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ABSTRACT

Sedentary endoparasitic phytonematodes are a gfdaga comprised of cyst
nematodesHeteroderaandGlobodera spp and root-knot nematodelsi¢loidogyne spy,
which are some of the most economically importaop @athogens on earth. These pests
infect plant roots by creating elaborate feeditgssaround the vasculature, which diverts
nutrients away from the plant to feed the nematottecauses yield reduction in the plant.
The nematodes create their feeding sites by dely@ffector proteins into plant tissues.
Effectors interact with plant components to modigvelopment, metabolism, and defense
pathways within plant cells, ultimately forming amgintaining the feeding site within the
host root.

In order to find ways to mitigate the damages edusy these nematode pathogens, it
is vital to identify nematode effectors and undamgthow effector proteins are able to
manipulate the plant host. This dissertation Stghmarizes what is currently known about
nematode effector proteins and then contributésabbody of knowledge. Our data show
that two effectors frondeterodera schacht(Hs4E02 andHs25A01) are likely to function in
the plant-nematode interaction by binding to planateins. Through the preparation and
mining of gland transcripts we have also identifidadditional putative effectors that are
expressed specifically within the esophageal gtaild ofMeloidogyne incognitaluring
infective life stages. Two of these putative effestare part of the major avirulence protein
(MAP) family of effectors. Interestingly, we werbla to identify conserved amino acid
motifs within this effector family that resembleapt CLAVATAS3/ESR (CLE) signaling

peptides found in plants and cyst nematodes. Ti&tseindicate that the MAP effector
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family from root-knot nematodes may manipulate ptigvelopmental signaling in a manner

analogous to the CLE effectors secreted from cgstatodes.



CHAPTER 1. AN INTRODUCTION TO SEDENTARY
ENDOPARASITIC PHYTONEMATODES

The phylumNematodacontains over 25,000 described species. This makes of
the most diverse phylums of metazoans, secondto{ythropoda A large proportion of
nematode species are parasites of either animalamts. The annual yield loss attributed to
plant-parasitic nematodes has been estimateditodeess of 100 Billion U.S. dollars
(Koenning, Overstreet et al. 1999), which makesitlb@e of the most devastating groups of
agricultural pests.

The etiology of plant-parasitic nematodes is qditerse. Though most species feed
on the roots of the plant, there are several spehgg parasitize the aerial portions of plants
as well. The root parasites are classified by tinieide of infection. Species are either
ectoparasites (feed from outside the host rootf@y are endoparasites (boring into and
feeding from inside the host root). At the sameetithe parasites are classified as either
mobile (migrating while feeding) or sedentary (sta&ry while feeding). By far the most
economically important group of plant parasitic ¢odes are the sedentary endoparasites
(cyst nematodes and root-knot nematodes) (Sasddfrankman 1986; Koenning, Overstreet
et al. 1999; Chitwood 2003), and consequently aritgjof the research on the nematode-
plant interaction has also focused on this grouns Titerature review specifically
concentrates on the interaction between the segyestdoparasitic nematodes and their host
plants.

As a group, sedentary endoparasitic nematodeseéireed as plant-parasitic
nematodes that bore into a host plant root andbksitean elaborate feeding site. This

feeding site sustains these nematodes througheintstdentary lifecycle. This group of



parasites is composed of two taxonomic groups, contyireferred to as the cyst nematodes
(HeteroderaandGloboderaspp.) and root-knot nematodédgloidogynespp.). Though root-
knot and cyst nematodes share similar modes attiofe it is thought that the sedentary
endoparasitic lifestyle evolved separately in the taxonomic groups (Holterman, Karssen
et al. 2009). Because of their unique evolution@aths, it isn’t surprising that the two groups

exhibit very distinct morphology and infection étigy.

Root-Knot Nematodesveloidogyne spp

The genudMeloidogyneas composed of 97 described species as of Jure 200
(Koenning, Overstreet et al. 1999; Trudgill, Balak 2000; Trudgill and Blok 2001; Perry,
Moens et al. 2009). These species are distributettiwide and are considered to be some of
the most devastating crop pathogens on earth (AbddVNilliamson 2010). One of the
reasondMeloidogyne sppare so successful and prolific is that they haversormous range
of potential host plants. Indeed, it is thought thr@e of the prolific specie$jeloidogyne
incognitg has a host range that exceeds 3,000 plant sgétieseti, Fargette et al. 1999).
Taken as a group, tiMeloidogynegenus is thought to infect nearly every flowerpignt
(Trudgill and Blok 2001). This expansive host raaflews Meloidogynespecies to
overcome the classical crop rotation strategied tseombat many other soil borne
pathogens. In the past, fumigation was used tarid/control these pests. However, many of
the nematicides successfully used in the past haga removed from the market in recent
years due to environmental concerns. As a resuttrals strategies have increasingly relied
on a limited number of resistance genes such ak. MifortunatelyMeloidogynespecies

have shown the ability to overcome these resistgeoes, particularly when they are



overused (Castagnone-Sereno 2002; Meher, Gajbhale2009). The destructive and
obdurate nature d¥leloidogynenfestation makes it important that researchetetstand

how these pests infect their plant hosts.

Infection and life cycle

All Meloidogynespecies begin their life cycle when they hatch feggs in the soil
surrounding a plant root. The parasites emerge@msl-stage pre-parasitic juveniles (pre-
J2), having already completed one molting withia ¢yg. The newly hatched vermiform
juveniles use plant exudates as chemotactic sigoamsgrate to the root tip of a potential
host plant. Once at the root tip, a pre-J2 willgteste the host near the zone of elongation.
Unlike cyst nematode species, the J2 will migratercellularly slipping between the cell
walls of adjacent cells. Because of this unique enafdmigration, little root damage can be
observed as the nematode travels through the Gavato Nobre, Von Mende et al. 1995;
Mende 1997). Once within the root of the host ptAetnematodes first migrate to the region
near the root tip, where they proceed to make adbgPee U-turn into the vascular cylinder
of the root (Wyss, Grundler et al. 1992; Mende 1)98'has been speculated that this
circuitous migration pattern allows the nematodewtoid the casparian strip, which may
pose a significant barrier to the nematode’s mignat

Once inside the vascular cylinder of a host rdw,X2 migrates back up the root until
it reaches a group of cells that it will use tonficat feeding site. The signals and mechanisms
used by the nematode to choose these specific gglatare still not well understood.
However, it is well documented that the juvenilena¢ode chooses a group of procambial

cells near or directly adjacent to the sieve eldsmehthe xylem (Hoth, Stadler et al. 2008).



To begin the process of forming the feeding site,d2 nematode uses a hollow protrusible
mouth spear (a stylet) to pierce the outer plathtvadl and invaginate the cell membrane.
The stylet is a direct extension of the nematodetgphagus and functions similarly to a
hypodermic needle, conducting a flow of effectastpms from the esophagus into the host
plant’s tissues (Hussey 1989). Using its styled, ghrasite injects 5-10 procambial cells with
a cocktail of proteins. The cells that receive éhegections soon begin to enlarge and take
on unique morphological characteristics. Ultimatéiyey form the giant-cells (GC), which
make up the feeding sites of Bleloidogynespecies (see Giant-Cell Morphology and
Physiology). In addition to the drastic morphol@jichanges that take place within the GC,
Meloidogynespecies also cause systemic hypertrophic growttheirsurrounding root tissue.
This increased growth causes a gall to form ardbadyrowing nematode. This characteristic
“root-knotting” can cause extensive damage in mwops; deforming the roots to a point
where market value is reduced (Coyne, Tchabi étC4l6). The growing nematode spends
the remainder of its sedentary life cycle withie tqall feeding from the GC.

In order to feed from a GC, the nematode will rerhgs stylet and will produce a
long feeding tube that protrudes into the cytoplagnie GC. Electron micrographic images
indicate that the feeding tube extends from theddrite stylet opening and into the GC
cytoplasm. It appears to be a crystalline structivae may polymerize from stylet secretions,
which are as of yet unidentified (Sobczak, Golinkvet al. 1999; Mitchum, Hussey et al.
2013). Though the exact constituents of the feetlibg are not yet known, it has been
shown experimentally that the feeding tube creatsige barrier for molecules ingested by
the nematode. Allowing only molecules under 40k®adss into the nematode’s esophagus

(Hussey and Mims 1991; Mitchum, Hussey et al. 20li8Yleloidogynespecies the multiple



discarded feeding tubes can be seen within eaclt-géll, indicating that the parasite creates
a new feeding tube each time it probes a cell aschds it after feeding. Researchers have
postulated that the feeding tube functions to pneegging of the stylet while the
nematode feeds from the cytoplasm of the GC.

Sedentary J2 nematodes continue to feed off oths for many days, and
subsequently begin to enlarge and soon will proteem through three consecutive molts.
Within a matter of hours it will progress througietJ3 and J4 stages to become a
reproductive adult. During the relatively shortai®l J4 stages, sexual dimorphisms become
apparent. Females will form extensive ovaries,gnag and rectal glands, taking on a rotund
pear-like shape. Males recapitulate a vermifornpshalbeit with a mass several times that
of the J2 worms. The vermiform males will leave tbet tissues, and in sexually
reproducing species suchMshapla they will seek out and mate with the adult feraale
However, many species bfeloidogyneare asexual. In the case of these obligately
parthenogenic species, suchvlisncognita males exit the host root but don’t successfully
mate with females (Rohini, Ekanayake et al. 1986dgill and Blok 2001).

Once females have reached sexual maturity, theip begecrete a gelatinous matrix
from glands in their rectum (Maggenti and Allen QR6The components of the this matrix
have cellular lysis activity, which induces therf@tion of a pore through the surrounding
gall tissue (Orion 1987; Orion and Franck 1990)ulaéemales deposit their eggs within the
gelatinous matrix to create an egg mass, whichdlout of the pore and into the rhizosphere.
In addition to forming the pore, components of gleéatinous matrix have been shown to
have anti-microbial activity, and will protect tbgg mass in the soil environment until the

new J2 nematodes hatch.



The length of the life cycle favleloidogynespp. varies depending on the species, as
well as the environmental conditions. In the cdskl.oncognitg perfect conditions can
produce reproductive cycles as short as 20 days égg to egg. This short life-cycle allows
multiple generations of nematodes to re-infect Iptetts multiple times and can result in
increasing infection loads over the course of avgrg season (Rohini, Ekanayake et al.

1986).

Giant cell morphology and physiology

The GCs induced byleloidogynespp are drastically different, both morphologically
and physiologically, from the procambial cells tltmwelop from. After the nematode
secretes its effector cocktail, the first and naggiarent morphological change within these
cells is the observation of successive nucleasutims without cytokinesis, resulting in
multiple nuclei within each cell (Huang 1985). Sdba cells begin to hypertrophy,
eventually increasing to many times their origmalume and containing as many as 100
lobed nuclei. Other overt morphological changesapgarent: the central vacuole dissolves
into many smaller vesicles and the cell wall thitk@nd produces extensive ingrowths,
which are particularly prolific on the side adjatémthe xylem tissue (Huang 1985). These
ingrowths have been likened to the folding struesysresent in transfer cells (Bird 1961,
Jones and Northcot.Dh 1972; Hoth, Stadler et &1820and are thought to increase the
surface area available for nutrient transfer froeasculature. At the same time, root-knot
nematode infections also have systemic effecthierstirrounding root tissue. Hypertrophic
cell division in the tissue around the GCs produxgsll. Detailed anatomical analysis of

this gall tissue has revealed that it containseateld sieve elements that adjoin the GCs



(Hoth, Stadler et al. 2008). Since the GCs are $ystipally isolated, these sieve elements
are presumed to provide nutrients that can be Bbddhrough the apoplast of the GCs.

The morphological changes in the feeding site acerapanied by physiological
changes as well. Early histochemical studies rexdethat the GCs display marked amylase
and invertase activity along with a distinct ladkstarch compared to uninfected
tissues(Orion and Bronner 1978)ore recent transcriptomic analysis of GCs hasakek
that their gene expression patterns are drastidéfigrent from uninfected cells. Barcala et.
al. showed that the transcriptome of GCs induce&rabidopsis showed similarities to
differentiating xylem cells, as well as the crowallg induced byAgrobacterium tumefaciens
(Barcala, Garcia et al. 2010). Another recent stualyfound that a number of specific
metabolic pathways are differentially regulatedinigiGC formation (lbrahim, Hosseini et
al. 2011). These pathways included cell cycle ratgus, cell wall remodeling enzymes,
glycolysis and gluconeogenesis, as well as plai@nde response genes. Furthermore, it has
been found that 26 different membrane transpogaeg are significantly up-regulated in
GCs (Hammes, Schachtman et al. 2005), which isistem$ with the idea that GCs are
symplastically isolated and must import nutriem&sf the apoplast.

Together, this body of evidence paints an elabqiatere of the feeding site
produced byMeloidogynespp, one that depicts the GCs and surroundingigslle as a

specialized organ that diverts nutrients away ftbenplant to feed the growing nematode.

Cyst NematodedHeteroderaandGloboderaspp.)
Cyst nematodes are exceptionally devastating patieogf crop plants worldwide

(Koenning, Overstreet et al. 1999; Chitwood 20&ecies from botkieteroderaand



Globoderainfect a wide range of host plants. However, iftinal species display a

relatively narrow host specificity, particularly e compared to root-knot nematodes (Abad
and Williamson 2010). The relatively narrow hostga of cyst nematodes seems to be
compensated for by their extreme survivabilityhe soil; eggs can remain dormant for many
years waiting for a suitable host plant. This degyepersistence makes control of these pests
difficult when using crop rotation strategies (Flaghand Powers 1998). The most effective
means of control has been through the use of aasigarieties of crop plants. However,
integrating resistance genes into multiple cropsgraven to be a challenge, and specific
field populations have been known to overcome tast® genes (Dale and Phillips 1982,
Lilley, Atkinson et al. 2005). Although the life cig of cyst nematodes is similar to root-knot
nematodes species, there are distinct differemchew they infect as well as in the feeding

site they create.

Infection and life cycle

As in root-knot nematode species, all cyst nema@ieerge from the egg as J2-stage
nematodes, after being stimulated to hatch by tomgtexudates. The J2 nematodes migrate
to the host root using the plant exudates as clestiofactors (Masamune, Anetai et al.
1982). Once they reach the root, the nematodesttepictferentially penetrate the root at the
zone of elongation, boring through the walls oftlemsls. Unlike root-knot nematodes, cyst
nematodes collapse the cytoplasm of each planaseahliey migrate to the vascular cylinder,
causing significant damage to the host root (W61 Golinowski, Sobczak et al. 1997).
Once in the vascular cylinder, the nematode seteptecambial cell adjacent to the xylem to

be the initial feeding site cell. The nematode thses its stylet like a hypodermic needle; it



carefully pierces the cell wall, invaginates thelertying membrane, and secretes a cocktail
of effector proteins (Hussey 1989). The secretiothig effector cocktail into plant tissues
initiates the development of the nematode’s syatfgieding site (see syncytium
morphology and physiology). Upon initiation of tegncytium, the nematode produces a
feeding tube very similar to that produced by rkedt nematodes. This structure extends
into the syncytium and acts as a molecular sierautfh which the nematode ingests the
symplastic contents (Bockenhoff and Grundler 13ahczak, Golinowski et al. 1999). The
nematode feeds from the growing syncytium; undegthree successive molts to become a
sexually mature adult. Unlike many root-knot nendatspecies, cyst nematode species
reproduce sexually. Female cyst nematodes feedtfierayncytium all the way through
adulthood. They grow drastically taking on a rotlnedly shape that eventually forces its
way out of the root, exposing the posterior offéraale to the surrounding rhizosphere. By
contrast, male cyst nematodes only feed througld3Hde-stage, after which they undergo
two successive molts to become a much larger sgxmakure vermiform. The mature male
exits the plant root to mate with exposed femalée uterus of the adult female fills with
fertilized eggs, and she eventually dies. The touger cuticle persists, forming the ‘cyst’
that typifies the group. The cyst forms a protextheath around the eggs inside. Many of
the eggs will hatch within a few days, allowing titematode to have multiple infection
cycles over the course of a growing season. Howeseane cyst eggs will remain dormant to
wait for future growing seasons. These eggs camiremable within the soil for up to

twenty years waiting for the presence of a vialustito repeat the infection cycle (Lilley,

Atkinson et al. 2005).
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Syncytium morphology and physiology

The syncytium produced by cyst nematodes has sastieall differences compared
to the GCs produced by root-knot nematodes. Aftemematode injects its effector proteins,
the initial syncytial cell begins to exhibit hypephic growth. The cell walls of adjacent
cells begin to break down, and their cytoplasms fugh the initial cell. This process
continues until several hundred cells become fustadone continuous symplast directly
adjacent to the vasculature tissue (Jones and ¢ttt 972; Jones 1981). The cytoplasm of
the mature syncytium becomes dense and highly mlketalty active, with proliferation of
mitochondria, free ribosomes, and smooth endoplaseticulum. Other subcellular changes
also become apparent. The Vacuole is broken dotersmaller vesicular bodies
(Golinowski, Grundler et al. 1996; Golinowski, Sabk et al. 1997). Nuclear morphology
also changes dramatically; multiple rounds of DNl@reduplication in the absence of
karyokinesis results in increased nuclear and olanesize (Niebel, de Almeida Engler et al.
1996; Goverse, de Engler et al. 2000). Eventutiily cell wall around the syncytium
thickens, and in-growths similar to those seen@s®egin to appear (Jones and Northcote
1972). In contrast to GCs, it is clear that thecgyium is symplastically connected to the
vasculature tissue (Hoth, Schneidereit et al. 26{#5h, Stadler et al. 2008), indicating that
cyst andVeloidogynespecies have very different strategies for extngatutrients from their
host plant into the feeding site. In female cysha®des, the syncytium will continue to
expand as the nematode progresses through thagidaftdevelopment, incorporating
several hundred root cells surrounding the vasgrda®fter the J3 stage, the feeding site

will maintain a stable volume through the remainafethe female nematode’s lifecycle.
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Males produce smaller syncytia that only last tigfothe J3 life stage, when the male exits
the root.

As in GCs, the morphological changes are accomgdvyalrastic changes in
physiology. This has been highlighted in recentegexpression studies that have isolated
and the syncytial cytoplasm. Numerous differentiabkpressed genes have been identified
within the syncytium when compared to uninfecteat iills (Ithal, Recknor et al. 2007;
Klink, Overall et al. 2007; Szakasits, Heinen et28l09). Gene ontology analysis has
revealed that a significant number of these diffieedly expressed genes are associated with
metabolic activities and defense responses. Integhg it was also found that there are
genes expressed within the syncytium that are oohally expressed in root tissues, such as
those involved in pollen and seed development (&atk Heinen et al. 2009). This data
suggests that the nematode causes drastic shifte mormal physiology of root cells during

the formation of the syncytium.

Effector Proteins Secreted By Cyst and Root-Knankides
Hogenhout defines effectors as any molecule setite parasite that “alter host-cell
structure and function” (Hogenhout, Van der Hoarale2009). In the past decade, there has
been a huge increase in the number of secretedipsatentified from plant-parasitic
nematodes. The vast majority of these putativecedfe have been isolated from the three
esophageal gland cells, which secrete proteinsttjrimto the esophagus and out the stylet
(Gao, Allen et al. 2001; Gao, Allen et al. 2003;aAg, Gao et al. 2003). Only a few of these

secreted proteins have confirmed or even putaffeeter functionsn planta Despite the
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limited scope of our understanding, a picture ok hieese proteins function to alter host
plants is beginning to emerge.

Despite differences in the etiology and evolutigriaistory of cyst and root-knot
nematodes, the effector repertoires secreted Isg ttved groups do show some similarities.
In fact, there are some effector families thatfatend in both cyst and root-knot species. At
the same time, there are also certain effectotsatigaonly found in either root-knot or cyst
nematodes, and still others that seem to be cahfmenly certain species in either group
(summarized in Table 1). Despite these differenitessnematode effectors characterized to
date can generally be divided into groups baseith@n functionin planta cell wall

modifying effectors, defense suppressing effectams, development altering effectors.

Cell wall modifying effectors

The cell wall modifying effectors are currently tlaegest class of defined nematode
effectors. This is largely because they contaiectable enzymatic domains that are not
normally found in metazoans, making them relatiedgy to identify. Interestingly,
bioinformatics analysis has shown that most ofeteed| wall associated effectors have
arisen from multiple horizontal gene transfers frorokaryotes (Bird, Scholl et al. 2003;
Danchin, Rosso et al. 2010; Paganini, Campan-Feuetial. 2012). All of these enzymes
are used by the nematode to mechanically disrgppldmt cell wall during nematode
migration, or to allow for the morphological chasdkat take place within the feeding site.

Multiple classes of cell wall modifying enzymes &rewn to be secreted from the
esophageal gland cells, or are present within égmeatode’s genome. Endoglucanases

(Smant, Stokkermans et al. 1998; Bera-Maillet, Auith et al. 2000), Expansins (Qin, Kudla



13

et al. 2004; Danchin, Haegeman et al. 2011), acthReLyases (Kudla, Milac et al. 2007;
Vanholme, W et al. 2007; Danchin, Rosso et al. 20 B0e been identified in both cyst and
root-knot nematodes. Additionally, investigatiorighee genomes of root-knot nematodes
have facilitated the identification of polygalacinases and xylanases that as of yet have not
been found in cyst nematodes (Abad, Gouzy et 8820pperman, Bird et al. 2008;
Danchin, Haegeman et al. 2011).

In addition to enzymatic cell wall modifiers, oth@oteins that contain cellulose binding
domains have been identified from both cyst and-knot nematodes (Ding, Shields et al.
1998; Adam Mohamed A. M. 2008; Hewezi, Howe e28D8), and have been shown to
have functionsn planta One such protein, secreted frétaterodera schachtiivas shown
to bind to a pectin methylesterase. When expresspldnta,this effector caused increased
susceptibility to nematode infection and increas# growth (Hewezi, Howe et al. 2008).
These data indicate that this cellulose-bindingettr likely functions by facilitating the
modification of plant cell walls through its inteteon with a plant pectin methylesterase. The
presence of this large and conserved class ofvadllimodifying effectors indicates that these
types of modifications are important in facilitajithe nematode’s ability to infect its host

plant.

Defense suppressing effectors

Plants are continuously assailed by pathogens fhem surrounding environments,
and have evolved multiple layers of defense toesansl resist being infected by these pests.

At the same time, successful biotrophic pathogeve levolved effectors that suppress the
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host plant defenses (Hogenhout, Van der Hoorn @08I9). Unsurprisingly, multiple
effectors from both cyst and root-knot nematodegeen shown to subvert plant defenses.
One such effector (10A06) is secreted frdeterodera schachtiand has been
shown to interact with spermidine synthas@lanta(Hewezi, Howe et al. 2010). This
interaction is thought to alter polyamine synthefisreby reduce the host plant’s ability to
produce defense associated compounds such adisamy. Another effector frorh.
schachtii(30C02) binds and inhibits the pathogenesis reélpteteinp-1,3-endoglucanase
and increases host susceptibility to nematode tioie¢Noureddine Hamamouch 2012).
Another cyst nematod&lobodera rostochiensisgecretes a venom allergen-like protein (Gr-
VAP1) which interacts with the papain-like cystepretease Rcf3", a protein known to be
involved in plant defenses (Lozano-Torres, Wilbetral. 2012). Yet another effector
secreted byslobodera spp.SprySecl9, interacts directly with a plant resise protein, yet
doesn't elicit a defense response (Rehman, Podtalaz009). This raises the intriguing
possibility that SprySec19 inhibits the R-proteifuaction. These nematode effectors are the
only nematode effector proteins to date that amwmnto directly target defense machinery.
However, many other secreted proteins have beetified that are likely to play a
role in suppressing host plant defenses. Superaksieutases have been identified in the
secretions from both cyst and root-knot nematoBed¢rtson, Robertson et al. 1999;
Bellafiore, Shen et al. 2008). It is hypothesizeak these proteins may blunt the plant
defense response by acting as antioxidants to eraattthe reactive oxygen species
produced by the plant. Similarly, root-knot nemasgecies secrete glutathione-s-
transferases, which are thought to detoxify antirobial compounds produced by the plant

(Dubreuil, Magliano et al. 2007). Nearly all plgrarasitic nematodes also secrete chorismate
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mutase, a key enzyme in the plant shikimate patHBalal S 2003; Doyle and Lambert
2003; Huang, Dong et al. 2005; Vanholme, Kast.€2@09). These effectors are thought to
alter the shikimate metabolic pathway, therebyugisng salicylic acid production and
defense signaling. Another effector (4F01) secrétau Heterodera sppshows sequence
similarity to plant annexins and has even been shioveomplement endogenous plant
annexingn planta(Patel, Hamamouch et al. 2010). Since annexinkraoe/n to function in
plant stress responses, it is thought that thescedf directly modulates these same stress
response pathways during nematode infection. @hikr secreted effectors from cyst
nematodes are homologous to ubiquitin-associatatips (Gao, Allen et al. 2003; Tytgat,
Vanholme et al. 2004; Jones, Kumar et al. 2009ugh these proteins have not yet been
shown to functionn planta recent studies have identified effectors withiEindomains in
both bacterial and oomycete pathogens that takget pesistance machinery proteins for
degradation (Gohre, Spallek et al. 2008; Birch, stnong et al. 2009). This raises the
intriguing possibility that nematodes may have egdlsimilar effectors to targets analogous
defense machinery.

Though the list of nematode effectors with confidmeles in defense suppression is
still short, the prevalence of these types of éffiecin other plant pathogens, and the large
number of uncharacterized effectors in nematodelscates that there are likely to be more

effectors added to this list in the future.

Development altering effectors

Nematodes profoundly alter the morphology and piggy of the root cells they

infect (see giant-cell and syncytium sectiongs therefore not so surprising to find that
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certain nematode effectors have been shown tod#at developmental pathways. One such
effector (19A07) is secreted froReterodera schachtiinteracts with the auxin transporter
LAX3 in planta and is thought to alter auxin influx into the sytium (Lee, Chronis et al.
2011). Since auxin signaling has been implicatesyircytium formation (Grunewald,
Cannoot et al. 2009), it is reasonable to think 18007 could play a role in transporting
auxin into the developing feeding site.

Evidence is accumulating that plant-parasitic nexshes also manipulate other plant
developmental pathways. It has recently becomerappthat cyst nematodes secrete
effector proteins that mimic the 12- and 13-amiol £LAVATA3/ESR (CLE) signaling
peptides from plants (Olsen and Skriver 2003). €H@sE mimics have been shown to
interact with receptor-like kinases within plardad subsequently initiate developmental
changes (Wang, Mitchum et al. 2005; Lu, Chen e2@09; Replogle, Wang et al. 2011;
Wang, Replogle et al. 2011). More recently, otlmealé secreted proteins have been
identified in root-knot nematodes which may mimiarg IDA signaling peptides (Tucker
and Yang 2013). It is increasingly apparent thaltipia groups of small signaling peptides
play important roles in plant development (Statd &mon 2012). Because of their
importance in plant development and their sma# sizis possible that nematodes still
contain many other small plant peptide mimics tieate yet to be discovered.

Another small effector (16D10) from root-knot neoags has been shown to play a
very different role in altering plant developmeltas been shown that 16D10 interants
plantawith a SCARECROW-like transcription factor, andemhexpressed in plants it
drastically increases root growth (Huang, Dongl.€2@06). This evidence indicates that

16D10 likely functions to promote the developmeinthe GCs.
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Some other effectors that disrupt defense pathggle and Lambert 2003; Hewezi,
Howe et al. 2010) are also known to alter root ghowhen expressad planta.This
highlights that there is signaling cross that ostetween developmental and defense
pathways in plants, and raises the possibility soate effectors could have dual roles in

altering both defense and development during neteatdection.

Effectors with unknown functions

The vast majority of proteins secreted from plaatasitic nematodes still have no
known or putative function within the host. Thiskeof information is largely due to the
unique nature of these proteins, which tend to Hieweor no homologs in other species
(Gao, Allen et al. 2001; Gao, Allen et al. 2003;adg, Gao et al. 2003). These ‘pioneers’
requireab initio scientific approaches, making it difficult to deténe how they function in
the plant-nematode interaction. Still other effestare known to have a function in plant
parasitism, yet their exact mechanism of functiby# still a mystery. Two of these
effectors are MAP-1 and the putative Cg-1 from fkmdt nematodes. Both of which have
been isolated as potential avirulence factors agj#ire Mi-1 resistance gene in tomato
(Semblat, Rosso et al. 2001; Gleason, Liu et &182Both of these genes have been
confirmed to have effects on nematode parasitiswh taeMAP-1 gene has even been shown
to be part of a family of secreted proteins wittoot-knot nematodes (Castagnone-Sereno,
Semblat et al. 2009; Tomalova, lachia et al. 20Y2}.neither of these proteins, or their
family members, have been attributed a functiondi®s in this dissertation hypothesize a
function for the MAP-1 effector family, but futustudies will be needed to confirm the

function of these proteins and others like them.
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It is also worth noting that there are other fagtitwat likely contribute to virulence of
these nematodes planta.To date, the majority of known effectors are expeeswithin the
esophageal gland cells of plant parasitic nematddesever, this doesn’t mean that there
aren’t other proteins from other organs that d@herhost plant and facilitate nematode
parasitism. Indeed, a protein isolated from theoatiticle surface delobodera pallidawas
shown to bind the precursors of plant defense camg® (Prior, Jones et al. 2001). It is not
unreasonable to think that other proteins that coneecontact with plant tissues, such as
those secreted from the rectal glands or phasnfittemematode, may function to alter the
plant host and increase nematode virulence.

After appreciating the wealth of knowledge that hasn accumulated on nematode
effector proteins over the past decade, it is dlealrthese are very complex plant-pathogen
interactions. Much more research will be needeafdter to understand how all of these

effectors work in concert to facilitate nematodegséism.

Dissertation Organization

This dissertation is composed of four independeumtrjal papers (chapters 2 through
5); each contains its own introduction, resultsl discussion sections, with accompanying
figures and references at the end of each chaghterauthor of the dissertation was
responsible for the majority of the research ad agthe writing of each paper. Chapter 1 is
a general introduction to sedentary endoparasgicatodes and the previous research
preformed on their effector proteins. Chapter &enés general conclusion, and relates the
data from this dissertation to the general knowdedgplant-nematode interactions, and

states how it could be useful in the future.
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Table 1. A compiled list of effector proteins frdyth root-knot Meloidogynespp) and cyst

nematodesGlobodera and Heteroderspp) that have confirmed or putative functions in the

plant-nematode interaction.

Effector

Species

Functions

Research

Major Avirulence
Proteins (MAP-1)

Meloidogyne spp.

Early interactions
between J2 and hos
plant. May trigger
Mi-1 mediated

resistance in tomatg

(Semblat, Rosso et al.
t2001; Castagnone-

Sereno, Semblat et al
2009; Tomalova, lachi
et al. 2012; Rutter et a
unpublished)

Endoglucanases

Heterodera
Globoderaand
Meloidogyne spp

Cellulose
degradation

(Smant, Stokkermans
al. 1998; Bera-Malillet,
Arthaud et al. 2000;
Danchin, Rosso et al.
2010)

Pectate Lyase

Heterodera
Globoderaand
Meloidogyne spp

Pectate degradation

(Kudla, Milac et al.
2007; Vanholme et al.
2007; Danchin, Rosso
et al. 2010)

Chorismate mutase

sHeterodera
Globoderaand

Meloidogyne spp.

Disruption of
shikimate pathway
and salicylic acid

(Bekal S 2003; Doyle
and Lambert 2003;
Huang, Dong et al.

signaling 2005; Vanholme, Kast
et al. 2009)
Polygalacturonases| Meloidogyne spp. | Galacturonan (Abad, Gouzy et al.

degradation

2008; Opperman, Bird
et al. 2008; Danchin,
Haegeman et al. 2011

Xylanases

Meloidogyne spp.

Xylan degradation

(Abad, Gouzy et al.
2008; Danchin,
Haegeman et al. 2011

Cellulose binding
proteins

Heterodera
Globoderaand

Meloidogyne spp.

Cell wall
modifications

(Ding, Shields et al.
1998; Adam Mohameq
A. M. 2008; Hewezi,
Howe et al. 2008)

Expansins Heterodera Loosening of cell (Qin, Kudla et al. 2004;
Globoderaand wall components Danchin, Haegeman €
Meloidogyne spp. al. 2011)

Proteases Heterodera Degradation of host| (Vanholme, Mitreva et

Globoderaand

Meloidogyne spp.

proteins
(Unconfirmed)

al. 2006; Jones, Kuma
et al. 2009; Vieira,

Danchin et al. 2011)

—t

=~
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Effector Species Functions Research |
Glutathione-S- Meloidogyne spp. | Detoxification of (Dubreuil, Magliano €
Transferases plant defense al. 2007)

compounds

(Unconfirmed)
superoxide Globoderaand Antioxidation (Robertson, Robertsa
dismutase Meloidogyne spp. | (Unconfirmed) et al. 1999; Bellafiore

Shen et al. 2008)

Gp-RBP-1 (aka Globodera spp. Triggers plant (Sacco, Koropacka et
SPRYSEC) resistance through | al. 2009)

the Gpa2 protein.
10A06 Heterodera spp. Stimulates polyamir| (Hewezi, Howe et al.

biosynthesis and
suppresses host

2010)

defenses
Ubiquitin associated Heteroderaand Alter Ubiquitination | (Gao, Allen et al. 20Q
proteins Globodera spp. in planta Tytgat, Vanholme et
(Unconfirmed) al. 2004;Jones, Kumg
et al. 2009)
19CO07 Heterodera spp. Binds Auxin (Lee, Chronis et al.
importerin planta | 2011)
Alters Auxin
transport into the
feeding site
Plant signaling Heterodera Manipulate (Wang, Mitchum et al,

peptide mimics

Globoderaand

Meloidogyne spp.

developmental
signaling pathways
in the host plant

2005; Lu, Chen et al.
2009; Tucker and
Yang 2013)

16D10

Meloidogyne spp.

Interacts with a host
transcription factor
to alter plant
development

(Huang, Dong et al.
2006)

Annexin mimics
(4F01)

Heterodera spp.

Can complement
endogenous plant
annexins and alter
host defenses

(Patel, Hamamouch €
al. 2010)

Venom allergen-like
proteins

Globodera spp.

Bind to papain-like
cysteine proteases
plantaand interfere
with host defenses

(Lozano-Torres,
Wilbers et al. 2012)

30C02

Heterodera spp.

Binds and inhibits a
pathogenesis relate
gene in the host
plant

(Noureddine
dHamamouch 2012)

—
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Table 1 (continued)

Effector Species Functions Research |
30C02 Heterodera spp. Binds and inhibits a| (Noureddine
pathogenesis relatedHamamouch 2012)
gene in the host
plant

Cogl Meloidogyne spp. | Silencing results in | (Gleason, Liu et al.
virulence against | 2008)

Mi-1 medeated
resistance
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CHAPTER 2. THE PUTATIVE EFFECTOR PROTEIN
HS4EO02 INTERACTS WITH THE PAPAIN-LIKE
CYSTEINE PROTEASE RD21A FROM

ARABIDOPSIS THALIANAN YEAST

Modified from a manuscript to be submitted for padion to theJournal of Nematology

William B. Ruttef, Tarek HeweZi Tom R. Maiet, Eric L. Davié, and Thomas J. Baim

Abstract
4E02 is a putative effector protein secreted ftbenesophageal gland cells of both

Heterodera glycineandHeterodera schachtiPrevious studies have shown thisdE02
localizes to the nucleus planta.However, the functional role of this effector had yet

been assigned and attempts to show that this proés an effector function have been
unsuccessful. In the current study we have usexhatywo-hybrid system to show that
Hs4EO2 interacts with the active site of the pap#éia-tysteine protease RD21A from
Arabidopsis. Since RD21A and its homologs have lsfenvn to play integral roles in other
pathosystems, it is likely that this interactiors ianctional relevance in the plant-nematode

interaction.

Introduction
The plant-parasitic soybean cyst nematddietérodera glycineésengages in complex

interactions with its host plant. During infectidhis parasite bores into the roots of its host
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plant and secretes a cocktail of effector proteits plant tissues. In the past decade, a large
body of evidence has shown that these effectoepretare important factors that facilitate
the parasite’s ability to infect its host (Mitchuhfyssey et al. 2013). Once within the root
tissue, the nematode’s effector proteins interattt and manipulate host factors, causing
drastic morphological and physiological changesivithe host. These changes ultimately
result in the formation of a syncytium composed®feral hundred fused root cells
(Golinowski, Sobczak et al. 1997). This syncytiucisaas the nematode’s sole source of
nourishment throughout its entire life cycle. letgingly, the formation of the syncytium is
also accompanied by drastic morphological changdgsnithe nuclei, which increase in size
due to DNA endoreduplication in the absence of @arctlivision (Endo 1971; Goverse, de
Engler et al. 2000). This increase in genomic DNng with a concomitant increase in
transcriptional activity indicates that the nemateceffector proteins alter plant nuclear
biology to create the syncytium. Understanding tlog/secreted effector proteins are able to
induce the formation of the feeding site is a neagsfirst step in the development of new
control strategies to mitigate the damage thisqggth causes to crop plants.

To date, over 60 putative effector proteins hawenhsolated fron. glycinegGao,
Allen et al. 2001; Wang, Allen et al. 2001; Gaolealet al. 2003). The process of attributing
a function to these putative effectors is hampérethe unique nature of their amino acid
sequence. Indeed, the majority of these secretadips have no homologs within the
National Center for Biotechnology Information (NGBlon-redundant protein database and
few contain detectable protein domains. The crypaittire of these proteins, and the limited
resources available to investigate their functias prompted researchers to prioritize these

proteins based on other criteria.
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One putative effector that has sparked consideratdeest isHg4EO02. This protein
was first identified in an effector screen as asmipt encoding an N-terminal signal peptide
that was specifically expressed within the sub\a@msophageal gland cellstdf glycines
(Gao, Allen et al. 2003), which are known to beaansource of secreted effector proteins
(Hussey 1989). Like other putative effector praselhgdE02 has no homologs within the
NCBI non-redundant protein database and contairksawn protein domains with the
exception of a SV40-type nuclear localization sighe.S) (PSORT II). The functionality of
this NLS was confirmed experimentally by localiziig4EQ2 to the nuclei of onion
epidermal cells and Arabidopsis protoplasts (ElliDgvis et al. 2007). The localization of
Hg4EO02 to the plant cell nucleus highlights this photas one that may elicit changes within
the host nucleus.

In an attempt to test whethidgdEO02 performs a virulence function for cyst
nematodes, Patel et. al. (2008) cloned a homoldtgdEO2 from the closely related sugar
beet cyst nematodéléterodera schachdij which was found to be 99% identical to the
glycinessequencéPatel, Hamamouch et al. 2008). UnliKeglycinesH. schachtiiis able to
infect the model plamirabidopsis thalianamaking it a much more tractable pathosystem
for studying the nematode-plant interaction (Sijs\c@rundler et al. 1991). In fact, tHe
schachtiiArabidopsis pathosystem has been used to confiemitblence functions of many
cyst nematode effectors (Hewezi, Howe et al. 20&@; Chronis et al. 2011; Noureddine
Hamamouch 2012; Mitchum, Hussey et al. 2013). lnr@@xpected twist, Arabidopsis lines
expressing ars4EQ2 transgene, with or without a signal peptitieysed no change in their
susceptibility taH. schachtiiinfection (Patel, Hamamouch et al. 2008). At tams time,

Arabidopsis lines expressing hairpin RNAs againeHs4E02 transcript were tested for



33

their susceptibility tdH. schachtiiinfection. In spite of the fact that these linesiged a
significant reduction oHs4EQ2 transcript abundance within the nematodetatsscally
significant difference in nematode susceptibilibpld be detected (Patel, Hamamouch et al.
2008). Though these data do not support a strantenice function foHs4EQ2, it does not
exclude the possibility that it is an importanteetor protein.

In this study, we have gone a step further in theacterization of thels4E02 protein and
have identified plant proteins with which this efi@r could potentially interact to carry out a

virulence function.

Materials and Methods

Ectopic expression in Arabidopsis

TheHs4EO2 coding sequence was amplified without theadigeptide sequence
using specific primers containing the restrictidtesBanH| andSad on the forward and
reverse primers respectively (Forward primer: 5TTAGG ATC CAT GGA AGA GGG
AGG GCG AGT GAA GCG C-3' and reverse primer: 5-TAGA GCT CTT AAT GTT
TGG GCT TCT TCC CGC AAC ATG-3’ (restriction sitesderlined). The attached
restrictions sites were used to directionally cldmeamplifiedHs4EO02 fragment into the
multiple cloning site of the pBI121 binary vectdhis created a T-DNA cassette containing
theHs4EO2 coding sequence under the control ofGaMV 35S promoter. The construct
was confirmed using Sanger sequencing, and transfbintoAgrobacterium tumefaciens
strain C58 using the freeze thaw method (An 1988)umefaciensransformed with the
HsAEOQ2 expression construct were used to transfmabidopsis thalianacotype

Columbia-0 using the previously described floral niethod (Clough and Bent 1998). T1
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seeds were screened on MS media containing 50naglarkycin) to select for the presence
of theNPTII selection marker. Transgenic lines were selfifeetl and selected to the T3
generation, and segregation was used to deternhigdh\wnes were stable carriers of the

transgene.

Quantitative Real-Time RT-PCR

Total RNA was isolated from three separate biolalgieplicates of eacHs4E02
expressing line and wild type (ecotype columbiasB)ng the perfect pure RNA fibrous
tissue extraction kit (5 Prime) according to thenofacturer’s instructions. DNase treatment
was performed with the DNase | provided with theARéktraction kit according to the
manufacturer’s instructions. Gene-specific prinfershe Hs4E02 coding sequence and
Arabidopsis actin (AT1G49240) were designed4E02 forward primer5’-CCT TTT CCG
TCC TCA ATC GCT GC-3H#AEO2 reverse primer: 5-GTT TGG GCT TCT TCC CGC
AAC ATG-3’). One ng of DNase treated RNA and th@m@priate primer pairs [LOmM]
were used in a 15ulL reaction for cDNA synthesis BG®R reaction with component
mixtures from a One-step RT-PCR kit (Quanta) adogytb the manufacturer’s instructions.
The PCR reactions were run in an I-Cycler (Bio-Raglhg the following program: 50°C for
10 min, 95°C for 5 min, and 40 cycles of 95°C fors2c and 60°C for 30 sec. Following
PCR amplification, the reactions were subjected temperature ramp to create the
dissociation curve, determined by changes in flscgace measurements as a function of
temperature, by which the nonspecific productslmmdetected. The dissociation program
was 95°C for 1 min, 55°C for 10 sec, followed bsl@av ramp from 55°C to 95°C. Four

technical replicates of each reaction were perfarrageraged, and then normalized to the
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internal control (actin). Expression levels of thensgene were calculated a using thé<2
method (Livak and Schmittgen 2001). The baseling e@dculated using the non-specific

background detected in the reactions usingt&E=02 primer set with the wild type RNA.

Nematode assays

Seeds from all fivéds4E02 expressing Arabidopsis lines and wild typel@ibia-0)
were surface sterilized using 50% bleach. Individterilized seeds were planted in
individual wells of 12-well culture plates (Falcorgntaining modified Knop’s medium in a
randomly blocked experiment using 60 seeds frorh éae. Plates were grown at 23°C
under 16-h-light/8-h-dark conditions. Two week ekkdlings were inoculated with ~250
pre-parasitic JHeterodera schachtper seedling that were surface sterilized using a
previously described protocol (Baum, Wubben e2@00). Inoculated plants were grown
under the same conditions for an additional 3 we&ksr which, each plant was
individually scored for the number of adult J4 féenaematodes. P-values for the difference
in the average number of adult females betwégtiE02 expressing lines and wild type were

calculated using a least squares mean model (ndewgitate genotype) (SAS).

Yeast two-hybrid assay

A yeast-two-hybrid screening was performed as dasdrin the BD Matchmaker
Library Construction and Screening Kits (ClonetedijeHs4E02 coding sequence was
amplified without the signal peptide using spegdtaners containing the restriction sites
EcoRIl andPst on the forward and reverse primers respectiviebrfard primer: 5’-TAT

AGA ATT CGA AGA GGG AGG GCG AGT GAA GCG C-3 and reversemer 5’-ATG
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ATC TGC AGG TCAATG TTT GGG CTT CTT CCC GCA AC-3' restrictiaites
underlined). The attached restrictions sites weegluo directionally clone the amplified
Hs4EO02 fragment into the multiple cloning site of i @BKT7 bait vector to produce a
fusion construct oHs4E02 bound to the GAL4 DNA binding domain (BD). $ltionstruct
was verified by sequencing, and transformed 8docharomyces cerevisiagain Y187 to
create the bait strain. The previously generateg fibraries using cDNA made from the
roots of Arabidopsis infected witH. schachtiiat 3, 7, and 14 days after infection (Hewezi,
Howe et al. 2008). The bait strain was mated seglgraith the three prey libraries in the
compatibleS. cerevisiastrain AH109. Screening and subsequent co-tramsftbon analysis

of interacting prey vectors was carried out acaggdo Clonetech protocols, using the empty

bait vector as well as human lamin C containing b@ctor as negative controls.

Results

Arabidopsis lines expressittsg4EO2 display an inconsistent susceptibility trend

To detect a potential virulence function thE1E02 may have during the interaction
betweerH. schachtiiand Arabidopsis, ths4E02 coding sequence, without the signal
peptide was constitutively expressed within Arapsle. Five independently transformed
lines were developed, which stably expresdHb#E02 transgene. The level of transgene
expression was assessed for each line using catargiteal-time RT-PCR (gPCR). Each
line was shown to express tHe4E02 transgene mRNA, but variability was observethe
level of transgene expression in each line (Fig. 1)

To assess the relative susceptibility of edlshiE02-expressing line td. schachtii

infection, all five lines were infected with. schachtiialongside untransformed controls, and
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the number of successfully developing adult fenm&limatodes was counted 21 days after
inoculation (Fig. 2). Two of the lines (line 1-3dalne 5-1) showed significant increases in
the number of J4 female nematodes compared toatqaiénts, although this susceptibility

phenotype was not consistently observed in all liives.

Identification ofHAEQ2-interacting partner from Arabidopsis

Many well characterized nematode effector protanesknown to interact with host
proteins to carry out their function planta(Hewezi and Baum 2012). To determine whether
Hs4EOQ2 interacts with any proteins within ArabidopsieeHS4EO02 protein, without the
signal peptide, was used as bait in a yeast twoikthglosreen against three separate prey
libraries. Each of the three prey libraries corggmnoteins expressed in Arabidopsis roots
during different stages @i. schachtiinfection (J2, J3, and J4 stage) (Hewezi, Howad.et
2008). After screening all three prey libraries3 Jsitive colonies were identified, which
showed an interaction with the Hs4E02 bait. Pragiplids were isolated and sequenced from
each colony, to identify which protein was presargach prey vector. After discarding
known false positives, a final candidate list ofA&bidopsis proteins was identified. The
isolated prey vectors for each of these candidaéessco-transformed into yeast with the
Hs4EO2 bait as well as non-specific negative contimisssess the specificity of the
interaction. Three separate Arabidopsis genes tetatied a positive interaction that was
specific forHs4EO02 (Table 1). Of the three interacting candidatey one, i.e., Resistant-
to-Dehydration 21A (RD21A), was represented by ntbas one prey clone. A total of 13
RD21A prey clones were isolated from separate yadsehies from all three yeast libraries.

An alignment of the 13 RD21A clones revealed thaytwere different lengths, spanning
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different regions of the RD21A protein (Fig. 3)was apparent that all of these different
clones shared the same 85 amino acid stretch ®E#LA protein (R237-K321), which
resides within the 216 residue cysteine proteasdytia domain (L137-1352) within the
RD21A protein (Fig. 3). This alignment indicateattHs4EO02 is likely to interact
specifically with a region within the catalytic dam of the RD21A papain-like cysteine

protease.

Discussion

In the current study we set out to characterizduhetion of the putative effector
proteinHS4E02. Previous studies have shown thstE02 contains a functional NLS that
targets it to the plant nucleus (Elling, Davis le2807). However, exogenous expression of
Hs4EO2 in Arabidopsis, as well as host-derived RN#geting of its transcript, failed to
show an effect on host susceptibilityHo schachtiiinfection (Patel, Hamamouch, et al.
2008). Despite these unexpected results, 4E0ZHilds out as a likely effector protein that
has a role in the nematode-plant interaction.

In this study, we produced five separate Arabidopses that constitutively
expressedtis4EQ2 (Fig. 1). Contrary to previously publishedajate found that two of the
five lines showed a significant increase in susbéjy to H. schachtiiinfection (Fig. 2).
Additionally, the line with the highest level of HS02 expression (line 1-3) also displayed
the greatest increase in nematode susceptibilitgsé& results indicate thds4E02
expression may have an effect on the nematode-jlEnéction in a dose dependent manner.
However, the correlation betwebis4E02 expression level and susceptibility is not

consistent across all five transgenic lines. Liixdsand 11-1 show equivalent levels of
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HsAEOQ2 expression (Fig. 1). Yet, line 5-1 shows aificant increase in nematode
susceptibility, while line 11-1 shows no differerezmpared to the wild type (Fig. 2). The
inconsistency across allIs4EQ02 expressing lines, from the current and pres/giudies, has
led to uncertainty as to whethds4EQ2 expression truly has an effect on nematode
susceptibility. At present, we cannot definitivelgy whether the increase in susceptibility is
a result oHs4E02 expression, or merely a chance effect ofresgene insertion site. What
is clear is that low levels :{s4E02 expression do not produce a measurable effielcost
susceptibility. However, it is possible that futimgestigations into the functions BS4E02
using higher expressing transgenic lines could #mdore consistent susceptibility
phenotype.

Despite the inconsistency of this4E02 phenotype there is further evidence showing
thatHs4EO2 performs an effector functiomplanta Furthermore, there are several variables
that can confound the results of the susceptitalgyays that have been performed with
Hs4E02. One such confounding variable is the degreedundancy within an effector
family. Effector proteins, from both nematodes attier plant parasites, are often part of
multi gene families within a single genome (Abadu@y et al. 2008; Haas, Kamoun et al.
2009; Raffaele, Farrer et al. 2010). It is thouglat these effector gene families perform
redundant functions within a host plant. The presesf multiple redundant copies of
Hs4EO2 could have interfered with the efficacy of taerived RNAI targeting this
transcript. Small polymorphisms in the coding sewpeaeof different protein isoforms could
reduce the effect of host-derived RNA.. It is atsmceivable thatds4E02 functions in
conjunction with other nematode effector protemsadrry out its function. In which case

expressindHs4E02 without its cognate partner would be unlikelglicit a phenotype. Still
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other confounding variables could have arisen fexpressing a nematode protein in an
exogenous plant environment. This could resultastipanslational modifications that do not
occur wherHs4EOQ2 is expressed within the nematode. In shagtnégative results seen in
susceptibility assays thus far do not exclui3dEO2 from having an effector function.

Working on the presumption thes4EO2 has an effector function we set out to
determine whethdds4EQ2 interacts with proteins from Arabidopsis. dsmyeast two-
hybrid assay we were able to identify three sepakatbidopsis genes that showed an
interaction withHs4EOQ2 in yeast (Table 1). Two of the candidate géA@8G45960) and
(AT3G54440) were represented by one prey clone.8dutugh these were considered as
potential host interacting proteins, their onto&sgand subcellular localizations did not fit
with the nuclear localization Hs4E02. AT3G45960, which encodes Arabidopsipansin-
like a3 (ATEXLAS3), has roles in plant cell wall mididations, while AT3G54440 encodes a
glycoside hydrolase with a role in carbohydrateahelism within the chloroplast. Though
neither of these two candidates stands out asipsoteth overt functional significance in the
nematode-plant interaction, we cannot discounptiesibility that they do interact with
Hs4EO2 during infectionAs such, future studies should investigate whethese
interactions occuin planta

In contrast to the first two candidates, the ti&d@1G47128) was isolated a total of
13 times from all three yeast libraries used in@agay. AT1G47128 encodes a papain-like
cysteine protease known as Responsive to Dehydrafia (RD21A). It is well established
that cysteine proteases of this class have furaltimbes in senescence and plant-parasite
interactions (van der Hoorn 2008). In fact, twoergicstudies have shown that RD21A has

pro-death function, and mutations of this geneltasaltered susceptibility to necrotrophic
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pathogens (Shindo, Misas-Villamil et al. 2012; Lajdpkan et al. 2013). Other studies have
identified homologous papain-like cysteine proteabat are required for pathogen-triggered
immune responses in multiple plant species (Gilkbgin et al. 2007; Deslandes, Bernoux et
al. 2008). Still other studies have shown that paplke cysteine proteases are directly
targeted and inhibited by effector proteins fromtiple different pathogens (Rooney, Van't
Klooster et al. 2005; Bozkurt, Schornack et al. 2Z@Bar-Ziv, Levy et al. 2012). Taken
together, this body of evidence shows that RD21d ather papain-like cysteine protease
are well-conserved immune modulators that are tadgiey multiple plant pathogens. With

its established role in plant-pathogen interactiovesthink that RD21A is a likely functional
target ofHs4EO02.

At first glance, the fact that RD21A is a vacuadasociated protein makes it hard to
imagine that it could interact with the nucleardbredHs4E02. However, this type of
interaction is not unprecedented. A recent studynaither vacuolar localized paralog
(RD19) showed that this papain-like cysteine pre¢aa targeted by the effector protein
PopP2, fronRalstonia solanacearunrurthermore, once PopP2 interacts with RD19, the
complex is relocalized to the plant nucleus (Dedésn Bernoux et al. 2008). It is tempting to
speculate thatis4E02 could interact with and relocalize RD21A isimilar manner. Indeed,
this hypothesis fits with recent data that has shtwat certain nematode effectors localize to
the nucleus only after interacting with host prosdiirst (Hewezi and Baum 2012).

Inspection of the 13 RD21A clones isolated from yesst two-hybrid assay lent
more credence to the hypothesis that this prote@racts specifically witHs4E02. A
protein alignment of the 13 clones revealed thgetioer they only share an 85-residue

stretch of the RD21A protein in common (Fig. 3)isTshort stretch of amino acids lies
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within the catalytic protease domain of RD21A ancludes two of the three catalytic
residues within the active site (van der Hoorn 3088ditionally, a review of the literature
revealed that this Hs4EOQ2 interacting stretch @gerla region homologous to the site bound
by the viral protein V2 in an orthologous papakelcysteine protease (Cypl) (Bar-Ziv,
Levy et al. 2012). Together, this data suggestitisdE02 binds specifically to a region
within the active site of RD21A, and makes it likéhat this is a functional interaction and
not a random occurrence. Given the fact that RDl#xly active after cleavage of both its
N-terminal inhibitor domain and its C-terminal guiin domains (Yamada, Matsushima et
al. 2001), specific interaction with the catalydiemain is important for a functional
interaction.

As of yet, the interaction between RD21A at&tE02 has only been confirmed in
yeast cells. Future functional studieHs##E02 should confirm this interactiam planta
using either bimolecular fluorescence complemeonabir co-immunoprecipitation. Once
this interaction betweeds4E02 and RD21A is confirmad planta,there are still several
guestions that need to be answered to determinfeiticgonal significance of this
interaction. The question: Does4E02 perform a virulence function?. In this stuokyy
Hs4EO02-expressing lines have not shown a consistertge in nematode susceptibility.
However, since mutations in RD21A have been shaaffect the growth oBotrytis
cinereaandSclerotinia sclerotioruminfecting ourHs4EO2 lines with these necrotrophic
pathogens could reveal a susceptibility phenotypealternative approach would be to
deliverHs4EQ2 as an effector in a known avirulent interagtgerhaps usingseudomonas
syringaeDc3000, to see if the protein effects the induttbthe hypersensitive response.

The second question: Does RD21A play a role irpthet-nematode interaction? A
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straightforward approach to answering this questionld be to test RD21 knock-out
mutants and overexpression lines for their susi#iptito nematode infection. Positive
results in these experimental approaches wouldigeaonvincing evidence that Hs4E02
binds and modulates the function of RD2ih/planta

In summary, using a yeast two-hybrid system we lawved that the putative effector
proteinHs4EO2 interacts with the active site of the pap#a-tysteine protease RD21A
from Arabidopsis. Based on previous data showiegriportance of RD21A in other
pathosystems, we hypothesize that this interattaanfunctional significance in the plant-

nematode interaction. Future studies will be neadenvestigate this possibility.
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Figure 1. qRT-PCR expression analysis of Arabidopses expressings4E02. Five
independently transformed non-segregating linegwassessed for their relative expression
of theHs4EQ2 transgene.
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Figure 2. Assay for susceptibility B(fs4E02-expressing lines td. schachtiinfection. Two
lines showed a significant increase in their susloiipy to nematode infection compared to
Col-0 controls (p-values above bars), while thréeplines showed no significant
difference.
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RD21A  MGFLKPTMAI LFLAMVAVSSAVDIVBI | SYDEKHGVSTTGGERSEAEVMEI  YEAW.VKHGKAQSQNSL VEKDRRFEI FKDNL RFVDEHNEKNL SYRLGLTRFADLTNDEY RSKYLGAKMEKK

RD21A  GERRTSLRYEARVGDE LPESI D\NQKKGAVAEVKD@GG}S&\AFSTI CGAVEG NQ VTCGDLI TLSEQELVDCDTSYNEGCNGGLMDYAFEFI | KNGG DTDKDYPYKGVDGTCDQ RKNA
J2-67 - -- RTSLRYEARVGDELPES| DWRKKGAVAEVKDQGGOGSCWAFSTI GAVEG NQI VTGDLI TLSEQEL VDCDTSYNEGCNGGL MDYAFEF! | KNGG DTDKDYPYKGVDGTCDQ RKNA
J3-37 GERRTSLRYEARVGDELPES| DARKKGAVAEVKDQGGCGSCWAFSTI GAVEG NQI VTGDLI TLSEQEL VDCDTSYNEGCNGGLMDYAFEF! | KNGG DTDKDYPYKGVDGTCDQ RKNA
K Y R e L e L TR T | DTDKDYPYKGVDGTCDQ RKNA
J3-56 - -- RTSLRYEARVGDELPES| DARKKGAVAEVKDQGGCGSCWAFSTI GAVEG NQ VTGDLI TLSEQEL VDCDTSYNEGCNGGLMDYAFEF| | KNGG DTDKDYPYKGVDGTCDQ RKNA

J4-2 | GAVEG NQI VTGDLI TLSEQELVDCDTSYNEGCNGG.MDYAFEFI | KNGG DTDKDYPYKGVDGTCDQ RKNA
J4-6 | GAVEG NQ VTGDLI TLSEQEL VDCDTSYNEGCNGGLMDYAFEF| | KNGG DTDKDYPYKGVDGTCDQ RKNA
40 s LI TLSEQELVDCDTSYNEGCNGG. MDYAFEFI | KNGG DTDKDYPYKGVDGTCDQ RKNA
J4-21 ---- | GAVEG NQ VTGDLI TLSEQEL VDCDTSYNEGCNGGLMDYAFEF| | KNGG DTDKDYPYKGVDGTCDQ RKNA
J4-24 GCGSCWAFSTI GAVEG NQ VTGDLI TLSEQEL VDCDTSYNEGONGGLMDYAFEF! | KNGG DTDKDYPYKGVDGTCDQI RKNA
N L R D R R R R e R R R RKNA
J4- 50 - e ooooooo | DTDKDYPYKGVDGTCDQ RKNA
J4-52 KKGAVAEVKDQGGCGSCWAFSTI GAVEG NQI VTGDLI TLSEQEL VDCDTSYNEGCNGGLMDYAFEFI | KNGG DTDKDYPYKGVDGTCDQ RKNA
J4- B4 - e LI TLSEQELVDCDTSYNEGCNGG. MDYAFEFI | KNGG DTDKDYPYKGVDGTCDQ RKNA

*kk ok

V2

——

RD21A  KVVTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGT QD%A/AVGYGT ENGKDYW VRI\E - | ASSSGKCE Al EPSYPI KNGENPPN
J2-67 KVVTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J3-37 KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGT QL DHGVWAVGYGTENGKDYW VRNSWGK- - = = - = = = = w mm e e e e e oo
J3-51  KVVTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J3-56 KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQL DHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-2  KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVWAVGYGTENGKDYW VRNSWEKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-6  KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQL DHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-9  KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVWAVGYGTENGKDYW VRNSWEKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-21  KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQL DHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-24  KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVVAVGYGTENGKDYW VRNSWEKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-46 KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQL DHGVWAVGYGTENGKDYW VRNSWGKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-50 KWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVWAVGYGTENGKDYW VRNSWEKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-52  KWTI DSYEDVPTYSEESLKKAVAHQP! SI Al EAGGRAFQLYDSG FDGSCGT QLDHGVWAVGYGTENGKDYW VRNSWGKSWGESGYL RMARNI ASSSGKCG Al EPSYPI KNGENPPN
J4-6  KVWTI DSYEDVPTYSEESLKKAVAHQPI SI Al EAGGRAFQLYDSG FDGSCGTQLDHGVVAVGYGTENGKDYW VRNSWEKSWEESGYL RVARNI ASSSGKCG Al EPSYPI KNGENPPN

L R L e AR s A s A 2]

RD21A  PGPSPPSPI KPPTQ LSKNSPFSVKAL KRKPATPFWBQGRKNI A
J2-67 PGPSPPSPI KPPTQUDSYYTCPESNTCOCLFEYG: YOFAWGCCPLEAATCCDDNYSCCP- - - - - « < <<= - - -« < s 22 x s ee s o s oecammaas
J3-51  PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGCCPL EAATCCDDNYSCCPHEYPVICDL DQGT CLL SKNSPFSVKALKRKPATPFWSQGRKNI A
J3-56  PGPSPPSPI KPPTQUDSYYTCPESNTOOCLFEYGKYCFAW « - - - - - - -« < - - - < <o o x o e o oot m e e e
J4-2  PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGOCPLEAATOCDD: - < < - - - - - < < === - - - < s s 2o xsas oo e mecaomcaiaaoos
J4-6  PGPSPPSPI KPPTQUDSYYTCPESNTOCCL FEYGKYCFAWGCCPL EAATCCDDNYSCCPHEYP- « < < - - - - - < <« <o - o x c e o e e o cea
J4-9  PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGOCPLEAATOCDDNYS: - - - - - < < <= == - - - <=2 2o m s s s e mmeea i mcaiaaoos
J4-21  PGPSPPSPI KPPTQUDSYYTCPESNTOCCL FEYGKYCFAWGCCPLEAATCCDD: - - - < < - = - - < < === = <= s s s o e mwe o e e e oo
J4-24  PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGOCPL EAATCCDDNYSOCPHEYPVCDLDQGTCLLS- - - < <= === - - === == m - c e e emmo
J4-46  PGPSPPSPI KPPTQUDSYYTCPESNTOCCL FEYGKYCFAWGOCPL EAATCCDDNYSCCPHEYPVCDL DQGT CL L SKNSPFSVKALKRKPATPFWSQGRKNI A
J4-50 PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGCCPL EAATCCDDNYSCCPHEYPVICDL DQGT CLL SKNSPFSVKAL KRKPATPFWSQGRKNI A
J4-52  PGPSPPSPI KPPTQUDSYYTCPESNTOCCL FEYGKYCFAWGOCPLEAATOCDDNYSOCPHEYPVCD: - - - - <= = - - - < <« <= x cw e e o mcceammo
J4-64  PGPSPPSPI KPPTQUDSYYTCPESNTOOCL FEYGKYCFAWGOCPL EAATCCDDNYSCCPHEYPVICDL DQGT CLL SKNSPFSVKAL KRKPATPFWSQGRKNI A

Figure 3. Alignment of RD21A yeast two-hybrid clengith the full-length protein. The
thirteen RD21A prey clones, which showed a speaitieraction with the Hs4E02, shared a
common 85 amino acid stretch representing the ipateis4E02-binding site (*). This
putative binding site resided within the catalytammain of RD21ARED). This binding site
also contains two of the three catalytic residugbiavthe RD21A active site (star), and
overlaps a region homologous to the 15 residueitgsite of V2 (from Tomato Yellow
Leaf Curl Virus) in a homologous papain-like cysteprotease fromlicotiana
benthamianaThis putativeHs4E02-binding site did not overlap the N-termindlibitor
domain BLUE) or the C-terminal granulin domairi { ) of RD21A.
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Table 1.Hs4EO2 Interaction candidates identified in our yéasi-hybrid screen.
Descriptions of each of the individual genes thaiveed specific interactions with the
Hs4EO2 bait in yeast. * The number of prey clonesfieach interaction candidate and the
yeast two-hybrid library from which they were is@ld (J2, J3, or J4).

Prey clones*

Arablcllgpgs Description
gene T -
AT3G45960 Arabidopsis thalianaxpansin-like A3 0 0 .

(ATEXLA3): cell wall modification

glycoside hydrolase family 2 protein:
AT3G54440 carbohydrate binding and carbohydrate 1 0 0
metabolic processes within the chloroplast

Responsive to dehydration 21A (RD21A):
AT1G47128 peptide ligase and protease activity, involved [n1 3 9
plant stress response and immunity
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CHAPTER 3.HS25A01 PERFORMS AN EFFECTOR FUNCTION
DURING THE INTERACTION BETWEENHETERODERA
SCHACHTIIAND ITS HOST PLANTARABIDOPSIS THALIANA

Modified from a manuscript to be submitted for paslion to thelournal of Nematology

William B. Rutter, Tarek HeweZi Tom R. Maiet, and Thomas J. Baim

Abstract

Cyst nematodes are a pervasive threat to manyptaops around the world. In an
effort to combat these parasites, much effort lenldocused on characterizing the effector
proteins that allow them to infect their plant lsogt family of putative effector proteins
composed of three membekHgR5A01,Hg30G12, andHg4GO05), has previously been
isolated form the esophageal gland cells of thé&say cyst nematodeléterodera glycinés
In this study we have identified an orthologous rhenof this protein familyH{s25A01)
within the closely related specibls schachtii.Overexpression dis25A01 in Arabidopsis
produced plants with increased susceptibilitiditeschachtiiand increasetbot length. The
Hs25A01 protein interacts with multiple Arabidopsi®{eins in yeast as well @s planta
We conclude thatis25A01 represents a secreted effector protein tteasalevelopment

within the plant cell, and performs a virulencedtion for the nematode parasite.
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Introduction

The soybean cyst nematodéeferodera glycinescauses extensive monetary losses
in yield each year (Koenning, Overstreet et al.2)9%he success of this pathogen relies on
its ability to engage in a complex interaction witthhost plant, and at the interface of this
interaction are effector proteins. These effectotgins are known to be secreted by the
nematode into host plant tissues using a hollowlleelé&e structure known as a stylet
(Hewezi and Baum 2012). Once in plant tissues, nmemyatode effector proteins interact
with and manipulate host plant factors, ultimatelgulting in the formation of an elaborate
feeding site within the root tissue known as a gtinm. The syncytium acts as a nutrient
sink in the plant, diverting energy away from nokplant processes to feed the growing
nematode through adulthood and reproduction. Theatede’s effector proteins underlie the
parasite’s ability to form the syncytium and todlioff of host plant tissues. Understanding
how these effector proteins function within thenplean lead to new ways to combat these
pests as well as a better understanding of thegarasite interaction.

The effector proteins secreted through the nema@tiget are produced in the
esophageal gland cells (one dorsal and two sulalgittussey 1989). These three gland
cells empty their proteinaceous content into thmatede’s esophagus, from where it is then
released through the stylet. Many putative effeptoteins have been isolated from the
esophageal gland cells of cyst nematodes, andaéare been shown to perform a
virulence function for the nematode. Multiple ocghll modifying enzymes such as
cellulases, pectate lyases, and cellulose-bindiotgms are secreted from the esophageal
gland cells (Smant, Stokkermans et al. 1998; Hew#aive et al. 2008). These proteins are

thought to facilitate the drastic changes assadiaiéh the formation of the syncytium. A
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functional chorismate mutase protein is secreteh fhe nematode’s esophageal gland cells,
and has been shown to alter the shikimate patinvplanta(Bekal S 2003). Other cyst
nematode effectors have been shown to mimic CLAVAESR (CLE) signaling peptides
within the plant, and consequently affect plantgio(Olsen and Skriver 2003; Wang,
Mitchum et al. 2005; Lu, Chen et al. 2009). Thes#l-aharacterized cyst nematode effectors
have revealed important details of the plant-nedetoteraction, and yet they only represent
a small portion of the cyst nematode’s secretonfeghncurrently stands at over 60 protein
constituents (Gao, Allen et al. 2001; Wang, All¢male2001; Gao, Allen et al. 2003). The
vast majority of these putative effectors remainsharacterized and has no predicted
function.

In this study we have characterized a small gemalyaof putative effectors that we
collectively refer to as 25A01. Three distinct mahs of the 25A01 protein family
(Hg25A01,Hg30G12, andHg4GO05) were previously isolated frarh glycinesgland-
specific cDNA libraries (Gao, Allen et al. 2001 hé&se clones encode a predicted N-terminal
secretion signal, and were all shown to be expdespecifically within the dorsal gland cell
of H. glycinesduring parasitic stages, indicating that all thpesteins are likely to be
secreted into host plant tissues. Though eachesktthree proteins was isolated individually,
a more in depth analysis revealed that they shau@586 amino acid identity, and comprise a
protein family withinH. glycineg(Fig. 1). Despite their abundance witlinglycines
attempts to infer the functions of these proteisiag computational tools have been
unproductive, revealing that this protein familyshe significant homologs in the NCBI
non-redundant protein database (BLASTp) (Altsckaish et al. 1990) and is predicted to

contain no functional domains (Interpro-scan) (Qll@v, Silventoinen et al. 2005).
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Interestingly, a microarray experiment probingttoe expression of specifid. glycines
effector proteins showed thidg25A01 was specifically up-regulated during the paia
second stage juvenile (J2) stage of nematode dawelot (Ithal, Recknor et al. 2007). This
stage of development coincides with the early distalnent of the syncytium within the host
plant, indicating thatHg25A01 could play a role in formation of the feedsitg.

Taken together, these data indicate that the 2540tein family represents a group
of unique proteins specifically secreted from themhageal glands &f. glycinesduring the
early stages of nematode infection. We hypothedizatdthe 25A0I gene family contains
secreted proteins that carry out a virulence famctor the nematodia planta.in this study,
we have isolated a homologous clone of the 25A01epr family from the closely related
sugar beet cyst nematoHe schachtii,and investigated the role this protein playsiin
schachtii’'sinfection of the model plamkrabidopsis thalianaWe have determined that
Hs25A01 effects the cyst nematode-plant interactiocreasing plant susceptibility to

nematode infection as well as effecting plant ghowt

Materials and Methods

In situ hybridization of effector transcripts

Specific forward and reverse primers were desidaethe coding sequence of each
of theHs25A01 transcript. These primers were used to agnphfamplicon 90 bp in length
from cDNA pools generated frohh. schachtii This amplicon was used as a template in a
unidirectional PCR reaction to produce single steghsense and anti-sense digoxigenin
(DIG)-labeled probes for each candidate effecmgcript. Unidirectional PCRs were

performed in 2pl volumes using a DIG-nucleotide labeling kit (Rehn situ
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hybridizations were performed on mixed parasitages oH. schachtiias previously
described (de Boer, Yan et al. 1998). Nematodes ¥ezd in a 2% formaldehyde solution.
Fixed nematodes were permeabilized by hand cuttittga razorblade on a glass slide in
combination with a partial proteinase-K digesti@frog/mL, 30 min RT). DIG-labeled
probes were hybridized to permeabilized tissue oigit at 50C. Hybridized probes within
the nematode were detected using and anti-DIG @hfibonjugated to alkaline phosphatase
and it's substrate. Samples were then visualizedjws Zeiss Axiovert 100 inverted light

microscope.

In plantasubcellular localization

TheHs25A01 coding sequence was amplified without theaigeptide sequence
using specific primers containing the restrictidtesEcoR| andEag on the forward and
reverse primers respectively (Forward primer: 5ITAGA ATT CCC GAC TCC TTA
TGA TGC TGA ATC GGA ATC TTC TGA AT-3 and reversagimer: 5-TAT ACG GCC
GCC GTT AGT GCT AGG GCC GGC GAA GTT GG-3). The atteed restrictions sites
were used to directionally clone the amplifildsR5A01 fragment into the multiple cloning
site of the pRJG23 vector (Grebenok, Pierson €t%l7). The ligation produced a construct
containingHs25A01 fused with the coding sequence of GFP ant8 &porter gene under
the control of a doubl€aMV 35S promoter. The construct was sequenced usimgefa
technology. Thédis25A01 fusion construct was attached touin6gold particles, and
bombarded into onion epidermal cells using Bidigtarticle Delivery System (Bio-Rad) as
described in previous studies (Elling, Davis e2@07). Bombarded onion epidermal peels

were incubated in the dark for 24 hours at 26°Qofdscent GFP reporter was assessed and



55

photographed using an Zeiss Axiovert 100 invertézt@scope. Bombardment was repeated

3 times in independent experiments.

Generation of transgenic Arabidopsis

TheHs25A01 coding sequence was amplified without theaigeptide sequence
using specific primers containing the restrictidtesBam HI and Sac | on the forward and
reverse primers respectively (Forward primer: 59TEGA TCCATG CCG ACT CCT
TAT GAT GCT GAA TCG GAA TCT TCT GAA T-3' and reveesprimer: 5-TAT AGA
GCT GCT ACA GCC GCA GCA GCA GAA GTT TCT CCG-3’ restrictn sites
underlined). The attached restrictions sites weegluo directionally clone the amplified
Hs25A01 fragment into the multiple cloning site oétpBI121 binary vector. This created a
T-DNA cassette containing th#s25A01 coding sequence under the control ofGa&V
35S promoter. The construct was confirmed usingg&asequencing, and transformed into
Agrobacterium tumefaciersirain C58 using the freeze thaw method (An 1988).
tumefaciengransformed with thels25A01 expression construct were used to transform
Arabidopsis thalianacotype Columbia-0 using the previously descrilt@a@l dip method
(Clough and Bent 1998). T1 seeds were screened®mbtia containing 50mg/L
kanamycin, to select for the presence ofNiRT Il selection marker. Transgenic lines were
self fertilized and selected to the T3 generatan segregation was used to determine which

lines were stable carriers of the transgene.

Quantitative Real-Time-RT-PCR
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Total RNA was isolated from three separate biolalgieplicates of eacdHs25A01
expressing line and wild type (ecotype columbiau8)ng the perfect pure RNA fibrous
tissue extraction kit (5 Prime) according to thenofacturer’s instructions. DNase treatment
was performed with the DNase | provided with theARéktraction kit according to the
manufacturer’s instructions. Gene specific prinferedheHs25A01 coding sequence and
Arabidopsis actin (AT1G49240) were designeldd5A01 for primer:5-GCG CCG AAA
AGT GAA CAG ACG C-3'Hs25A01 rev primer: 5-CGC CTT TGG CTG CTT GTC TTC
C-3’). One ng of DNase treated RNA and the appeatemprimer pairs [LOmM] were used in
a 15uL reaction for cDNA synthesis and PCR reaatrdh component mixtures from a One-
step RT-PCR kit (Quanta) according to the manufacwiinstructions. The PCR reactions
were run in an I-Cycler (Bio-Rad) using the follegiprogram: 50°C for ten min, 95°C for
five min, and 40 cycles of 95°C for 30 sec and 665C30 sec. Following PCR
amplification, the reactions were subjected tonaperature ramp to create the dissociation
curve, determined by changes in fluorescence meamsnts as a function of temperature, by
which the nonspecific products can be detected.di$sociation program was 95°C for one
min, 55°C for ten sec, followed by a slow ramp fr6BfC to 95°C. Four technical replicates
of each reaction were performed, averaged, andrtbenalized to the internal control
(actin). Expression levels of the transgene weleutated a using the’2“" method (Livak
and Schmittgen 2001). The baseline was calculatedyuhe non-specific background

detected in the reactions using tH&5A01 primer set with the wild type RNA samples.

Root length assay
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Seeds from each of the three non-segregating éisegell as wild type (Columbia-0)
were surface sterilized and planted into four-yeellystyrene rectangular plates (Thermo
Scientific) containing MS media. Eight separatdgdavere used containing at least 15 seeds
from each line, each line was planted in eachivelatell position twice to negate potential
effects of well position on growth. Plates werecpld vertically and incubated at 23°C under
16-h-light/8-h-dark conditions. After 10 days rdemgths were measured in a blinded
fashion as the distance between the crown andpiod the root in three independent
experiments. At least 100 combined data points wellected for each line. Statistics for the
difference between the mean root length of eagtsgianic line and wild type controls were

calculated using a two-tailed Student’s t-test.

Infection assay

Seeds from all threlds25A01 expressing Arabidopsis lines and wild typel(@bia-
0) controls were surface sterilized. Individuakiiteed seeds were planted in individual
wells of 12-well culture plates (Falcon) containmgdified Knop’s medium in a randomly
blocked experiment using 60 seeds from each lile$were grown at 23°C under 16-h-
light/8-h-dark conditions. Two week old seedlingsrevinoculated with ~250 pre-parasitic J2
Heterodera schachtper seedling that were surface sterilized usipgeaiously described
protocol (Baum, Wubben et al. 2000). Inoculatedhfdavere grown under the same
conditions for an additional three weeks. After @hieach plant was individually scored for
the number of adult J4 female nematodes. P-vatudhé difference in the average number
of adult females betwedttis25A01 expressing lines and wild type were calcadlatging a

least squares mean model (nematode=plate gend§ps).
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Yeast two-hybrid assays

A yeast two-hybrid (Y2H) screening was performedlascribed in the BD
Matchmaker Library Construction and Screening Kitkonetech). Théls25A01 coding
sequence was amplified without the signal peptgleguspecific primers containing the
restriction sites€caRl andBanHI on the forward and reverse primers respectiyiebrward
primer: 5’-TAT AGA ATT CCC GAC TCC TTATGATGC TGA ATC GGAATC TTC
TGA AT-3' and reverse primer: 5’-TAT AGG ATCCT ACA GCC GCA GCA GCA GAA
GTT TCT CCG-3' restriction sites underlined). Thtaahed restrictions sites were used to
directionally clone the amplifiedls25A01 fragment into the multiple cloning site oéth
pGBKT?7 bait vector to produce a fusion construdds25A01 bound to the GAL4 DNA
binding domain (BD). This construct was verifieddgguencing, and transformed into
Saccharomyces cerevisiagain Y187 to create the bait strain. The prestpgenerated
prey libraries using cDNA made from the roots oaidopsis infected withl. schachtiiat
three, seven, and 14 days after infection (Hewéawe et al. 2008). The bait strain was
mated separately with the three prey librarieh@dompatibles. cerevisiastrain AH109.
Screening and subsequent co-transformation analf/giseracting prey vectors was carried
out according to Clonetech protocols, using thetgrbpit vector as well as lamin C

containing bait vector as negative controls.

Bimolecular fluorescence complementation assay
TheHs25A01 coding sequence was amplified without theaigeptide using

specific primers containing the restriction silEgR| andBanH| on the forward and reverse
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primers respectively (Forward primer: 5-TAT_AGA ATCAC CGA CTC CTT ATG ATG
CTG AAT CGG AAT CTT CTG AAT-3" and reverse primé&’-TAT AGG ATC CCT AGT
TAG TGC TAG GGC CGG CGA AGT TGG-3' restriction sstenderlined) for directional
cloning in pSTAT-nYFP-C1 vector. This created adagprotein ofHs25A01 and the n-
terminal domain of the eYFP protein, which was aoméd by sequencing. The amplified
coding sequence of AT1G08110 with the restrictibessKhd andEcadR| (Forward primer:
5'-TAT ACT CGA GAA ATG GCG TCG GAA GCG AGG GAA TCA CC-3' and reverse
primer: 5’-TAT AGA ATT CTC AAG CTG CGT TTA CGG TAG TAG TTC CGA TAG
TC-3' restriction sites underlined). AT1G08110 vaectionally cloned tin pSTAT-cYFP-
C1 vector to produce a fusion protein with thereai@al domain of the eYFP, and was
confirmed by sequencing. A fusion protein of AT5@38 in pSTAT-cYFP-C1 was used as
a negative control to confirm the specificity oétBiFC interaction. The construct was
delivered to onion epidermal cells using previowsgcribed particle bombardment
method(Hewezi, Howe et al. 2008). Bombarded tisswere incubated at 26°C in the dark.
A positive protein-protein interaction, seen atuarescent GFP signal, was assessed and
photographed using a Zeiss Axiovert 100 invertecrasicope. Bombardment was repeated

three times in independent experiments.

Results

Isolating 25A01 homoloq frorhleterodera schachti

PCR primers based on the three knddvrglycinesisoforms of 25A01 were used to
amplify and clone fragments frokh schachticDNA. Sequence analysis of these clones

revealed several different isoforms, none of wiichtained a stop codon, indicating a likely
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sequence divergence at the 3’-end of the transdrgpbvercome this difference, 3’ race was
used to isolate a complete 630 bp clone that coedisa stop codon and a 3’ poly-A tail
(Hs25A01).Hs25A01 showed 73-77% amino acid identity withkllglycinesisoforms of
25A01 (Fig. 1). To be sure thes25A01 shares the same gland-specific expressiderpat
as itsH. glycinesorthologs, we performed in situ hybridizationldnschachtiitissue using

an anti-sense probe specific f8s25A01. Like the 25A01 isoforms fro. glycines

Hs25A01 showed specific expression within the doesalphageal gland cells df schachtii

(Fig. 2)

Hs25A01 localizes to the cytoplasm in planta

Effector proteins secreted by plant-parasitic neaas$ are known to be localized to
specific subcellular compartments and to performeidie functions within a host cell (Elling,
Davis et al. 2007). Knowing where an effector |8 within the host cell can provide clues
about the role it plays in promoting virulence. 8eihular localization can also help identify
interacting host factors. To identify the subceltubcalization oHs25A01, the coding
sequences (CDS) was fused to GFP [agtlcuronidase (GUS) reporter protein and placed
under the control of th€aMV 35S promoter. This construct was bombarded intoron
epidermal cells, and fluorescence microscopy rexealGFP reporter signal localized within
the cytoplasm after 24 hours (Fig. 3A) as well agtaplasmic GUS reporter signal detected
after 48 hours (Fig. 3B). This result indicates tHe25A01 localizes to the cytoplasm
planta This finding supports our previous silico predictions (PSORTII) and suggests that

Hs25A01 functions within the cytoplasm of the hosdrglcell.
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Ectopic expression dis25A01 in Arabidopsis

Producing stably transformed host plants expressingmatode effector CDS has
allowed researchers to assess the effects thewgnzrbave on nematode parasitism (Wang,
Mitchum et al. 2005; Hewezi, Howe et al. 2008; Hewvkelowe et al. 2010). Additionally,
expression of certain nematode effector CDSs wiphants also has produced morphological
phenotypes that likely result from their interao8ownith endogenous plant factors. To
analyze the potential role 6fs25A01 inH. schachtiiinfection, we expressed the CDS
without the signal peptide iA. thalianaecotype Columbia-0 (Col-0) under the control of the
CaMV 35S promoter. Three non-segregatingHE25A01-expressing lines were selected and
tested for transgene expression using quantitati@etime RT-PCR (gRT-PCR) (Fig. 4).
TheHs25A01 transcript was detected in all three non-egajfing lines and could not be
detected in untransformed Col-0 controls. Quaratifan of the relative transcript abundance
revealed variability in the expression level inleaon-segregating line. More specifically,
line 15-3 showed significantly higher expressioarthhe other two lines. The construction of
stably transformed lines expressing He&25A01 protein allowed us to detantplanta

phenotypes caused by this putative effector protein

Constitutive expression 8fs25A01 stimulates root growth of Arabidopsis and@ases
plant susceptibility tdd. schachtiiinfection

To investigate the impact 6fs25A01 expression on root development, a comparative
root growth experiment was performed using theehtg25A01-expressing lines grown
simultaneously alongside wild type Col-0 contr&eot lengths were recorded 10 days after
planting. All threeHs25A01-expressing lines had average root lengthsfgigntly longer

than those of Col-0 controls (p-value <0.001, taibet] students t-test) (Fig. 5). Moreover,
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the degree of root length increase in each transgjee positively correlated with its level

of Hs25A01 expression. In other words the line with lthregest average root length (Line
15-3) also had the highest expressiors25A01 mMRNA, and the line with the shortest
average root length had the lowest level of tranegxpression. These data indicate that the
nematoddHs25A01 protein has a biological functiomplantathat promotes root growth.

To determine wheth@#s25A01 has a virulence function, the thi¢s25A01-
expressing lines were used in nematode susceftiagsays alongside untransformed Col-0
used as controls. The number of J4 females wasedan 21 days post inoculation and used
to determine the susceptibility level of each liA#.threeHs25A01-expressing lines showed
a significant increase (P-value<0.05, LSM testhim number of J4 females compared to
Col-0 controls (Fig. 6). These data indicate the25A01 performs a virulence function for

the nematode, increasing the susceptibility ofibst plant to nematode infection.

Hs25A01 binds promiscuously to proteins from Arabisigp

In order to perform a virulence function, effecpwoteins are known to interact with
and modulate host proteins (Hewezi and Baum 2@r2\iously characterized nematode
effectors have been found to interact with a widayaof plant proteins, interfering with the
normal functions of these host factors and prongosunccessful infection by the parasite
(Hewezi and Baum 2012). To identify host protelmat interact wittHs25A01, the protein
without a signal peptide was used as bait in a ¥2teéen against prey libraries containing
transcripts from Arabidopsis. Each plant libraryswveamposed of transcripts isolated frém
thalianainfected withH. schachtiiat various stages of development (J2, J3, andAfiéY.

screening 15.62 x $@east colonies, 173 colonies were identified tgjrthbility to grow on
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selective drop out media (SD-Leu, -Trp, -His, -Ad&ey plasmids from each positive
colony were isolated and sequenced, which allovesih udentify 51 individual clones.
Several of these clones were discarded becausedmégined peptide sequences from
previously known false positives. To confirm thegificity of the interaction with
Hs25A01, each prey vector was co-transformed wittHE25A01-bait vector, empty bait
vector, and bait vector containing human lamin Qtgin. Specific interactions were
confirmed for 11 individual prey clones. To furtleemfirm these interactions, the full-length
coding sequences for eight of these candidates el@ned into prey vectors. Subsequent
yeast co-transformation revealed six full-lengtl #mree partial clones of various lengths
that showed specific interactions wHs25A01 (Table 1). These successful and specific
interactions indicate th&s25A01 may bind to multiple plant proteins.

The protein-protein interactions that occur with@ast cells may differ from the
interactions that occur in a heterologous enviramnsech as a plant cell. Therefore, to
confirm the interactioim planta Bimolecular Fluorescence Complementation (BiFC) was
conducted. Even though the cytoplasmic interadbemveerHs25A01 and a selected
candidate interacting protein (AT1G08110) was aoméidin planta(Fig. 7A), fluorescence
was also observed when a non-specific gene (AT5@288as used as a negative control
(Fig. 6B). This same interaction was replicatedhultiple co-bombardments. Based on these
results, we cannot conclude whether these prot@tein interactions are specific. However,
future investigations using the interaction pagnarmultiple fusion conformations could

elucidate which interactions are truly specific.

Discussion
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Hg25A01 and its protein isoform&l¢30G12 andHg4GO05) represent a unique family
of putative effector proteins secreted from thesdbesophageal gland cellskbf glycines In
order to characterize the potential roles thatfdmsily of proteins may play in cyst
nematodes infection, we cloned an orthologous prdtem the closely related cyst
nematode specidfeteroderaschachtii Unlike H. glycinesH. schachtiiis able to
successfully infect Arabidopsis, making it a mucbrentractable system for studying the
plant-cyst nematode interaction. The full-lengthnd isolated fronid. schachti(Hs25A01)
shares 73-77% amino acid identity with the thdeglycinesisoforms (Fig. 1)In situ
hybridization of theHs25A01 transcript reveled that this protein alsorebdahe same dorsal
gland cell expression pattern as the isoforms frbrglycinesFig. 2). These strong
similarities between thisl. schachtiiclone and those frofd. glycinesmake it likely that
Hs25A01 is part of the same putative effector fanilligese protein family members likely
carry out analogous functions in both species duniection of their respective host plants.
It is worth noting that althougHs25A01 was the only complete clone isolated fitdm
schachtij other incomplete clones were also amplified. €hasomplete clones showed
small sequence divergences akin to those seen &etitve other members of the 25A01
family in H. glycines This observation indicates thdt schachtiicontains other 25A01
protein family members. The presence of multiplé diverse 25A01 family members in
both species of cyst nematode could be an indicahiat this protein family is under
increased diversifying selection. Interestinglyraased diversifying selection has recently
become a generally accepted feature of effectdejm® secreted from other plant parasites
(Dodds 2010). The close contact that effector pmeteave with host factors forces them to

diversify quickly to avoid detection by the plantmune system. Without an in depth
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genome wide comparison it is difficult to say fertain that the 25A01 protein family is
under increased selection pressure. However, gsepce of multiple diverse members of
this protein family fits the paradigm of how effecproteins evolve, and is another piece of
evidence supporting the idea that this is a trod@lfeof effector proteins. Future
investigations of the 25A01 family will be neededdentify all of the members of this

family, as well as determine how broadly theseginst are conserved amongst other species
of cyst nematode.

In order for a protein to be a true effector iighhave a function within the host
plant that promotes infection by the invading patm In this study we have shown that
Hs25A01 carries-out just such a function. Indeedidgenic Arabidopsis expressing
Hs25A01 showed a statistically significant increassusceptibility tdH. schachtiinfection
compared to the wild type Col-0 controls (Fig. Bhese results indicate thds25A01
performs a functioin plantathat enhances the nematode’s ability to infecesBhdata
provide strong evidence thids25A01 is a true effector protein with a functionale in the
host-pathogen interaction.

In addition to affecting the plant’s susceptilyilib cyst nematode infection, we have
also shown thatis25A01 causes morphological changes when expresgednta All three
Arabidopsis lines expressittg25A01 showed significantly increased root lengtmpared
with wild type controls (Fig. 5). Furthermore, theerage root-length for each line positively
correlated with the relative expression level & ttansgene. The data clearly show that
Hs25A01 changes the normal development of the hast amd the trend may indicate that it
does so in a dose-dependent manner. The increasetilength and the concomitant

increase in nematode susceptibility may lead tdhifpothesis that increased root length



66

allows for increased nematode infection rates. H@nehis conclusion is not supported by
previous studies of thd. schachtiArabidopsisnteraction. Previous studies have found that
cyst nematode infection does no correlate with-tength (Wubben, Su et al. 2001; Hewezi,
Howe et al. 2008; Hewezi, Maier et al. 2012). M@ the penetration rate of BR2
schachtiihas been shown to be the same between wild-tygh&ramsgenic Arabidopsis roots
with long root phenotypes (Hewezi, Howe et al. 2088wezi, Maier et al. 2012), and the
size of the nematode’s syncytium has also beenshowe unrelated to root-length (Jin,
Hewezi et al. 2011). This body of evidence leadtounclude that the increase in nematode
susceptibility observed iIHs25A01-expressing lines is not a result of the longet length

but is due to a virulence function carried out lg &ffector within the plant cell.

In order to produce the susceptibility and morplgadal phenotypes observed in
Hs25A01-expressing lines, this effector protein mhestausing developmental changes
within the plant root that enhance the nematodeil#yato infect. This conclusion is
supported by observations in previous studies sgpwiat the expression Big25A01
specifically increases during the early paras@icthge of the nematode’s lifecycle (Ithal,
Recknor et al. 2007). This early stage of develagmeincides with the establishment of the
feeding site, when the nematode must secrete eftetttat facilitate the development of the
syncytium. Indeed, other nematode proteins thathemeght to support syncytium
development show a similar expression pattern (l2ewtowe et al. 2008; Lee, Chronis et
al. 2011). This same type of early up-regulatiothefHs25A01 transcript supports the
conclusion that the effector may be enacting soeveldpmental change within the root that

enhances feeding site development.
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To bring about developmental change within the plds25A01 must be interacting
with some factor within the host plant. In an a¢to identify host protein(s) that are
targeted byHs25A01 we used this protein as the bait in a Y2Hacragainst prey libraries
prepared fronH. schachtiiinfected Arabidopsis. After screenirg.5.62 x 16 yeast
colonies we were able to identify six full-lengthdathree partial length candidate
Arabidopsis proteins that showed a positive prepgotein interaction withtHs25A01 (Table
1). It is important to acknowledge that proteintpio interactions that take place within a
yeast cell don’'t necessarily represent the saneeaations that occur in a different
biochemical environment (i.e. the plant cell) ($teps and Banting 2000). As such, it is vital
to confirm thatHs25A01 can successfully interact with the candidatbidopsis proteins
planta In an attempt to confirm these interactions, wdgrmed BiFC in onion epidermal
cells, usingHs25A01 fusion construct co-bombarded with compliraeptonstructs
containing the potential interacting proteins. Tglowne of the candidate proteins displayed
positive interactions witkis25A01in planta,we also observed a positive interaction with
two non-specific negative control proteins includedur BiFC assay (Fig. 7). This result
indicates that thels25A01 fusion protein used in our BiFC experimeniglb promiscuously
to many proteins. As such, the positive results $egweerHs25A01 and our Arabidopsis
proteins cannot reliably be considered specific.

The non-specific BiFC results do not negate tHeliga of the interactions discovered
in our Y2H screen. The complimentary fusion prataised in BiFC assays have the
potential to alter the affinity of protein-protesomplexes (Kerppola 2009), and the
promiscuous binding observed for the Hs25A01 fugiatein could be the result of such a

disruption. Despite the inconclusive BiFC resudesyeral of the interaction candidates from
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our Y2H look like promising leads. Indeed, sevefahe identified candidates have been
associated with plant diseases. Six of the nindidartes were identified as differentially
expressed in a microarray experiment comparing idogdsisroots with and withoud.
schachtiiinfection (Table 1) (Szakasits, Heinen et al. 208®search into the potential
functions of these plant proteins has revealedsbéatral of these candidates have the
potential to function in plant defense. One suaidadate gene (AT5G13930) encodes a
chalcone synthase, which is a key enzyme in th@filaid biosynthetic pathway that
produces important plant defense compounds, inatusialicylic acid and phytoalexins (Dao,
Linthorst et al. 2011). IHs25A01 was to interfere with the function of thisatdone
synthase, it could conceivably affect the planbgity to defend against nematode infection.
Recently a homolog of another candidate gene ifiethin our Y2H screen eukaryotic
initiation factor 2 (AT5G01940), was shown to pkayole in the innate immune response in
wheat and was shown to be specifically inducedhieystripe rust pathogdtuccinia
striiformis (Zhang, Hu et al. 2013). Yet another candidateaat®on protein (AT1G78100)
encodes an F-box protein. F-box-containing protdirect specific proteins to the E3
ubiquitin ligase complex for ubiquitination and eugally degradation (Gagne, Downes et al.
2002). E3 Ubiquitin ligases have been shown to ptgyortant roles in plant defense as well
as plant growth (Zheng, Miller et al. 2011, Li, Bdial. 2012), and have been shown to be
specifically targeted by effectors secreted by &lm@thogens (Park, Chen et al. 2012).
Though we have not conclusively linked any of themedidate proteins tds25A01, any or
all of them could conceivably be functional intemnag partners oHs25A01, and future

research should take these candidates into consioi@r
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Though we were not able to confirm our Y2H resultsng BiFC, there are still
several experimental approaches that could idewtifigh plant factor$is25A01 interacts
with to carry out its effector function. One sudtemative approach would be to use co-
immunoprecipitation. This approach could utilize #ame Arabidopsis lines expressing
Hs25A0I that have already been used to assess neensiigdeptibility and root length. Cell
lysates from théis25A0I expressing lines could be probed using aibady specific for
Hs25A01. Any proteins bound tds25A01 would be simultaneously precipitated with our
antibody-bound effector and could then be iderdifising mass spectrometry. One major
drawback to this approach is the need for the prvolu of an antibody. Another approach to
identifying the functional interaction factorsid625A01 could utilize next generation RNA
sequencing technology. By sequencing transcrigtsessed itHs25A01-expressing
Arabidopsis lines alongside wild type controls awd be possible to see the changes in gene
expression levels caused by the presence dfi$8BA01 protein. Comparing these data to
our Y2H data could narrow the list of potentiakirgiction candidates and point to those that
are directly affected by the presencéHs5A01. In addition to potentially identifying a
differentially expressed protein that directly matets withHs25A01, this approach could
have an added advantage of providing a global wktle plant gene expression altered by
this effector. This broader profile could identdgtire pathways within the plant that have
been altered bis25A01 and perhaps provide a better understandihgwfit enhances the
nematode’s ability to infect. Either of these agmtoes could provide important evidence for
howHs25A01 functions within Arabidopsis.

In summary, we have found compelling evidence estigg thaHs25A01 performs

an effector functiomn planta increasing the susceptibility of the plantHoschachtii
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infection and at the same time inducing developaieritanges within the host root. In light
of what is already known about the orthologs o friotein inH. glycines we think it is

likely that the 25A01 family of proteins represeatgroup of effector proteins that have
evolved specifically within cyst nematodes to erdeatieir ability to infect their host plants.
Future investigations can build upon this work bypfirming the conserved functionality of
this family of proteins by determining the exactdamf action that these proteins use to

carry out their effector function.

Hs25A01
Hg30G12
Hg4GO05
Hg25A01
Consistency

Hs25A01 NEID SAA
Hg30G12 DAVF
Hg4G05 DAAA
Hg25A01 ----- ENV
Consistencyls 5.5 544

ITHP TETGNE
ITHP TETGNE
ITHP TETGNE
36766 555555

Hs25A01
Hg30G12
Hg4G05

Hg25A01
Consistency

Hs25A01 AKNTPK PPGDYDVERV
Hg30G12 AKNTPK PPGDYDVERV
Hg4G05 AKNTPK PPGDYDVERV

Hg25A01 DYDANRVAER AAARVYGWLP EDKQPKAIYD AAE------- ——————————
Consistency 555555 5555555555

......... 2100 . . ... 0002200 002300 .0 240, .
Hs25A01 AQKAARLVY[@EIGVLPIGLQPN FAGPSTN-—— ---——————— -

Hg30G12 AQKAARLVY- GVLPIGMQPN FAGPST -
Hg4GO5 AQKAARLVY- GVLPIGMQPN FAGPST
Hg25A01 —————————— ——m o mmm o

Consistency555555555[f]5555554555 555555_



71

Unconserved IIIIIS 6 III. Conserved

Figure 1. Amino acid alignment of the four full-ggth members of the 25A01 protein family
cloned from bottH. glycinesandH. schachtii(PRALINE multiple alignment software).
Consistency numbers denote the degree to whichreatdue position and its chemical
properties are conserved within all four proteiWhat do the colors mean?

Figure 2.In situ hybridization of theHs25A01 transcript withirH. schachtiitissue. A DIG-
labeled anti-sense probe, specific for H825A01 transcript, was used to localize the
Hs25A01 transcript within the dorsal gland cell (D&@). schachtij which is located on the
posterior side of the metacarpus (M).
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Figure 3. Sub-cellular localization of this25A01 without a signal peptide in onion
epidermal cells. A) Bombardment of tRg25A01:GFP:GUS fusion constructs into onion
epidermal cells produced a fluorescent signalree visible within the cytoplasm. B) The
cytoplasmic localization of thds25A01 fusion was also confirmed using the GUS reor
system.
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Figure 4. Comparison of the relative expressioelle¥ theHs25A01 transcript within three
independently transformed non-segregating T3 liB&pression of théls25A01 transcript
could be detected within the roots of all threedinwhile no specific product could be
detected within untransformed controls.
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Figure 5. Comparison of the average root growtHs#5A01-expressing lines compared to
Columbia-0 control. Each transgenic line displagephificantly longer roots then controls
(P-values displayed above each bar). The relaffeetesize for each line was positively
correlated with its relative level #fs25A01 expression.
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Figure 6. Susceptibility dis25A01-expressing lines to infection bly schachtii All three
lines showed a significant increase (P-values aleaeh bar) in the average number of
developing J4 female nematodes compared to untmanstl Columbia-0

controls.
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A. Interaction Candidate T1G08710) B. Negative Control (T5G28830
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Figure 7.in plantaBiFC assay oHs25A01 with a putative interaction candidate. A) Toe
bombardment of the fusion construct containingNkRerminal domain of YFP fused to
Hs25A01 with a complementary fusion construct contgjrthe C-terminal domain of YFP
fused to the interaction candidate (AT1G08110) poed a strong fluorescent signal,
indicating an interaction within the plant cell. Bhe saméis25A01 fusion construct was
co-bombarded with the non-specific negative corgrotein (AT5G28830) fused to the
complementary C-terminal domain of YFP. This co-bandment also produced a
fluorescent signal.
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Table 1. Putativéls25A01-interacting proteins from Arabidopsis. Eaelndidate was
identified as a prey vector in a Y2H screen ana tt@nfirmed by co-transformation with the
Hs25A01 bait vector. All clones showed enhanced ghoovt QDO media (SD-Leu-Trp-His-
Ade) compared to empty bait vector and a non-sigaagfgative control. The positive
interaction for most of the candidates could alsalbetected as a blue color when the co-
transformed yeast lines were grown on media comigiX-alpha-galactose (X-Gal). *
Qualitative expression levels within the syncytiums investigated for each Arabidopsis
gene using previously published microarray datak8gits et al. 2009) which compared the
expression levels of Arabidopsis genes within stiadprmed byH. schachtiiwith their
expression levels in uninfected root cells.

Arabidopsis | oo L Gene expression Clone | Yéast two-Hybrid
Gene P within syncytium? length
QDO X-Gal
F-box containing . . "
AT1G7810( . Down regulated Partiall Positive  Positiye
protein
UDP-glucosyl Full- " .
AT1G0724( transferase 71C5 Up regulated length Positive | Positive
. Full- . "
AT1G0811( | lactoylglutathione lyasg Up regulated length Positive | Positive
AT5G1393( | Chalcone Synthase Down regulated Partial  PosifiVositive
ubiquitin-associated
ATaG2apg | (UBA) Zincingerand |, regulated Full- | positive | Positive
PB1 domain-containing length
protein
translation initiation Full-
IAT5G0194( | factor elF-2 beta Up regulated lenath Positive | Positive
subunit g
A5G1404¢ | Mitochondrial No Difference | T | positive | Ne92tV
phosphate transporter length e
AT1G3329( putatlve.stage “I. No Difference Partial| Positivg Positiie
sporulation protein
AK23015: Hypothetical Protein Not Detected IFe lillglg-th Positive Segatlv
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CHAPTER 4. MEMBERS OF THE MAJOR AVIRULENCE
PROTEIN FAMILY, SECRETED FROM MELOIDOGYNE
SPECIES, CONTAIN MULTIPLE CLE-LIKE MOTIFS

Modified from a paper to be submitted for publioattoMolecular Plant Pathology

William B. Ruttef, Tarek HeweZj Tom R. Maiet, Melissa G. Mitchurhy Eric L. Davis,
Richard S. Huss&yand Thomas J. Baum

Introduction

Cell-to-cell communication through small-secretegtles has emerged as an
important signaling mechanism in plant growth ardedopment. One important gene
family, the CLAVATA/ESR-related (CLE) gene familgncodes a large and diverse group of
small signaling peptides found ubiquitously in ggafCock and McCormick 2001; Oelkers,
Goffard et al. 2008; Katsir, Davies et al. 2011heTArabidopsis genome alone encodes 32
known CLE genes, which share similar 14 amino &tif motifs. These motifs are
processed into 12 or 13 amino acid secreted peyptinde: act as ligands for Receptor-Like
Kinases (RLKSs), which subsequently incite developtalechanges within the cell (Fiers,
Golemiec et al. 2006; I1to, Nakanomyo et al. 2006 nature of the developmental changes
enacted by these small peptides varies dependitigegmamino acid sequence, how they are
processed, as well as the expression patterng @Itk genes within the plant (Strabala,
O'Donnell P et al. 2006; Whitford, Fernandez e28D8; Jun, Fiume et al. 2010). The best-

studied CLE protein, CLAVATA3, modulates stem-qaibliferation in the shoot and root
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apical meristems (Fiers, Golemiec et al. 2006;Ntakanomyo et al. 2006). While other CLE
proteins have been shown to activate developmepathivays in the plant vasculature (lIto,
Nakanomyo et al. 2006; Kinoshita, Nakamura et @072 Katsir, Davies et al. 2011).
Furthermore, certain CLE peptides have been shoviemiction in both the apical meristems
and the vasculature (Whitford, Fernandez et al8200hough it has been established that
CLE signaling influences plant growth and developtthe exact roles that most CLE genes
play in modulating these processes remains onlyatigrunderstood.

In an intriguing example of co-evolution of plaaisd parasites, it has become
evident over the last decade that cyst nematddiete{oderaandGlobodera spp, which are
important sedentary plant-parasitic roundwormstetedCLE ligand mimics as effector
proteins into their host plants (Olsen and SkrR@®3). Interestingly, sedentary plant-
parasitic nematodes developmentally reprogram lelig to induce the formation of novel
plant cell types that serve as feeding cells tonfr@atodes. In the case of cyst nematode
parasitism, these feeding cells fuse and form dinudleated syncytium (Golinowski,
Sobczak et al. 1997). Similar to endogenous CLEeprs, cyst nematode CLE effectors are
processed into functional 12 and 13 amino acidigegtafter being secret@dplantaand
have been shown to enact plant developmental ceahgefacilitate parasitism. (Wang,
Mitchum et al. 2005; Lu, Chen et al. 2009; Wangg k¢ al. 2010; Replogle, Wang et al.
2011). Indeed, cyst nematode CLE effector genesesoue Arabidopsis CLAVATA3
mutant phenotypes (Wang, Mitchum et al. 2005; LieiCet al. 2009; Wang, Lee et al. 2010;
Wang, Replogle et al. 2011), suggesting that tleéfeetors can mimic CLE-dependent

signalingin planta
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All sedentary plant-parasitic nematodes deliveecttirs into their host plant tissues.
These proteins alter normal host development toadgeadhe formation of highly specialized
feeding cells (Hewezi and Baum 2012). The abilitghgage in this type of sophisticated
plant-parasite interaction has evolved in severaligs of nematodes, the most prominent of
which are the root-knot nematodéégloidogynespp.), a large assembly of taxa that contains
the world’s most notorious and damaging plant-pacasematodes. As with cyst nematodes,
root-knot nematodes induce the formation of modifeeding cells (called giant-cells)
within the plant, though with etiology and stru@utistinct from that of the syncytia induced
by cyst nematodes. Despite the analogous parasisitegies of root-knot and cyst
nematodes, only a few common effectors have beanrsto be secreted by both groups
(Gao, Allen et al. 2001; Huang, Gao et al. 2003&d44a, Behm et al. 2010). Given the
importance, variability, and abundance of CLE-mkmg effectors in cyst nematodes, it is
surprising that no obvious and abundant ligand srhiave yet been identified in root-knot
nematodes.

Here we report that the previously described familproteins secreted from root-
knot nematodes, the Major Avirulence Proteins (MARsntain CLE-like motifs. These
findings suggest that root-knot nematodes mayigaad mimics to tap into plant signaling

pathways in a manner similar to cyst nematodes.

Results
We are continuously mininigl. incognitasequence data to confirm new effector
identities. While scrutinizing a group of newly dmmed M. incognitaeffectors

(unpublished data) we found that two proteins @lesied Minc04584 and Minc00344 by the
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M. incognitagenome sequencing consortium (Abad, Gouzy eD8I822009) contain
repetitive 14 amino acid motifs with sequence snities to known CLE peptides.
Interestingly, Minc04584 and Minc00344 belong te MAP gene family containing the
previously reported Major Avirulence Protein (MAPskcreted fronM. incognita
(Castagnone-Sereno, Semblat et al. 2009; Tomalasiaia et al. 2012). MAP-1 is the type
member of the gene family and was identified aadpéifferentially present between
virulent and avirulent lines d¥l. incognita(Semblat, Rosso et al. 2001). While MAP
proteins are thought to function in the interacti@tweerM. incognitaand its plant hosts,
their exact mode of action remains unknown. Furttzge, while multiple members of this
gene family have been reported in multipeloidogynespecies, the presence of CLE-like
repeats has been overlooked.

The similarity between our two newly confirmed MAdmily effectors and CLE
motifs prompted us to investigate the extent toolwl€LE—like motifs are conserved in the
MAP protein family. Previous studies have identfeight MAP-family members froml.
incognita(Minc00365, Minc10365, Minc10366, Minc00158, Mid&%4, Minc04584,
MAP-1.2, CAC27774.1) (Semblat, Rosso et al. 200dst&gnone-Sereno, Semblat et al.
2009). Our analysis was extended to also include NAP proteins fronMeloidogyne
javanicg which were available in the NCBI protein datab@3aP59537.1, CAP59538.1,
CAP59536.1, and CAP59535.1). We also included eiqusly reportedMeloidogyne
effector protein (16D10) that appears to have glsinonserved CLE domain, although its
function has been shown to be very different frbat bf the cyst nematode CLE effectors
(Huang, Dong et al. 2006). Using the MEME softwsude (Bailey, Boden et al. 2009) we

screened all of the 1eloidogyneMAP proteins and 16D10 for the presence of common
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motifs. Using a 12 amino acid search window, theMESoftware identified similar CLE-
like motifs conserved in all of the MAP family pests (Fig. 1A). This motif was repeated a
variable number of times within each of the MAP figmmembers. While Minc10365
contained only a single CLE-like motif, nine CLKkdirepeats were found in Minc00365. In
all, we discovered a total of 43 separate CLE-h@ifs among the 12 MAP proteins. Many
of these motifs were identical, even when compéaetdieen the proteins from. javanica
andM. incognita After removing redundant copies, a total of 1#que CLE-like variants
were identified and were named MAP.V1 to MAP.V14y(AB).

CLE motifs are inherently hard to identify. The Iki&®wn CLE proteins from plants
can only be grouped by the common 14 amino acid @bEf, and within this motif there is
no single amino acid that is conserved throughoeientire gene family. Indeed, studies of
plant CLE motifs have identified only 6 well-conged residues (invariant residues) that are
considered hallmarks of the CLE family (Oelkersfi@al et al. 2008). Because of the
central location and relatively high conservatidémglycine within the CLE maotif, this residue
is used as a reference point for locating the athariant residues (RP.2,Go,Ps1,Ps3,H+5).

To quantify the similarities between the MAP CLEeimotifs and known CLE
peptides, MAP.V1 through V14 were aligned with kmo@LE motifs from plants as well as
from cyst nematode species (Fig. 1B). Examinatioih® alignment revealed that 5 of the 6
invariant residues found in CLEs §fP.,,Go,P:1,Ps3) are also present in the MAP CLE-like
motifs to varying degrees. Furthermore, all 43 tdmd CLE-like motifs contain at least
three of the six invariant residues. The centrghlyi conserved glycine (and proline
(Ps+1) in plant CLEs are also present in all 43 CLE-liketifs in the MAPs. 35 of the CLE-

like motifs also contain the invariant prolineA)PThe invariant arginine (B of most plant
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CLEs, is consistently found one residue back im#he MAP motifs (R). This is
consistent with the positioning of argininedRn CLE39 fromMedicago truncatuland
several other plant CLEs (Oelkers, Goffard et @08). The invariant histidine (i) is the
only residue that is not present in any of MheloidogyneCLE-like motifs. In total, 27 of the
motifs in the MAP proteins contain five of the Sixvariant’ CLE residues (Fig. 1B). This
alignment shows that sequence divergence within MAE-like motifs resembles the
natural variation found in known CLE motifs fromapts and cyst nematodes. The presence
of the prolines (Band R;) are of particular significance. Both of thesddass have been
shown to be hydroxylated or arabinosylateglanta and these post-translational
modifications have been shown to enhance the tiers between CLE peptides and their
cognate RLKs (Kondo, Sawa et al. 2006; Ohyama,@iara et al. 2009)

In addition to the CLE domains, the CLE effectantpins secreted from cyst
nematodes also contain variable domains (VDs), vbi@re little or no sequence homology
with plant CLE proteins or with other cyst nemat&ieE effectors. Despite their lack of
sequence conservation, VDs are documented as haaguatatory functions that are required
for the CLE effectors to functioim planta.Indeed, previous research has shown that VDs
function in trafficking of CLE effectors to the Hagpoplast, processing of mature CLE
peptides, and may also determine host specifiditgin(g, Lee et al. 2010; Guo, Ni et al.
2011). In the MAP proteins, we observed that thesaditional repetitive sequence outside
the CLE-like domains where the amino acids tenddaktless well conserved. Therefore, we
searched the MAP proteins and 16D10 for the preseheariable domain like sequences,
which could corroborate the hypothesis that Melgige MAP effectors function in a

manner similar to known cyst nematode CLE effectdfs identified two separate MAP
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family motifs that show sequence similarity witte thariable domains of cyst nematodes,
while no such domains are present in 16D10. Culypose MAP motif was found only in
HeteroderaCLE protein VDs, while the other one was foundyanlGloboderaCLE VDs.
We named these two conserved mdtéteroderavariable Domain Like Motif (HVLM)
and Globodera Variable Domain Like Motif (GVLM) pectively. HVLM is a stretch of 15
amino acids (G78-P92 withideteroderaCLE effectors) in the variable domains of all
reportedHeteroderaCLE effectors. HVLM occurs multiple times withinof the 12 MAP
proteins searched (Minc00365, Minc00158, MincOOMAP-1.2, CAC27774.1,
CAP59537.1, CAP59538.1), and was interspersed leetitvee CLE-like motifs (Fig. 2A).
Sequence alignment of the HVLMs from MAPs with thdsund inHeteroderavDs
revealed that five of the 15 residues are perfaxhserved, and an additional five residues
have conserved properties (Fig. 2B)X5 Gonnet PAM 250 matrix).

GVLM is a 19 amino acid stretch that occurs inthaable domains oB.
rostochiensiCLE effectors. We found GVLM directly downstreamtbé& CLE-like repeats
in nine of the twelve MAP proteins (Minc10365, Miti866, Minc00158, MAP-1.2,
CAC27774.1, CAP59537.1, CAP59538.1, CAP59536.1,GAHE59535.1) (Fig. 2A). When
comparing the GVLMs from the MAP proteins with tedsom theG. rostochiensi¥/Ds, we
found that seven GVLM residues are perfectly corestand an additional five residues
have conserved properties (Fig. 2€Y(5 Gonnet PAM 250 matrix).

Of the 12 MAP proteins, only MAP-1 froM. incognitaand one MAP protein from
M. javanicahave been subjected to limited functional charaagon. MAP-1 has been
shown to be secreted from infective nematodesplant tissues (Semblat, Rosso et al. 2001,

Vieira, Danchin et al. 2011). Surprisingly,Mh incognitathe MAP-1 protein was shown to
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be secreted from the amphids, chemosensory orgadhs nematode head region (Semblat,
Rosso et al. 2001; Vieira, Danchin et al. 2011)ilevtineM. javanicagene was shown to be
specifically expressed in the subventral esophagjaatls ofM. javanica(Adam, Phillips et

al. 2009). These esophageal gland cells are the soairces of secreted effector proteins
from both root-knot and cyst nematodes (Gao, Adieal. 2001; Huang, Gao et al. 2003). To
determine where the other members of this proseimlf are expressed, we performad

situ hybridization on mixed developmental stageMofncognitajuveniles using probes
specific for three MAP family members (Minc00158ine00344, and Minc04584). We were
able to localize these three MAP family memberstigally to the subventral glands of J2
nematodes (Fig. 3). Given the specific expressiadhe esophageal gland cells, the MAP
family proteins are likely to be secreted throulgh hematode’s stylet into host plant cells

during parasitism.

Discussion

Given the fundamental roles of CLE signaling innpldevelopment, it would not be
surprising to find that root-knot nematodes havehed a mechanism to co-opt CLE-
dependent signaling pathways into their mode cagiism. Previous attempts have been
made to identify CLE-motifs in root-knot nematodest the small size of the CLE-like
motifs in MAPs, as well as their atypical arrangemeould easily cause them to be
overlooked. Indeed, our discovery of these mouisld be called fortuitous, and more in
depth studies may reveal as yet undiscovered CLiifsmo other root-knot nematode
effectors. It is intriguing to think that CLE-minmmccould be responsible for some of the

drastic developmental changes seen in roots irdegith MeloidogynespeciesMeloidogyne
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species infect a wide range of host plants, andiliguitous presence of CLE signaling
proteins in diverse plant species makes theseipsoé® ever-present target for mimicry.
Modulating CLE signaling in infected root cells ¢dielp to establish feeding sites and may
help the nematode evade plant immune responsesgfitibe exact functional role of the
MAP CLE-like motifs will require further investigai, it is clear that these proteins are
playing an important role in facilitating parasmisThe secretion of MAP proteins from both
the amphids (Semblat, Rosso et al. 2001; Vieirachm et al. 2011) and the subventral
glands (Adam, Phillips et al. 2009; this study)rdéctive second-stage juveniles (J2)
suggests that these proteins may be involved iedhlg recognition stage between the host
plants and the nematode and lends credibility édpothesis that these proteins are acting
as ligand mimics binding extracellular host receptindeed, immunodetection of the MAP-
1 protein showed that it accumulates along thetgiathwall as well as within the apoplast
(Vieira, Danchin et al. 2011).

The repetitive region of the MAP-1 gene, which eam$ the CLE-like motifs, was
recently amplified from thirteeNMeloidogynespecies out of the twenty one that were
searched (Tomalova, lachia et al. 2012). These [iKeHegions within the MAP-1 protein
are nearly devoid of mutations between specieg;atidg that they have a virulence
function that has enhanced parasite fithess amat@sd strong purifying selection to
conserve these sequences. Furthermore, the presiincetional and diverse CLE mimics
in cyst nematodes is a testament to the functiomabrtance that the CLE signaling pathway
can have in plant parasitism.

Thoughthe majority of CLE proteins from plants contaisiagle CLE motif on their

C-terminus, several have been documented as hawitgple tandem CLE repeats, similar
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to theMeloidogyneMAPs (Oelkers, Goffard et al. 2008). In nematodds;: effector

proteins secreted by the potato cyst nematGdi@bodera rostochiensicontain CLE motifs
that are organized in tandem repeats, and theset@f$ have recently been shown to be
processed into functional CLE peptideglanta(Guo, Ni et al. 2011). It is plausible that the
tandem CLE-like motifs seen in the MAP family priatecould be processed in a similar
manner, in which individual motifs are cleaved aedreted to interact with cognate
extracellular RLKs. Similar t6&. rostochiensisthe existence of multiple non-identical CLE-
like motifs in MAP proteins may reflect an evolutary adaption to enable root-knot
nematodes to infect a wide range of host speaiethid context, one can expect that such
motifs can function by mimicking host factors meféectively in one particular host plant
than in others.

In contrast to the tandem CLE motifs found3dnrostochiensisffectors, the CLE-
like motifs in the MAP proteins have additional etiive sequences between each motif. It
is conceivable that this additional sequence chalgk functions similar to the variable
domains found in cyst nematode and plant CLE pmetéihe variable domains of CLE
proteins are thought to play roles in the procegsimactive CLE peptides and have been
shown to effect host specificity in cyst nematodd=@ffectors (Jun, Fiume et al. 2008;
Wang, Lee et al. 2010). Consistent with this lihewdence, the HVLM was identified
within the MAP proteins that have multiple CLE-liksotifs, and is interspersed between
individual CLE-like motifs (Fig. 2A). This type @rrangement could allow separate MAP
CLEs to have their own processing signal. Whileehs no direct evidence to prove that the

HVLMs in the MAP proteins function in CLE-like pressing, the fact that they are closely
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associated with the CLE-like motifs and share segadomology with the variable domain
region of cyst nematode CLEs, suggest that theymaag regulatory roles.

The presence of CLE mimicking effectors in botht@rsd root-knot nematode
species begs the question: how did these gene® d@istside of the three motifs, there is
very little sequence conservation between the ftapgrotein sequences froHeterodera
Globodera and the MAP proteins froMleloidogyneThis suggests that these CLE-like
motifs may well have arisen through convergent etvah, where the nematodes
independently evolved features similar to hostdectAnother striking possibility is that
these CLE proteins were acquired through horizaygak transfer (HGT) from host
genomes. A recent study identified multiple HGTragehat have taken place in plant-
parasitic nematodes and identified a large repertaficell wall-degrading enzymes that
were acquired from bacteria (Danchin, Rosso €@0). Indeed, this same study showed
that some of the MAP proteins have regions outdida tandem CLE-like repeats that have
similarities with expansins from fungi (Danchin, 980 et al. 2010), though no expansin
activity has yet been reported. With the nematopedpensity for HGT and the similarities
that MAP proteins share with plant proteins, ieasonable to assume that CLE mimicking
effectors could represent yet another instance®f kh nematodes.

In summary, CLE ligand mimics are known to be sectdy cyst nematodes to
facilitate successful infection of their host pRrtiere we have identified CLE-like motifs,
as well as VLMs, in the MAP family proteins seccefeom root-knot nematodes, a family of
proteins that was previously known to be involvedhe host-parasite interaction. We have
shown that several members of this gene familyeapeessed in the esophageal gland cells,

which produce many known nematode effectors, inolythe CLE-mimics found in cyst
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nematodes. With the evidence at hand we hypothész¢he MAP family of proteins
function as CLE-mimics, with roles analogous to @id=-mimicking effectors secreted from
cyst nematode species. The presence of CLE-mingaffectors in both cyst and root-knot
nematodes highlights a common host node thatgetd by two evolutionarily diverse
groups of nematodes, and highlights the CLE siggghathway as a node that may have

evolved in other phytonematodes as well.
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Figure 1. Comparison of CLE-like motifs in the MARotein family to known CLE motifs in
Cyst nematode and plant proteins A) Sequence loggarison of the 43 individual CLE-
like motifs identified in MAP proteins with the Sggnce logos 9 known CLE motifs from
cyst nematodes and 179 CLE from plants B) Sequaligpement of the CLE-Like motifs
identified in the MAP proteins (MAP.V1-14) (blacahd those identified in cyst nematodes
(blue), plants (green), and the 16D10 effectorgirofromM. incognita Residues that match
invariant residues are highlighted in black, arfteotresidues found in both CLEs and MAP
proteins are highlighted in grey.
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Figure 2. Identification of the HVLM and GVLM in MR proteins and their distribution
within MAP family proteins. A) Scaled representatiof the relative locations of HVLM
(Blue), GVDLM (Purple), and CLE-like domains (Gré@emthin MAP proteins and cyst
nematode CLE effectors. B) Sequence alignmentl 6\ aLMs from 7 MAP proteins and
those found in the CLE effectors ldeterodera spp(Blue) along with a sequence logo
highlighting the conserved residues among all mo@f) Sequence alignment of all GVLMs
from 9 MAP proteins and those found in the CLE etifes ofGlobodera spp(Blue) along
with a sequence logo highlighting the conservetlves among all motifs.
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Figure 3.In situ hybridization of transcripts from three MAP famityembers. Labeled anti-
sense probes specific for three separate MAP famdgnbers (Minc00344, Minc0458, and
Minc00158) were used to localize the expressioimeif respective transcripts withivi.
incognita All three MAP family members showed specific eeggion within the subventral
gland cells (SvG), which are located posteriorlgtiee to the metacorpus (M).
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CHAPTER 5. MINING NOVEL EFFECTOR PROTEINS
FROM THE ESOPHAGEAL GLAND CELLS
OF MELOIDOGYNE INCOGNITA

Modified from a manuscript to be submitted for paétion toThe Plant Journal
William B. Rutter, Tarek HeweZi Sahar AbubuckérTom R. Maief, Guozhong Huartg
Makedonka Mitrevd Richard S. HusséyThomas J. Baufn
Abstract
M. incognitais one of the most damaging plant parasites ah .daentifying and

characterizing the effector proteins involved ia thteraction betweel. incognitaand its
host plant is an important step towards finding meays to combat this pest. In this study we
have identified 18 putative effector genes thatehi#e potential to facilitatél. incognita
parasitism and reproduction in host plant rootesEhgenes encode secreted proteins that are
expressed specifically in the secretory gland a#lthe nematode, indicating that they are
available to interact with plant host factors. Marfythe transcripts encoding these putative
effectors are specifically up regulated duringefiéint stages of the nematode’s life cycle,
indicating that they may have a role at specifaget durindgvl. incognitaparasitism.
Additionally, the predicted proteins show littlerio homology to known proteins from free-
living nematode species, indicating that they majl vave evolved rapidly to evade the host

immune system and may have functions specific éoagitism. By contrast, several of these
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genes are part of gene families within Meincognitagenome as well as that idf. hapla,
which points to an important role that these pugaéffectors are playing in both parasites
With the discovery of these putative effectors \aeéhincreased our knowledge of the
effector repertoire utilized by root-knot nematotieefect, feed, and reproduce on their host
plants. Future studies investigating the rolesdhm@steins playn plantawill help us to

mitigate the effects of this damaging pest.

Introduction

The southern root-knot nematodédloidogyne incognita)s one of the most
economically devastating plant pathogens in thddyand is able to infect nearly every
cultivated crop species (Sasser and Freckman ¥a8fhning, Overstreet et al. 1999). The
paucity of effective control strategies for thisdedy problematic pest makes it crucial to
understand the factors that underlay its abilitinfect plants, so that novel control strategies
can be developed.

M. incognitaengages in a complex interaction with its host {plemorder to survive,
the parasite must penetrate a host plant rootcows host defenses, develop an elaborate
feeding site within the host (referred to as giegits), and maintain these giant-cells as it
grows and reproduces. To perform these vital stepspematode secretes a cocktail of
effector proteins that interact with and manipulast plant factors. The functions that these
effectors performn plantafacilitate the nematode’s ability to infect itssagHewezi and
Baum 2012).

Previously characterized effector proteins frisimincognitahave been shown to

have diverse functions when secreted into the flast. One such effector protet6D10,
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has been shown to interact with a plant SCARECR@¥/transcription factor, and in doing
so modulates host development and increases thegilslity of the host tdM. incognita
infection (Huang, Dong et al. 2008).. incognitaalso secretes a calreticulin effector protein
which accumulates in the plant apoplast (Jaubdatgdwt al. 2005) and has recently been
shown to suppress basal immunity within its plasgtto facilitate parasitism (Jaouannet,
Magliano et al. 2012). Another group of effectdrattis secreted from both root-knot and
cyst nematodedHeteroderaandGlobodera spp.show homology to chorismate mutases and
have been shown to alter plant development wheresgpdn planta(Bekal S 2003; Doyle
and Lambert 2003). And yet another effector prot&itNULG, was recently isolated from
the closely related specibloidogyne javanicaThis effector was shown to be specifically
up-regulated during feeding site development andlipes to the nucleus of the giant-cells,
where it plays an important role in facilitatingmn@ode parasitism (Lin, Zhuo et al. 2012).
These recent characterization studies highlightrtiportant roles these effectors play in
specific plant subcellular compartments and atifipdnes during the parasites life cycle.
However, the majority oMeloidogyneeffector proteins remain undiscovered and
uncharacterized. This stresses the need for a coonplete knowledge of tHd. incognita
effector repertoire and a better understandingo®f imdividual effectors function within host
tissues.

Past efforts to identify effectors have utilizedoMhworm ESTs as well as
proteomics approaches and have found a numbendfdates (Bellafiore, Shen et al. 2008;
Roze, Hanse et al. 2008). The most successful appiwowever has incorporated the
isolation and sequencing of mMRNA isolated spedififdaom the esophageal region of the

nematode, which contains three gland cells (onsal@nd two subventral) that secrete
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nematode effectors (Huang, Gao et al. 2003). Mpis of tissue-specific sequencing has
been successfully implemented in both animals daatpto identify low abundance
transcripts that would have been missed when seqgtranscriptomes of the entire
organism (Brandt 2005; Chemello, Bean et al. 20Thijs approach in conjunction with
Sanger sequencing methods has identified 37 patsitiincognitaeffector proteins to date
(Huang, Gao et al. 2003). Though this is an extenisst, the fact that there are currently 64
known effector proteins from cyst nematodes lead®Welieve there should be a
comparable number of effectorshvh incognita

In an effort to search for previously undiscovee&@ctors fromM. incognitg gland
cell-specific mMRNA was isolated and sequenced uRinche 454 technology, allowing for
significantly greater read coverage than previqym@aches. The resulting transcript data
were analyzed using a combinationrofilico and molecular approaches to identifyM83
incognitagenes encoding putative effector proteins thaeapeessed specifically in the
esophageal gland cells.

The secreted proteins encoded by thdsacognitagenes have no annotated
function and no orthologs in free-living organismet many are members of gene families
and are conserved within the genom&eloidogyne haplasuggesting a conserved and
specific function within the two parasites. Quaattite real-time RT-PCR allowed us to
identify several unique expression profiles forstngenes during the sedentary parasitic
stages oM. incognitainfection. Furthermore, subcellular localizationealed that the
majority of these putative effectors localize te ttytoplasmn planta Together our data
suggest that these M. incognitagenes encode secreted proteins with specific atles

different stages of parasitism, and that the migjdikely function within the cytoplasm of
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the giant-cells. The discovery of these new putagiffectors has expanded the kndvin
incognitasecretome and laid the groundwork for a greateerstdnding of the molecular

basis of nematode parasitism.

Materials and Methods

Microaspiration of gland cell region and mRNA extian

M. incognitawas grown on greenhouse tomato robig¢persicon esculentuav.
Marion). Parasitic stage nematodes (J2-J4) wera&rt from roots, surface sterilized, and
imbedded in 0.7% agarose. A glass micropipetteasoimg 1Q.L of MRNA extraction buffer
was used to aspirate the gland cell cytoplasm frahividual nematodes. In total two pools
of gland cell cytoplasm, each derived from 50 indlial nematodes, were collected and
stored at -88C until MRNA extraction as previously described(HgaGao et al. 2003).
Poly(A) RNA was extracted separately from bothdkpirated cytoplasm pools using
Dynabeads Oligo (d33 magnetic beads (Dynal, Lake Success, NY, U.S#AJ,euted with
DEPC-treated ddyd as previously described(Gao, Allen et al. 20Birkt-strand cDNA
synthesis was then performed aqriof the pooled mMRNA sample in adlOreaction, which
also included 045 3'-RACE cDNA Synthesis Primer (10mM, Clontech loahtories, Palo
Alto, CA, U.S.A)), 0.5.L of SMART Il oligonucleotide (10M, Clonetech), 2.0L of 5Xfirst
strand buffer, first strand buffer, WODTT (20mM), 1.Q.L of dNTP (10mM), and 140
Superscript 1l (200wL, GIBCO-BRL, Grand Island, NY, U.S.A). The SMART
oligonucleotide system was used to enrich for lieigth cDNA. The reactions were
incubated for 1.5 hours at 42, after which 90l of TE buffer (10mM Tris [pH7.6], 1mM

EDTA) was added. LD-PCR was then performed usih@Gl reaction containing first-
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strand reaction solution (D, 2ul dNTP (10mM), 1@l of TagPlus Long low salt bufferul
TagPlus Long polymerase (Statagene, La Jolla, C8,AJ), and gl of Nested Universal
Primer (Clonetech). PCR was performed with a hert $ollowed by 24 cycles of 9€
(20sec), 65C (30sec), and PZ (6min). Negative controls using DEPC water were

performed at each reaction step above.

454 sequencing and assembly

The gland cell derived cDNA library was split int@o separate pools, one of which
was nebulized to reduce the fragment size, andweth sequenced together using the
Roche 454 platform (University of lowa, lowa Cit). Sequencing produced 1.7 million
total reads with an average length of 281bp. Akenoving short and low-complexity reads

(Sequence Cleaner) 623 thousand reads were asseunsiodg Newbler v2.5.

Sequence analysis and identification of candidiige®rs

Isotigs were translated (Prot4EST V3.0b), and ttodéelh predictions were then
compared against all the known proteins from BdthncognitaandM. haplagenomes
using a cut off of 95% ID over 75% of the lengthtlod isotig (BLASTp) (Altschul, Gish et
al. 1990). After the known proteins were Identififtey were analyzed using OrthoMCL
algorithm, which in brief uses an all against #db strategy to sort proteins from different
organisms into groups of likely orthologs and pagal(Chen, Mackey et al. 2006). By
grouping the identified RKN proteins with the tokalown proteins from 18 other selected
species (five free living nematode species, fivepidic nematodes, five Parasitic Helminths,

the fly, and two host plant species) proteins winal orthologs in free living nematode
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species were excluded, while those that groupelligively with proteins from parasites
and/or host plant species were selected as capdids an added measure the effector
candidates were then compared (BLAST) againstlivea®gg nematodes to assure that no
consequential homology (over 35 bits) was predeamaining candidates were analyzed for
the presence of a signal peptide as well as thenabsof a trans-membrane domain outside
of the first 60 amino acids of the N-terminus (Pinsb (Kall, Krogh et al. 2004). This first

list of previously annotated secreted candidatesisted of 91 full-length proteins.

In situ hybridization of effector transcripts

Forward and reverse primers were designed spaltyfifor the coding sequence of
each of the 91 candidate genes. These primersugerketo amplify an amplicon 150-300 bp
in length from cDNA pools generated frdvh incognita This amplicon was used as a
template in a unidirectional PCR reaction to pradsingle stranded sense and anti-sense
digoxigenin (DIG)-labeled probes for each candiddtector transcript. Unidirectional PCRs
were performed in 28 volumes using a DIG-nucleotide labeling kit (Reghin situ
hybridizations were performed on mixed parasitages oM. incognitaas previously
described (de Boer, Yan et al. 1998). Establistadgtic populations of nematodes were
extracted from the roots tomatoyCopersicon esculentuav. Rutgersby maceration of the
infected tissue followed by progressive sievingeeiously described (de Boer, Yan et al.
1999). These parasitic stages were supplementédneghly hatched pre-parasitic J2 stage
M. incognitajuveniles. Mixed stage nematodes were fixed ifaf@maldehyde solution.
Fixed nematodes were permeabilized by hand cuttittga razorblade on a glass slide in

combination with a partial proteinase-K digesti@drag/mL, 30 min RT). DIG-labeled
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probes were hybridized to permeabilized tissue agirt at 50C. Hybridized probes within
the nematode were detected using and anti-DIG @hfibonjugated to alkaline phosphatase
and it's substrate. Samples were then visualizedjws Zeiss Axiovert 100 inverted light

microscope.

Developmental expression patterns of putative &ffsc

To assess the developmental expression profibeiopositive candidates we
designed RT-PCR primers specific from 13 uniquedcapts (one representative from each
paralogous gene family). Four biological replicatéM. incognitawere separately extracted
at each of 5 time points during parasitism (Eggs;parasitic J2, 3DPI, 7DPI, 14DPI, and
21DPI). Total RNA was extracted from each sampiegithe Perfect Pure RNA fibrous
tissue extraction kit (5 prime), all according he@ tmanufacturer’s instructions. For
guantitative RT-PCR approximately two ngMf incognitamRNA was used for cDNA
synthesis and PCR amplification ingl%eactions using a one-step RT-PCR kit (Quanta)
according to the manufacturers protocol. QRT-PCRtiens were run using an iCycler RT-
PCR thermal cycler (Bio-Rad), using the followinggram: 50C for ten min, 95C for 5 min,
and 40 cycles of 95C for 30 sand 60C for 30 s. FFepiicated reactions were run for each
primer pair for each mRNA sample. QRT-PCR data avedyzed using the iCycler 1Q
Optical Systems Software version 3.0a (Bio-Rad)ltilig curves of all PCR reactions were
assessed to assure specific product amplificalfioimcognitaactin and tubulin primer pairs
were used as internal controls to normalize gepeession levels at each time point.
Following the 2**“* method (Livak and Schmittgen 2001), relative foidinges were

calculated using gene expression levels in theasggbase line. P-values for each time point
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were calculated using both the Tukey multiple consoas test (95% family-wise
confidence level) and Bonferroni pairwise comparsd significant difference (p-
value<0.05) was considered biologically significanty if it was consistently seen in both

the actin and tubulin normalizations.

Sub-cellular localization

Full-length coding sequences of 12 of putativeapidism genes were amplified from
M. incognitacDNA, and cloned into the pGEMt-EZ vector (Promefga sequencing.
Confirmed clones were used as templates in PCRioaado amplify fragments with out the
signal peptide along with appropriate restrictidgassfor cloning into the pSAT6-eYFP
vectors, obtained from ARBC. Cloning into the pSAG%FP vectors created YFP fusion
proteins under the control of the CaMV 35S promo#drich were confirmed by sequencing.
Confirmed vectors were bombarded into onion epidéalls via Biolistic bombardment as
previously described (Elling, Davis et al. 2007pnibarded onion cells were incubated for

16-24 h in the dark, then visualized using a Z&®vert 100 inverted light microscope.

Results

Sequencing and assembly

The cytoplasm of esophageal gland-cells was mipiceted from 5(M. incognita
nematodes at differepiarasitic stages to isolate total RNA. The mRNA e purified
and used to generate two pools (one nebulized aadio-nebulized) of cDNA using the
SMART system (CloneTech). Each cDNA pool was seqgeérmusing Roche 454 technology,

which produced a combined total of 1.7 million readith an average length of 281 bp.
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Reads with insufficient complexity to facilitatesasnbly were removed (SeqClean software),
leaving 623,000 clean reads. Out of these 623,@§)0duality reads, which were assembled
using Neubler V2.5 software produced 17,741 isdugsgue transcripts), which were
predicted to be contained within 14,443 isogrowpsque genes) alongside 72,397
singletons. To identify the full-length transcriptssociated with the isotigs we compared the
17,741 isotigs with the 20,359 proteins predictednftheM. incognitagenome (Abad,

Gouzy et al. 2008) using BLASTx with a minimum aift-of 90% identity over 75% of the
isotig length (Altschul, Gish et al. 1990). We fauthat 5,700 gland isotigs (4,548 isogroups)
had strong sequence homology to 3,758 knbMvimcognitaproteins from the M. incognita
genome (Fig. 1A). These full-length proteins warbjscted to several criteria to identify

novel effector candidates (see below).

In silico filtering of effector candidates

Most nematode effectors have evolved to becomafgpercthe parasitic lifestyle,
and are unlikely to have orthologs in free-livipgesies. This has been demonstrated by the
lack of sequence homology between the previoudgtiied effector proteins from cyst and
root-knot nematode parasites, and free-living gse(iHuang, Gao et al. 2003). To determine
which of our 3,758 gland-derived candidate protéiagd orthologous sequences that are
specific to parasitic species and absent in frdagispecies, we utilized a dataset previously
generated using OrthoMCL (Abubucker, Martin e28l11). This dataset contained the
known proteomes from seven helminth parasitésiiicognita, M. hapla, Trichinella
spiralis, Brugia malayi, Pristionchus pacificuSchistosoma japonicurand Schistosoma

mansoni)two host plantsGlycine max, Arabidopsis thaliahaas well as proteins from nine
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free-living species3accharomyces cerevisiae, Drosophila melanogalstes, musculus
Homo sapienand fiveCaenorhabditisspecies) (Chen, Mackey et al. 2006; Abubucker,
Martin et al. 2011). The OrthoMCL algorithm clusidrthese 18 proteomes into 38,776
groups of orthologous and paralogous proteins.li@fi@ groups, 2,419 contained
orthologous proteins only from parasites or hoahpspecies, and lacked proteins from free-
living S. cerevisiagDrosophila andCaenorhabditisspecies. We identified 4,073 proteins
from M. incognitathat were contained in these 2,419 parasite-spagifiups. These 4,073
proteins, in addition to 5,18d. incognitaproteins that were not clustered with any other
proteins, were combined (9,253 proteins) and coetpar our 3,758 gland-expressed
candidate proteins. This comparison resulted indéetification of 1,080 gland-derived
proteins that seem to have evolved specificallypfmasitic life-styles (Fig. 1B).

One of the hallmark characteristics of nematodeogdir proteins is the presence of a
secretion signal peptide on their N-terminus thegéts the mature protein to the secretory
pathway, as well as the absence of an internastnembrane domain that would retain the
protein in membranes of nematode cells. Therefeeeanalyzed 1,080 gland-derived
proteins for the presence of a secretion signaltla@@bsence of an internal transmembrane
domain (Kall, Krogh et al. 2004). This selectioogedure resulted in the identification of 91
candidate effector genes (Fig. 1C). This list ééetor candidates was then subjected to RNA
in situ hybridization to determine whether they are exggdsspecifically in the esophageal
gland cells.

Because esophageal gland cells are directly coetélactough the esophagus to the
nematode stylet, secreted proteins that are exellysexpressed in and secreted from these

gland cells are believed to have biological funtsiin the nematode—plant interactions. To
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determine the gland-specific expression patterribeBl candidate effector genes, we
generated specific antisense digoxigenin (DIG)1kedberobes for each candidate and
hybridized them to fixed. incognitanematodest different parasitic life stages. Out of the
91 candidates tested, probes for 14 individual ickte effectors were found that specifically
hybridized to mMRNA accumulating within the subvahften probes) or dorsal (three probes)
gland cells oM. incognita(Fig. 2 and Table 1). Interestingly, another cdat® protein
(Minc00801) showed strong and specific expressiaieé rectal glands of J4 femdle
incognita(Fig. 2Q). Since the rectal glands are known tanftiie egg mass matrix
(Maggenti and Allen 1960), this candidate is patdiytsecreted into plant tissues and
worthy of further analysis. In total, 14 candidate=re identified as genes that are likely to
have effector roles iM. incognitaparasitism of host plants (Table 1).

Sequence analysis of these 14 candidate effect@sgevealed that two of these
proteins, Minc10418 and Minc08073, had 98% amind alentity, indicating that they are
likely paralogous members of a gene family withinincognita Two other proteins,
Minc00344 and Minc04584, were previously identifesimembers of the MAP-1 gene
family, which are thought to play roles at the gathges of interaction betwebh incognita
and its host plant (Semblat, Rosso et al. 2001ta@asne-Sereno, Semblat et al. 2009). Two
additional proteins, Minc02097 and Minc18033, shdwear perfect identity with the
putative esophageal gland cell effector proteils(@5and 19F07, respectively (Huang, Gao
et al. 2003). Finally, eight of the 14 candidateetors showed no significant sequence
similarity to any proteins in the NCBI non-reduntprotein database, and therefore were

designated novel effectors.
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The 14 candidate effectors were also analyzecth®ptesence of known motifs and
domains using InterPro Scan (Quevillon, Silventoieeal. 2005). Only one putative effector
(Minc01696) was predicted to contain a known fumaail protein domain. This protein
contained a region of 337 amino acids with straeguence similarity (9e-27) to TTK dual-
specificity protein kinases from multiple metazagecies. This region was located 17
residues from the predicted signal peptide cleag#tgeand was predicted to contain a
complete protein kinase catalytic domain (PS500i4rProScan, Score=29.997). This
putative effector also contained an additional 24f)dues on its C-terminus, which showed

no homology to any known protein (Table 1).

Putative effectors have paralogaMinincognitaand orthologs in related parasites

Pathogen effectors that play essential roles inggsm are often represented by
multiple paralogous copies within their respectgemome (Haas, Kamoun et al. 2009;
Raffaele, Farrer et al. 2010). These paralogshemeght to have redundant and/or specific
functions, and may promote plasticity in effectondtion. To determine whether the newly
mined putative effectors have paralogs, the prategquences of these 14 putative effectors
were used as queries in blast searches againshten proteins from th#l. incognita
genome. Interestingly, four of these proteins shibgignificant blast hits (BLASTp
>150bits, 50%ID) to other proteins with predictéghsal peptides, making them good
effector candidates as well.

To determine if these new paralogs had been detéctbe previous situ
hybridization, the probes used to identify the imi@d) parasitism genes were compared to the

coding sequences of the newly identified paralogimates. One paralogous pair,
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Minc18861 and Minc11817, showed perfect coding eage homology. Indicating that the
original probe used was able to cross-hybridizéwand localize, both transcripts within the
gland cells. The other three pairs of paralogs sabsgnificant polymorphisms in the region
of the originalin situ hybridized probe. To assure that all of the sedrptealogs were
indeed expressed specifically in the secretorydytagils, new probes were designed
specifically to hybridize to each paralog. Whenstherobes were usedimsitu
hybridization on mixed stadd. incognitatissue, all three paralogous genes were shown to
be specifically expressed in the same esophagaad glells as their originally discovered
paralog (Table 1, Fig. 2). This raised the totahber of newly discovered putative effectors
to 18 genes withiM. incognita

Genome comparison ™. incognitawith theclosely related root-knot nematoke
haplarevealed that both genomes contain orthologousesegs (Bird, Williamson et al.
2009) To determine whether the newly identified putag¥ectors have orthologs M.
hapla each was blasted against the predicted proteans theM. haplagenome (Opperman,
Bird et al. 2008). Importantly, nine of tih&. incognitaeffectors had homolod8BLASTp
>35bits, 50%ID) inM. hapla,which were also predicted to contain secretionaigeptides.
These proteins are likely part of orthologous dffeéamilies that carry out similar

functional roles both iM. haplaandM. incognitaparasitism.

Putative effectors localize to the cytoplasnplanta

Thein plantasubcellular localization of nematode effectorsvptes clues to their
site of action and the identity of potential h@sgets. To determine the cellular

compartments where the newly identified nematotkctdrs would localize, the full-length
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coding sequence (minus signal peptides) were fts&FP and GUS reporter genes under
the control of the cauliflower mosaic virusgMV) 35S promoter. These constructs were
delivered into onion epidermal cells by biolisterbbardment. All of the fusion proteins
showed cytoplasmic localization in the plant c@fg). 3). These data are consistent with the

cytoplasmic localization prediction using Psorsoftware (Yu, Wagner et al. 2010).

Putative effectors are differentially expresseditierent stages dfl. incognitaparasitism

Nematode effector genes are known to be develo@ihentgulated, with increasing
MRNA abundances during the parasitic stages. Thelofgmental expression profiles of 13
of the newly identified parasitism genes were gfi@dtusing real-time RT-PCR in eggs,
pre-parasitic J2, and infectiwé. incognitastages at 3, 7, 14, and 21days post infection)(DPI
(Fig. 4). All 13 putative effector genes displaybd lowest detectable expression levels in
eggs. In contrast, the expression patterns dutimgr @evelopmental stages varied widely,
with different effectors showing peak expressionrtythe early parasitic stages (3DPI) or
during late parasitic stages (14-21DPI), supportimeghypothesis that these effectors play

diverse roles in host parasitism (Fig. 4).

Discussion
Previous studies have successfully identified pegagffector proteins that are
specifically expressed in the esophageal glang oéN. incognitaand other plant-parasitic
nematodes (Gao, Allen et al. 2001; Huang, Gao. &0813).However, the complexity of the
plant-nematode interaction indicates thatihencognitaeffector repertoire is more

extensive than previously described. To expandktiosvn effector repertoire dfl. incognita
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we isolated mRNA from the esophageal gland cefid,applied Roche 454 sequencing
technology to obtain high read coveragé then took advantage of the availability of the
whole genome sequenceMf incognita(Abad, Gouzy et al. 2008) identify full-length
coding sequences of our gland-derived re@tis approach facilitated the bioinformatic
identification of candidate effectors based on hlmgy models and the presence of an N-
terminal signal peptide sequen@mmbining this bioinformatic approach with ansitu
hybridization screen resulted in the identificatadrl8 putative effector genes, whose
expression was specifically localized to the esgphhgland cells df1. incognita.

As in previous studies, the majority of these pr@re unique tl. incognitg
showing no homology to proteins in the non-redundatabase and containing no detectable
functional domains. Only a few of the effector giot secreted from any parasite are widely
conserved, and more often than not, they are eixelyproduced by one pathogen or a
group of closely related pathogens. Indeed, restewlies of effectors from both fungal and
oomycete pathogens have shown they are under sedehversifying selection pressure to
avoid the host immune system (Haas, Kamoun e0@B;2Schirawski, Mannhaupt et al.
2010).As a result of this increased selection presstifester proteins quickly evolve to
become specific to certain parasites and tenddw sittle homology with other proteins.

The unique nature of effector proteins often makdgficult to predict their functions and
stresses the need for functional characterizatbesich individual effector.

Despite the lack of sequence homology for moshefdutative effector proteins, one
positive candidate, Minc01696, was predicted ta&@omna complete kinase domain (InterPro
scan and CDDJrhis predicted kinase domain has high homology¢ounique dual-

specificity kinase domains of the MPS1 family obtain kinases. MPS1 kinases are
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conserved in most eukaryotes, and members ofdmsdyf have been shown to play
important roles in modulating mitosis (Liu and Wyr012). In fact, it has been recently
shown that increased levels of MPS1 in human cacelés mediated the formation of
aneuploid nuclei (Daniel, Coulter et al. 201h)light of the fact that the giant-cells formed
by Meloidogynespecies are also characterized by multiple an@alplaclei (Jones and Payne
1978; Huang 1985), we speculate that Minc01696cchuiction analogously to the MPS1
kinases in plants, perhaps facilitating aneuplaidsing the formation of the giant-cells. This
hypothesis is further supported by our gRT-PCR dataving that Minc01696 exhibits
specific and significant up regulation at 3 dpig{F4A), which coincides with the initial
formation of the giant-cells. More in depth chaesiztation will be needed to determine
whether or not Minc01696 functions as an MPS1 lemaplanta.

Two other putative effectors, Minc04584 and Minc@@3previously have been
shown to be members of the MAP gene family (CastagfSereno, Semblat et al. 2009)
Members of this gene family are thought to plagsah the early interaction between root-
knot nematodes and their host plaiMsre specifically, the first MAP family member
(MAP-1) was isolated as a candidate avirulenceganaind was shown to be secreted from
the amphids oM. incognita,as the nematode migrates throughout the host sshplat,
Rosso et al. 2001). Though the exact function isfglene family has yet to be described, the
MAP-1 transcript has recently been isolated froralte differentMeloidogynespecies
(Tomalova, lachia et al. 2012) indicating thataskan indispensible function for parasitism
acrosdMeloidogynespecies. In contrast to the amphid localizatievimusly described for
the MAP-1 protein (Semblat, Rosso et al. 2001; rdiebanchin et al. 2011), we found that

both Minc04584 and Minc00344 are strongly expressede subventral gland cells bF.
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incognita(Fig. 2M and 2N)Considering that Minc04584 and Minc00344 are disfan
related to MAP-1 relative to the rest of the fammgmbers could explain the different
secretion schemes of MAP protein family memb&hee fact that the MAP family proteins
seem to be secreted both from the amphids andytles firther establishes these family
members as important factors in the parasitisnmoet plant.

Although the majority of effector molecules tendo®unique to specific parasites
and not widely conserved in free-living organisthgre are certain families of effectors that
are well conserved within related groups of paeasiThe large effector repertoire of the
plant pathogeRalstonia solanacearugpntains 3 effector gene families that are broadly
conserved across different strains of the bac{®aaeymiro and Genin 2009). These
conserved gene families are thought to play bades in facilitating parasitism in a wide
variety of hosts. Previous analysis of cyst and-knmt nematode effector repertoires has
revealed that many effectors are also organizedgehe families (Gao, Allen et al. 2001;
Huang, Gao et al. 2003; Abad, Gouzy et al. 2008pur study, we found that ten of the 17
putative effector genes are organized in gene fasnithin theM. incognitagenome. For a
parasite with a wide host range, like incognitg it may be advantageous to have different
effector variants that function best in differenshplant species.

Our study has also shown that these gene famdiedve used to identify other
effector candidates. By searching tMeincognitagenome we were able to identify paralogs
of our initial in situ-positive candidates. These paralogs turned oo foositive effector
candidates that weren't identified in our origisafteen. Indeed, every identified paralog with
a signal peptide was also shown to be expresseifisphly in the esophageal gland cells.

Using the putative effector genes frdn incognitg we were also able to identify seven
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orthologous proteins in tHd. haplagenome as effector candidates. These findingdatali

the use of this approach in future studies to ifienther effector candidates M. incognita

as well as other closely related root-knot nemaspieies. Conservation of these
orthologous gene family members in multiple roobknematode species indicates that they
may have fundamental roles in facilitating nematpdeasitism. It would be very interesting
to study whether these effector proteins also ltavnserved orthologs in other parasites. A
more comprehensive analysis of all root-knot nechatpecies could identify the most
conserved, and presumably the most indispensitiéster families within theMeloidogyne
genus.

Recent experimental data have provided evidenegtodcellular, cytoplasmic, and
nuclear targeting of root-knot nematode effectsuggesting diverse functional activities in
the infected host cells (Tytgat, Vanholme et aD£Elling, Davis et al. 2007; Hewezi,
Howe et al. 2008). Knowing where effectors localiz@lantacould help guide future
analysis of their functiarPrevious studies have used bioinformatic predistito localize
root-knot nematode effectors to specific host sliblee compartments (Huang et al., 2003;
Bellafiore et al., 2008). Here, we studied the glintar localization of the newly identified
effectors (Fig. 3). All candidate effectors dispdya cytoplasmic localization, despite the
fact that some of these effectors contained predinticlear localization signals (Psort II). It
is possible that these effectors could be redidetmeards specific subcellular compartments
via host interacting factors. This type of effedtderaction has been observed for certain
cyst nematode effector proteins (Hewezi and BautP0

Nematode effector genes are often differentialjutated over the course of the

parasite’s life cycle. An effector gene that is@peally expressed during a certain stage of
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infection is likely to play a specific role durinigat stage of infection. Quantifying the
expression profiles of all identified candidateeetbr genes over the courseMfincognita
infection of tomato plants revealed distinct stagecific expression patterns. More
specifically, two effector candidates (Minc0169&l &ninc10418/Minc08073) showed
significant up regulation at 3 dpi (Fig. 4A and 4Bhis early time point coincides with the
initiation of the giant-cells, suggesting that ¢agenes may have functional roles during the
establishment of the feeding site. Four additidraaiscripts (Minc2097, Minc00344,
Minc13292, and Minc03328) showed a consistent gpdegion during the first three
parasitic time points (3 dpi, 7 dpi, and 14 dpd)ldwed by a distinct down regulation at 21
dpi (when adult females begin to reproduce) (F&:H. This pattern of expression is
consisted with a potential involvement of theseapiué effectors in early and late events of
parasitism but is dispensable for nematode reptamtudnterestingly, the opposite trend was
observed for the candidate effector MincO0801, Wigighibits a relatively low expression
during the first five time points followed by obws up-regulation at 21 dpihe high
expression abundance of this effector specificail®1 dpi suggests a role in egg laying and
perhaps the reproductive success of the nematagled{fj. Consistent with this
hypothesized function, the mRNA of this candiddteator was specifically localized to the
rectal glands of the adult female nematodes. This wtriguing because the rectal glands
produce a gelatinous matrix (GM) which surroundsriematode’s eggs (Maggenti and
Allen 1960).In addition to enhancing the viability of the eggshe soil, the GM is
implicated in forming a pore in the surroundingmilaissue that allows the egg mass to
escape the root (Orion and Franck 1990; Orionzirén et al. 2001). In this context, a

previous study identified a protein with celluldsi&ding activity, which was secreted from
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the vagina oM. incognita(Vieira, Danchin et al. 2011). These observatiodgcate that
proteins secreted in the GM could be involved ig kEying and perhaps the reproductive
success of the parasite.

In conclusion, the use of next generation 454 sacjng technology has allowed us
to sequence the gland cellsMfincognitaon an unprecedented level. The novel effector
proteins identified in this study have significgneixpanded the effector repertoirehdf

incognitg and set the stage for a more complete understgadihow this parasite infects its

host plants.
. , A ,
17,741 Isotigs (14,443 isogroups) 20,359 proteins from the
+ 72,397 singletontons M. incognita genome

N\

3,758 M. incognita proteins identified
with 5,671 isotigs (4,548 isogroups )

9,253 parasite specific

proteins from M. B

incognita (OrthoMCL) A 4

1,080 M. incognita proteins derived

from the gland cells that are unique
to parasites

J'c

91 secreted candidate effector
proteins

Figure 1. diagram ah silico filtering methods used to identify effector caraties A) The
isotigs assembled from the gland cells specifizieages were compared to the known
protein coding sequences from tieincognitagenome using a nucleotide Blast (minimum
cut off of 90% identity over 70% of an Isotig’s fgh). B) M. incognitaproteins represented
in our gland specific sequences were compareddwRrparasite specifi®l. incognita
proteins (previously predicted using OrthoMCL (Albicker, Martin et al. 2011). C)
Identified M. incognitaproteins were analyzed for the presence of arnriditel secretion
signal and the absence of a transmembrane domabi(i3).
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Figure 2. Detection of DIG-labeled probes hybridize transcripts expressed within the
secretory gland cells of thd. incognita A total of 16 probes detected transcripts from 17
genes expressed specifically within the Dorsal (Bf2ubventral (SvG) esophageal gland
cells specific hybridization (A-P). 10-30 nematosese hybridized with each probe, and
specific gland expression was determined by thpestgize, and proximity of the stained
region relative to the metacarpus (M). One proteesic for MincO0801(Q) produced

specific staining in the rectal glands (RG) attactewethe rectum (R) of J4 female nematodes.
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Figure 3. Sub-cellular localization of effector-G#Rion proteins in onion epidermal cells.
N-terminal GFP fusion constructs were made for veaf the putative parasitism proteins
cloned fromM. incognita All twelve, including Minc00469 (Above), produced
cytoplasmic GFP signal when bombarded into oniadezmal cells.
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Figure 4. qRT-PCR expression analysis of putataragitism gene over the life-cycle Mt

incognita A-B) Two putative parasitism genes that showgaificant increase in expression
at 3DPI (* = p-value <0.05). C-F) Four putative gitism genes that show relatively high
expression during the parasitic stageMofncognita(3DPI, 7DPI, and 14DPI), and show a
significant decrease during the adult stage at 216) Five putative parasitism genes that

show a relatively consistent expression patterasacall four infected time points (3DPI-

21DPI). L) Minc00801, the rectal gland specifiaisaript, shows a significant increase in

expression during the adult stagavbfincognita21DPI (* = p-value <0.05).




124

Table 1. Summary of the 18 putative effector gedestified in this study. Column A)
amino acid similarity to paralogous genes inthancognitagenome (BLASTp % identity
and bit score). Column B) amino acid similarity lwadrthologous proteins containing signal
peptides in the M. hapla genome (BLASTp % lderditg bit score). Column C) highest
homolog in the NCBI-nr database (BLASTp minimumagtit35 bits). Column D) protein
domains predicted using InterPro Scan softwareu@olE) gland specific expression found
in either the dorsal gland (DG), the subventrahdta(SvG), or the rectal glands (RG) using

in situ hybridization.

M.Incognia M. mcolg nita M. hapla orthologs NCBI homology Predicted Gland
CDS paralogs o . o, . f P
(bp) (%ID, bit score) (%ID, bit score) (%ID, bit score) domains localization

Minc13292 Minc03325

(1,605) (80%, 721) WA i R Bete

Minc18861 Minc11817 Contig1084.frz3.gene4
(453) (100%,313) (68%, 105) N/A N/A DG

Minc08073 Minc10418

(2133) (98%, 1389) R Wy R B
Minc00801 Contig125.frz3.gene5
(1,086) N/A (79%, 62.8) N/A N/A RG

Minc02097 Minc01595 N/A Putative esophageal gland cell protein 25 N/A DG
(1,599) (92%, 933) [M. incognita] (97%, 1060)

Minc18033 N/A Contig518.frz3.gene7 Putative esophageal gland cell protein 17 N/A SVG
(1,314) (64%, 412) [M. incognita] (99%, 884)

Minc01696 N/A Contig83.frz3.genel&gene?2 Dual specificity protein kinase TTK Protein VG
(1,731) (95%, 32) [Rattus norvegicus] (30%, 123) Kinase
inc incl onti; frz3.genel utative avirulence protein -1

Minc00344 Minc04584 Contig252.frz3.g 7 Putati irul protein MAP N/A VG
(1,158) (90%, 312) (52%, 167) [M. incognita] (47%, 185)

Minc00469
(198) N/A N/A N/A N/A SvG

Minc15401 Minc18636 Contig1554.frz3.gene5
(951) (94%, 249) (71%, 155) N/A N/A SvG

Minc10418 Minc08073

(2,130) (98%, 1385) W i R Bete

Minc12639 Contig1246.frz3.genel8

(303) N/A (94%, 75b) N/A N/A DG
. Unnamed protein product

M1(1;c2293)28 N/A N/A | Trypanosoma congolense 1L3000] N/A SvG
y (25%, 38.1)

Minc04584 Minc00344 Contig252.frz3.genel7 Putative avirulence protein MAP-1 N/A SvG
(630) (82%, 327) (66%, 142) [M. incognita] (40%, 135)

Minc03325 Minc13292

(1,593) (79%, 721) W YR YR S

Minc11817 Minc18861 Contig1084.frz3.gene4
(453) (100%, 313) (68%, 105) N/A N/A DG

Minc01595 Minc02097 N/A Putative esophageal gland cell protein 25 N/A DG

(1,653) (87%, 923) [M. incognita] (87%, 921)
Minc18636 Minc15401 Contig1554.frz3.gene5 N/A N/A VG

(939) (87%, 385)

(55%, 151)
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CHAPTER 6. GENERAL CONCLUSIONS

During the course of my research | have beenlstoyc¢he complexity of the
interaction between sedentary endoparasitic neraatadd their host plants. These parasites
have evolved the ability to manipulate plant deésnslevelopment, and metabolism to create
an entirely new plant organ that exists only talféee nematode. What makes this feat seem
all the more amazing to me is that they appeaetalide initiate all of these changes using
only a mixture of effector proteins. In my opiniohywe were able identify the entire
repertoire of nematode effectors and understandthewfunction within host plants it
would likely facilitate novel mitigation strategiasd give us a better understanding of the
pathways that nematodes manipulate within plants.

In the past fifteen years there has been a huge suour understanding of nematode
effector proteins. Many of these new discoveriegehzeen facilitated by the advent of next
generation sequencing technologies. These techieslbgve promoted powerful genomic
and transcriptomic approaches for identifying dffes and the effects they have within the
host. Indeed, these approaches have provided #&wedalata that have begun to answer
many questions about these parasites, and havigghiggad even more questions.

One question that has caught my attention: ‘HoW are these effector proteins
conserved across the various taxa of parasitic toateg?’ As described in the introduction,
there are several characterized effector protéiaisare known to be conserved in both root-
knot and cyst nematodes. In fact, chorismate mugtisetors have even been found in
species of migratory parasitic nematodes (Haegeduaeph et al. 2011). This type of broad
conservation indicates that chorismate mutaseylikelys a basal role in facilitating

parasitism. By identifying which nematode effectars conserved in different species of
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nematode we can begin to identify which effectaeslikely to function in all nematode
infections, versus those that are more likely tacfion only in specific host plants. These
data could be critical when trying to identify thest specificity determinants of different
nematode populations.

Our ability to gather this type of data is curhgtitmited only to the few specific
nematode species and isolates for which we havengierand transcriptomic data. However,
initiatives are underway to expand nematode effatatabases. Empowered by the lowering
cost of sequencing, as well as new techniquesatitat very specific isolation of nematode
gland cells (Maier, Hewezi et al. 2013), thesaatiites seek to identify the effector
repertoires of multiple species of nematodes thaemever been sequenced. In the future,
these techniques could be applied to multiple fialtbs of each species and give us a more
comprehensive view of the diversity of these effegtroteins. | believe that the availability
of this type of meta-data will be a huge advantaben trying to identify which effectors are
the most crucial to which interactions.

On the flip side of this interaction, a complemeyniguestion can be asked about
plant factors: ‘what are the specific proteins athpvays within the plant that are targeted by
effectors from nematodes and other plant pathog&mséh of the research on effector
proteins has been focused on understanding howftineion within the plant and what
pathways within the plant they alter. If we can erstand what all effectors do planta
then presumably we will be able to paint a compbetéure of how and why pathogens affect
their plant hosts the way they do.

Despite the fact that we are nowhere near havicw#lete understanding of

effector functions, common virulence targets hdvesaly been identified in pathogens from
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different kingdoms. During my research | have ca@omss several of these common
virulence targets. One example that has reallykstumy mind is the discovery of
Minc01696 fromM. incognita(see chapter 5). This putative effector contaidsal
specificity kinase domain similar to those in TTK®1 kinases, which play important roles
in regulating mitosis. The possibility that Minc@®&balters mitotic processes is intriguing,
because one of the iconic morphological charadiesisf giant-cells are multiple aneuploid
nuclei. In fact, increases in plant nuclear DNAigjohave also been observed at the
interaction sites of fungal pathogens and symbidhtges been postulated that this increase
in ploidy could facilitate increased metabolic ity within plant cells (Wildermuth 2010).
If the link between TTK/MPS1 kinases and mitosis ba confirmed, it could implicate this
pathway as a regulatory hub that is targeted gctdfs in other pathosystems as well.

| came across a similar plant regulatory hub wsiilelying the effector 4E02 frohh.
schachtii(see Chapter 2). | found thds4E02 can interact with the active site of the plant
papain-like cysteine protease RD21A. This is vatgresting because RD21A and its
homologs are known to initiate plant defense respsnand are targeted by effectors from
diverse plant pathogens (Bar-Ziv, Levy et al. 2Q1&zano-Torres, Wilbers et al. 2012,
Lampl, Alkan et al. 2013). Indeed, plant papaireldysteine proteases are a common
virulence target for multiple pathogens. Many mooenmon virulence targets are beginning
to emerge in plants, and as more information ibegyad regarding these targets | think it is
likely that we will be able to categorize effecténsm different pathogens based on their
common host targets. This will have wide-reachifigats on our ability to identify new
effectors, characterize their function, and perte@n our ability to design pest resistance in

crop plants.
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There are many important questions about the jplamtatode interaction that remain
to be answered, but in my mind, the two that aeentlost critical are the ones that | have
summarized in this chapter. In the relatively shione | have been a graduate student | have
been fortunate to witness some big discoveriekerfield of effector biology, and | am
excited to see what happens in the future.
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