR1 were transformed into
Agrobacterium strain GV3101 to generate NILR1-GFP and NILR1 over expression lines
respectively. In vivo transformation of Arabidopsis thaliana ColO wildtype plants with each
vector was performed via floral dipping. These plants were labelled as TO and upon maturity,
they produced T1 seeds. T1 seeds were selected in 25mg/ml hygromycine and the
germinated plantlets transferred to soil. T1plants produced T2 seeds which were selected on
hygromycine. Each transformant was transplanted into soil and each plant’s T2 seeds

harvested individually.

(i)

GWAY-SINILR1-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCAGAAGAGGAATCTGATATTCTTC
TTCT

GWAY-SINILR1-R

GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAAAATGAAGGAGAAGTGCTACGACT
(if)
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Figure E. Localization SINILR1 homologoue from tomato in epidermis of Nicotina

bethamiana. SINILR1 gene was amplified using the primers (i). Amplified SINILR1 gene
was cloned into PMDC 83. The expression vector 35S:SINILR1-GFP was transformed into
Agrobacterium strain GV3101 and co-infiltrated together with a plasma membrane mCherry
marker 35S:PIP2A-mCherry into epidermis of 6-week old Nicotianna benthamiana leaves.
The GFP and mCherry signal was detected using a confocal microscope (Zeiss CLSM 710).
Similarly to mCherry plasma membrane marker (red), SINILR1-GFP signal (Green) was

detected on the plasma membrane where both signals overlapped (yellow).
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