ELUCIDATING ESSENTIAL ROLES OF OOMYCETE EFFECTOR PREINS
IN IMMUNE SUPPRESSION AND IN TARGETING HORMONAL
PATHWAYS

Devdutta Deb

Dissertation submitted to the faculty of the Virginidy@achnic Institute and State
University in partial fulfillment of the requirements fitre degree of

Doctor of Philosophy
In
Plant Pathology, Physiology and Weed Science

John M. McDowell, Chair
Boris A. Vinatzer
Glenda E. Gillaspy

Bingyu Zhao

September 4, 2013
Blacksburg, Virginia

Keywords: oomycete;lyaloperonospora arabidopsidibaustoria, effector
proteins, pathogenesis, immunity



ELUCIDATING ESSENTIAL ROLES OF OOMYCETE EFFECTOR PREINS IN

IMMUNE SUPPRESSION AND IN TARGETING HORMONAL PATHWAS

Devdutta Deb

ABSTRACT
Effector proteins are exported to the interior of hedisdoy numerous plant pathogens. Effector
proteins have been well characterized in bacteria. Meryéhe mechanisms through which these
effectors promote virulence are largely unknown. Biaimfatic analysis of genome sequences
from oomycete pathoge®hytophthora sojae”. ramorum P. infestanandHyaloperonospora
arabidopsidig(Hpa) have led to the identification of a large number oididate effector genes.
These effector genes have characteristic motifs (spgmide, RXLR and dEER) that target the
effectors into plant cells. Although these effectoregeare very diverse, certain genes are
conserved betwed?. sojaeandH. arabidopsidis suggesting that they play important roles in
pathogenicity. The goal of my first project was to chiamaze a pair of conserved effector
candidates frorhipaandP. sojae We hypothesized that these effectors have important
conserved roles with regard to infection. We found thaHipa effector was expressed early
during the course of infection éfrabidopsisand triggered an ecotype-specific defense response
in Arabidopsis suggesting that it was recognized by host surveillance psotgoth the
effectors fromHpa andP. sojaerespectively could suppress immunity triggered by pathogen
associated molecular patterns (PTI) and by effectory (BEPplanta They also enhanced
bacterial virulence idrabidopsisnvhen delivered by the Type Il secretion system. Similar

results were seen with experiments with transgarabidopsisexpressing the effectors.



My second project showed that a differeipa effector protein, HaRxL10, targets the
Jasmonate-Zim Domain (JAZ) proteins that repressed mespdo the phytohormone jasmonic
acid (JA). This manipulation activates a regulatory castistereduces accumulation of a
second phytohormone, salicylic acid (SA) and therebyadties immunity. This virulence
mechanism is functionally equivalent to but mechanigyichstinct from activation of JA-SA
crosstalk by the bacterial JA mimic coronatine. Theselts reveal a new mechanism
underpinning oomycete virulence and demonstrate that the JéxeAatalk is an Achilles’ heel

that is manipulated by unrelated pathogens through distiechanisms.
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Chapter 1

Literature review

Manuscript in preparation for: American Phytopathological Society, Teaching

Article

Abbreviations: acidic transcription activation domain (AAD), abscia@d (ABA),
coronatine (COR), crinkling and necrosis (CRN), exospatcharide (EPS), endoplasmic
reticulum-type signal sequence (ER-SS), Effector-tnggemmunity (ETI), effector-
triggered susceptibility (ETS), horizontal gene trangf€8 ), Hyaloperonospora
arabidopsidis(Hpa), hypersensitive response (HR), host targeting (HT),gasracid
(JA), leucine rich repeat (LRR), microbe-associatecemdar patterns (MAMP),
nucleotide binding (NB), necrosis and ethylene inducing pepikdgroteins (NLP),
nuclear localization signal (NLS), nucleotide binding aigomerization (NOD),
pathogen-associated molecular patterns (PAMP), protduaee, 3, 4-dioxygenase
subunit (PcaH), phosphatidylinositol-3-phosphate (PI3P)opattesis-related (PR),
pattern recognition receptor (PRRseudomonas syring4esy), PAMP-triggered
immunity (PTI), resistance protein (R), receptor-likedsia (RLK), receptor-like protein
(RLP), reactive oxygen species (ROS), salicylic acid)(®Ansposable elements (TE),
type Il secretion system (TTSS).



Summary

Whole genome sequences of several oomycete phytopathogenghealed both
common and unigue features associated with oomycete biatwygvolution and have
answered several questions regarding the diversity of ceteyifestyles, gene
composition, and horizontal gene transfer from bazt@nd fungi. We now know that
genomes of most of the oomycete phytopathogens are madeagpoms of repetitive
DNA that are rapidly evolving and harbor effector getras are involved in virulence.
Secondly, reduction of the number of pathogenicity geaems to be one of the
important reasons for adaptation to obligate parasitf§exnow also know oomycete
genomes maintain large number of RXLR effectors thataydular in nature. The
conserved host-targeting RXLR motif is involved in cetrgin a pathogen-independent
manner. Finally, we now have new evidences regardingXbeession patterns,
localization sites, structural details and virulencecfioms of a few of the oomycete
effectors. Hence, the field of oomycete research hdsantinues to make remarkable
progress due to the advancement made in the recentiryélaesareas of genome

sequencing, bioinformatics screening and structural studies.



Plants maintain a robust immune system

Oomycetes comprise a highly destructive class of plahbganic microbes. In
order to be successful in establishing contact with tisé dnad causing disease, oomycete
plant pathogens must overcome multiple layers of defemsthe plant host. Plant-
pathogen interactions can be placed broadly under tvegaaes namely, “compatible”
or “incompatible” (Zipfel et al., 2006) . During a compagilrteraction, the plant is
unable to recognize the pathogen which leads to pathogesctgrnetration, growth
and finally, the plant is rendered susceptible to diseas¢h®other hand, during an
incompatible interaction, the pathogen is unable to grow amnive within the host
tissue which is due to the activation of inducible dedsrsy the plants (Zipfel et al.,
2006). Much of the research in the field of plant-oomye@#gractions has been directed
towards understanding what molecular mechanisms andgtaplants and microbes

utilize that finally lead to these two very differenttcomes.

This article is designed to provide an update of recent itssigto oomycete
pathogenesis from genomic analysis, which in turn hadyzad functional
characterization and structural elucidation of oomyceteem®known as “effectors”. By
definition, effectors are secreted from the pathogehpromote virulence from either the
exterior or interior of host plant cells. A majoskeof these effectors is to subvert host
immunity. Thus, | begin this article by summarizing f@meral mechanisms that
underpin plant defense against pathogen infection. Thi®seeill be followed by a
summary of the mechanisms used by pathogens to avoiddeff@mses, based on insights

from studies of bacterial pathogens. Then the focusshiit to oomycetes, beginning



with a summary of the recent development in oomybetiegy and pathogenesis from
genomic studies followed by information regarding develogsmenoomycete effector
proteins starting from how and when they were identitiedheir characteristic features
and the functional characterization of some of tigdely studied effectors. Finally, | will
be giving a brief description regarding the rationaley$o&nd relevance of my

dissertation project.

Plant defenses are multilayered

Plants maintain a complex system of pre-formed anccibthidefenses. For
example, surface layers like cutin, suberin, and waregde a physical barrier to
pathogens. The cell wall is another example of a fprered” defense structure that
functions as an effective barrier, and serves assafrchemical components that trigger

inducible defenses when the cell wall is breached (E&feelix, 2005).

For pathogens that breach the first layer of defenaeigpteploy a second layer
of inducible defenses that are activated only when the gietects a pathogen. Examples
of such defenses include production of reactive oxygen mekcnd secondary
metabolites such as phytoalexins that are directly toxihe pathogen. Plants can also
synthesize physical barriers to infection, such as papillhich are composed primarily
of callose, a-1, 3 glucan, that is deposited between the cell walcatidnembrane near
the invading pathogen. One of the last defenses the plplotyde¢o prevent the spread of

infection is the hypersensitive response (HR) (Dodds &ijRa, 2010), characterized by



dying cells or characteristic necrotic lesions surroum@in infection site. The HR
restricts the growth and spread of pathogens to othergdarts plant trapping the
pathogen within dead cells. Additionally, the HR serngea aource of signals that

activates defenses in distal tissues (Dodds & Rathjen))2010

Taken together, these defenses render most plants mesistaost pathogens.
However, it is critically important for these defensede induced in a timely manner,
and to be robust to pathogen co-evolution. Thus plantsénankeed two distinct, but
inter-connected, surveillance systems. First, plamg@eognize conserved, pathogen-
associated molecular patterns (PAMPS), also termeb@eassociated molecular
patterns or (MAMPS), as broad signatures of pathogen spddies is termed PAMP-
triggered immunity (PTI) (Chisholm, Coaker, Day, & Staskaw2006; Katagiri &
Tsuda, 2010; Zipfel & Robatzek, 2010). Second, plants maiatgenetically complex
system for recognizing effectors as signals of invasermed effector-triggered
immunity or ETI (Chisholm et al., 2006; Jones & Dangl, 20@8y der Hoorn &
Kamoun, 2008). | summarize the molecular logic of thgsteems in the following

sections.

PAMP- triggered immunity (PTI)

PTl is activated by so called pattern recognition receRRRRs) (Jones &

Dangl, 2006; Zipfel & Robatzek, 2010) in the host. PRRstrares-membrane proteins

and belong to either the receptor-like kinase (RLKherreceptor-like protein (RLP)



families. Most of the PRRs have extracellular leucing repeats (LRRs) (Dardick,
Schwessinger, & Ronald, 2012; Ronald & Beutler, 2010) and theredgsemble the
Toll-like receptors in animals. Some PRRs have inthaleelkinase domains whereas
others lacking such domains are known to interact withedilgg proteins via adaptor
proteins. A few of the PRRs characterized so far includg2Fand EFR irArabidopsis
Xa2l inrice, and Cf and Ve in tomato (Kawchuk et al., 2001YW5ong et al., 1995;
Wulff, Chakrabarti, & Jones, 2009; Zipfel et al., 2004). F2dvare best-studied in
bacteria; Examples of bacterial PAMPs include thewell component peptidoglycan;
the flagellin subunit, flg22 (Zipfel et al., 2004); and thertglation Factor-Tu-, subunit
elf18 (Zipfel et al., 2006). Oomycete PAMPs include; Pepalsjbunit of a
Phytophthoraransglutaminase protein (Brunner et al., 2082)parasiticavar.
nicotianaecall wall elicitor protein, cellulose binding elicittectin (CBEL) (Gaulin et
al., 2006); the cell wall-associated necrosis-inducing prod®R1 ofP. parasitica
(Qutob et al., 2006) and tle infestanlicitin, infestin 1 or INF1 (Kamoun, 2006). PTI
is associated with specific defense responses inclukdéngroduction of reactive oxygen
species (ROS), callose deposition, lignin production aadnidtuction of pathogenesis-
related (PR) gene expression (Chisholm et al., 2006; G&@oezz, Felix, & Boller,
1999; Jones & Dangl, 2006; Navarro et al., 2004; Zipfel & Rad$qt2010). The HR is

typically not activated during PTI.

Pathogen effector proteins interdict PTI



PTl is often sufficient to contain most pathogens. Eesy “adapted” pathogens,
by definition, are successful pathogens are obviouslyesstul in overcoming these
basal defenses (Nurnberger, Brunner, Kemmerling, & P2084). To a large extent,
this is due to the combined action of afore-mentioned ¢&dfé proteins that are secreted
into the interior of host cells and suppress PTI byrfeteng with the PAMP-induced
signaling mechanism (He et al., 2006; van der Hoorn & Kanm2@@8). Hogenhout
broadly defined effector proteins as “all pathogen proteidssanall molecules that alter
host cell structure and function” (Hogenhout, Van der Hp®erauchi, & Kamoun,
2009). These changes can either result in successfdliorfeand consequent
development of disease symptoms or result in robust memesponses or both (Huitema
et al., 2004; Kamoun, 2006, 2007; van der Hoorn & Kamoun, 2008). Many
phytopathogens maintain a large effector repertoireuocessful pathogenesis. Their
collective, virulence-promoting activities in cells qomse “effector triggered
susceptibility” or ETS (Chisholm et al., 2006; Jones & Da?g06; van der Hoorn &
Kamoun, 2008). Below are a few examples of effectans foacteria and fungi for which

the mechanism of ETS is well-understood.

Effector proteins from bacteria

Gram-negative bacterial pathogens like utilize a typeelitetion system (TTSS)
that enable direct delivery of effector proteins intanplcells to suppress PTI (Galan &
Collmer, 1999). Others produce toxins (e.g. coronatine),ndme able to overcome PTI

(Block & Alfano, 2011). Plant pathogens suctPagudomonas syringaan secrete



around 20 to 30 effector proteins during infection (Abramovifeigerson, & Martin,
2006; Chang et al., 2005; Gohre & Robatzek, 2008; Lindeberg, Cusar@za|mer,

2009, 2012). Effectors are known to promote pathogenicity, &ah@TBS is
indispensable not only for effector delivery but also fdrasrtement of bacterial
virulence (Staskawicz, Mudgett, Dangl, & Galan, 2001). Adffiéector proteins are
translocated to the inside of the plant cells theyrfiete with host defenses in susceptible
plants (Abramovitch et al., 2006; Block, Li, Fu, & AlfarQ08; Cunnac, Lindeberg, &
Collmer, 2009; Espinosa & Alfano, 2004; Xin & He, 2013). THeabr repertoires
maintained by pathogens vary from strain to strain andbeagvolved in determining

the host specificity (Vinatzer et al., 2006).

An example of an effector that can enhance bactaridence by altering the
host’s ubiquitination system is AvrPtoB Bseudomonas syring&Bsy) DC3000.
AvrPtoB is multi-functional. In tomato, AvrPtoB aas an E3 ubiquitin ligase that
targets a host kinase callednthat is responsible for inducing host defenses. The
degradation of the host kinag&en interferes with host defense signaling mechanism
(Rosebrock et al., 2007b). Interestingly, AvrPtoB alsgetsArabidopsisFLS2, a
pattern recognition receptor (PRR) for degradation via thep2@®asome complex
(Rosebrock et al., 2007a). Anothesy DC3000 effector, HopM1, interferes with host
defenses by suppressing callose deposits from accumulabimgdathe infection site
during pathogen attack. Reducing callose deposition by HopMhisweed through a
post-transcriptional event that induces poly-ubiquitinatibAtMIN proteins (especially

AtMIN7) (Nomura et al., 2006; Nomura et al., 2011).



The members of the HopX1 (AvrPphE) family frédtnsyringaeand
Xanthomonas campestaentain a conserved N-terminal domain and a set of dnm@no
acid residues which are common to cysteine proteases liNknEisher, Desveaux,
Chang, & Dangl, 2007). HopX1 is thought to be involved ind&gradation of host
proteins thereby conferring its virulence activ®y.syringaeeffectors, HopAR1 and
AvrRpt2, are also known to function as cysteine prote@sdsll & Staskawicz, 2003;
Shao et al., 2003). HopARL1 is known to promote virulencddaving theArabidopsis
protein PBS1 whereas contribution to the virulence by At2Rs thought to be through
an SA-independent mechanism (Chen et al., 2007) that incdugesession of MAMP
signaling (Kim et al., 2005). AvrRpt2 is thought to suppress PTldgving RIN4.
RIN4, itself, is a negative regulator of PTI, henceRm?2 is able to disrupt the RIN4-
associated protein complex (Kim et al., 2005). Pheyringaeeffector Hopl1 that is
located in the chloroplast is known to suppress accumnlafisalicylic acid (Jelenska et
al., 2007). It is predicted that Hopl1 interacts with Hsp7&perones in the chloroplast.
This is probably the only evidence of a chloroplast-tangdbacterial effector protein to

date.

The Xanthomonasampestris pv. vesicatoreffector AvrBs3 triggers a strong
HR on pepper plants carrying the corresponding R-d&s@&(Romer et al., 2007).
AvrBs3contains recognizable motifs including a functional nudieealization signal
(NLS) and an acidic transcription activation domai®\DA required for avirulence
activity and gets secreted and recognized in the hossay®dan den Ackerveken,

Marois, & Bonas, 1996). Dimerization of the effecternecessary for full virulence and



nuclear localization (Gurlebeck, Szurek, & Bonas, 2005).€ffeetor is involved in
directly altering host gene expression which leads tanthection of hypertrophy of

mesophyll cells in susceptible plants (Marois, Van dekeAecken, & Bonas, 2002).

A variety of plant hormones, including salicylic a¢®A), jasmonic acid (JA),
ethylene, auxin, and abscisic acid (ABA), have been showbe involved in plant
defenses. These pathways can be targeted by effdéborsxample, th€.syringae
effector, AvrRpt2 can cauggrabidopsisto produce more auxin which in turn suppresses
immunity (Chen et al., 2007). Coronatine (COR) frBrayringaeis also known to induce
the expression of genes that are involved in auxin misab@Uppalapati et al., 2005).
Coronatine is a functional analog of jasmonic acidiaradcommonly known phytotoxin.
Very recently, it has been shown that COR promogesdoial virulence by suppressing
SA-dependent defensasplanta(Zheng et al., 2012Ralstoniaspecies are known to
directly synthesize ethylene (Valls, Genin, & Boucher, 2086veral bacterial effectors
are known to induce expression of genes involved in eth@rdeA biosynthesis and
signaling (Cohn & Martin, 2005; He et al., 2004; Thilmony, Underéha& He, 2006;

Uppalapati et al., 2005).

There has been no report to date of any secretidars{s) that deliver effector
proteins from fungal pathogens into host plant tissuesveyer, it has been speculated
that effectors may be delivered from the haustoriatimoapoplast of plants. The
activities of most fungal effectors are yet to be deteed but some information is

beginning to emerge. For example Avr2 and Avr4 have bearacterized from
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Cladosporium fulvumthe leaf-mold fungus. Avr2 is known to encode a cgisteich
protein that binds and inhibits the tomato cysteine pretBas3 (De Wit, Mehrabi, Van
den Burg, & Stergiopoulos, 2009; Rooney et al., 2005). The Afedter, on the other
hand, contains a chitin binding domain that binds chitin lemBurg, Harrison, Joosten,
Vervoort, & de Wit, 2006), a major component of fungal e&lll. The mechanism is
mirrored in theMagnaporthe oryzaeffector LysM protein 1 (Slp1) was found to bind to

chitin oligosaccharides thereby preventing recognition (Mkret al., 2012).

These examples illustrate that effectors can be paWwedapons to suppress host
immunity. Thus, it is commonly believed that pathogermdwed effectors at least in part
to combat host PTI. In turn, host plants have evolvedwesiance system to detect

effectors. This is described in the following section.

Effector-triggered immunity (ETI)

ETl is a robust and prolonged deployment of immunity trigdyéneeffector
proteins that encounters a corresponding surveillance pioteéie host (Chisholm et al.,
2006; Jones & Dangl, 2006; van der Hoorn & Kamoun, 2008). Tleesptors are
encoded by characteristic disease resistaiR¥) (fenes that were first defined by Flor
(Flor 1955) in the 1950s. Flor postulated the classic “gengidoe’” model, predicting
that resistance is activated when a pRugiene allele recognizes the product of a
corresponding “avirulence” allele from the pathogenak hecome quite clear now that

avirulence proteins are typically effector proteins Hratrecognized by the host R
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proteins. The majority dR genes encode proteins that are located inside the dediran
called “NB-LRR” (nucleotide binding, leucine-rich repegtoteins. These proteins
contain two signature domains: a nucleotide-binding and mkgzation domain (NOD),
followed by leucine rich repeats (LRRs) (DeYoung & Innes, 20@6general, NB-LRR
genes are known to exist in two distinct forms, eithign an N-terminal coil-coil (CC)
domain or a “TIR” domain with sequence similarity to dyeoplasmic signaling domains
of animal Toll and Interleukin-1 immune receptor proteirise NB and the LRR
domains have been known to be involved in both defelgealing and effector
recognition events (DeYoung & Innes, 2006; Jones & Dangl, 20@6tiM Bogdanove,
& Sessa, 2003; Yue, Meyers, Chen, Tian, & Yang, 2012; Zharlg 20&40) whereby the
receptor activates a complex signaling network thatrotsnthe final responses. This is
extremely important due to the fact that signaling comptenare potential targets

whereby effectors can suppress defenses.

R proteins recognize effectarsplantathrough one of several mechanisms. The
most intuitive mechanism is that R proteins detect spegfiiector proteins by direct
interaction; once the effector protein gets translatftan the pathogen to the host cell,
it makes physical contact with the corresponding R proEeridence for direct
interactions have been provided in several instancesxémple the flax rust fungus
(Melampsora linj AvrL567 genes and correspondiRggenes in flaxI{inum
usitatissimun(Dodds et al., 2006) and the recognition of NB-LRR protétfPRin
Arabidopsisby the oomycete effector protein ATR1 (Krasileva, Dahlb&c8taskawicz,

2010). The second mechanism of effector recognition ocadireatly, through which R
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proteins‘guard” specific plant proteins that are targeted by effectoas (ler Biezen &
Jones, 1998). This mode of recognition explains how seviéeat@s can be recognized
by a single R protein (Dangl & Jones, 2001). This mechaniggests that the guardee
or the effector target is required for the virulencecfiom of the effector protein. For
example, thérabidopsisR protein RPML1 is known to associate with some fasfns
RIN4. RIN4, on the other hand is targeted by sevsalldomonas syringasdfectors.
Once the effectors alter or modify RIN4, RPM1 is\ated (Kim et al., 2005; Mackey,
Belkhadir, Alonso, Ecker, & Dangl, 2003). Recently, sofffector targets were
categorized as decoy (van der Hoorn & Kamoun, 2008). A targelled a “decoy” if it

plays no role in host defense processes in absenbe obrresponding R-protein.

The sections above have hopefully provided a foundation ¥hich | can now

focus on mechanisms through which oomycetes subvert plamtnity to cause

diseases.

Oomycetes are destructive plant pathogens

Oomycetes comprise a large group of filamentous micrtitasnclude both
saprophytes and parasites of plants, animals, and in€exts/cetes, due to their
filamentous growth and feeding habits, were once cladsifs true fungi. However,
oomycetes are now commonly classified along with taeodis and brown algae in a
group broadly called the stramenopiles. Oomycetesareonly known as “water

molds”, and are non-photosynthetic organisms and founttiwiole in fresh and salt
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water habitats. Most oomycetes produce the charaatdriathentous vegetative
structures called the hyphae. Although, oomycetes andungg liave superficially
similar morphologies, they are different in many aspdéor example, the cell walls of
oomycetes are contain beta-1,3- and beta-1,6-glucans &mdsghs major components
rather than chitin as in the case of fungi. Most ocetgs are filamentous and lack septa
except where reproductive cells are produced (Slusarenkzhi&aith, 2003) and all
oomycetes have a diploid vegetative phase. Fungi,eoattier are mostly haploid in

nature.

Oomycetes are a major agricultural threat

This section focusses on a general introduction of tagses of plant-pathogenic
oomycetesPhytophthora sppand the downy mildews. The section will focus on how

these pathogens are a threat to agriculture, their nfddiestyle and their disease cycle.

The Phytophthoragenus has over 80 species that cause diseases involvirig rot o
roots, leaves, and fruitBhytophthoraspecies show a range of host specificity varying
from exceedingly broad to extremely specific (Tyler, 200Paytophthoraspecies
maintain a hemi-biotrophic lifestyle, whereby an inibatrophic phase is followed by a
necrotrophic mode of nutrition. During the initial biotropktage, they proliferate in
living host tissue and later, during the necrotrophic phase, dn dead and decaying
tissue.Phytophthoraspecies are pathogens of dicotyledonous plants. Seypeeks of

Phytophthoracause enormous damage to crop plants (Tyler, 2007b). $hexaemple to
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illustrate this is the notorioudhytophthora infestansyhich was the causative agent of
the potato late blight disease that caused the GreatHaisiine during 1845-1849. It is
noteworthy, that to date, it still remains to be thestrdestructive pathogen of potato
crops. Another important example is the soybean rabstem rot pathogen,
Phytophthora sojaewhich continues to be a recurring problem (Sogin & Sillaarm
1998). Overall, it is quite difficult to control plantsgiases caused Bjytophthorausing
fungicides or other chemicals, as they are distirehftrue fungi and may differ in their
responsiveness to fungicide modes of action. Moreaygljcation of fungicidies can be
expensive, time-consuming, and environmentally unfriendly celeas with many other
pathogens, host genetic resistance is considered e Imeast desirable control strategy.
However, oomycetes are also very adept at co-evolviogdocome host immunity.
Hence, it becomes extremely important for us to emarand understand the mechanisms
of pathogenesis of this destructive plant pathogen, tonmlveeding strategies for

durable resistance.

Downy mildew pathogens comprise another class of destumbmycete
pathogens of monocot and dicot plants, consisting of greeter800 species. Downy
mildew pathogens belong to the family Peronosporaceashwbimprises the closest
relative to the Phytophthora clade. Some examplegsde€&llasmopara viticolacausing
downy mildew of grape (Wong, Burr, & Wilcox, 200Bremia lactucaeausing downy
mildew of lettuce (Hulbert et al., 1988), the hop downy milgethogen
Pseudoperonospora humMorel, G. 1944), an®seudoperonospora cubenéalti

et.al 1980)which cause diseases on numerous cucurbits (e.g., agealucumber,
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pumpkin, squash, watermelon). Downy mildews pathogensst gftdd of many crops
and in some cases have led to 100% yield loss in indivicdld$ (Raid and Datnoff,
1990). 20% of the 4.7 billion dollar fungicide market is deddtethe control of downy
mildews, which vary in effectiveness for the reasonsrde=t above. Two downy
mildew pathogens of maizBeronosclerospora philippineend Sclerophthora rayssiae

are highly virulent and are on the list of the USDAesehgents.

Hyaloperonospora arabidopsid{$ipa) is the causative agent Afabidopsis
downy mildew and one of a handful of naturally occurrinthpgens of this reference
plant species. Like other downy mildewdpa is an obligate biotroph and hence requires
living tissue for its survivalHpa was first isolated in the 1990’s from wikdabidopsis
plants in Switzerland (E. Koch & A. J. Slusarenko, 198ipa has proven to be an
excellent pathosystem to study plant resistance mesthardue to the massive research
done on its host and its similarity with the agronorheanportantPhytophthora
species. Despite the experimental inconvenience of leimapligate biotroph, many
resources are available for researchHpa including a fully sequenced genome (Baxter
et al., 2010). As a result of many yeardph research, manfrabidopsisNBS-LRR
“R’ genes have been isolated that recognize spétjfecisolates (Allen, Bittner-Eddy,
Grenvitte-Briggs, et al., 2004; Krasileva et al., 2010; Rehretay,, 2005; Slusarenko &

Schlaich, 2003).

Phytophthora and downy mildew life cycle, haustorium structure and function
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Disease by oomycetes in the field is typically mostvptent during high
humidity and at relatively cool temperatures (e.gwken 10 and 15°C). Sporulation is
known to occur primarily at night and the spores are tiggeduring the morning by the
characteristic flinging action of dried sporangiophoreterAhat, successful infection
occurs only after a conidium germinates either dirgmtyducing an appressorium or
after making a short germ tube. This phenomenon occungweix hours of contact with
the leaf. Leaf penetration can only occur after tmeégion of a penetration hypha which
grows from the lower portion of the appressorium (BciK& A. Slusarenko, 1990).
Hyphae often branch off into the epidermal cellghaspenetration hypha grows further
down, and later pyriform haustoria are produced and direatlgr the mesophyll cells as
the hyphae grow through the intercellular spaces (egshinal., 2004). At the end of
the asexual life cycle, conidiophore initials grow outheff stomates, develop into
branched conidiophores, and release their spores (h &®\. Slusarenko, 1990). The
haustorium is a very fascinating structure of oomycetdssaregarded as a major site for
the occurrence of interesting molecular and cellulalogy. Haustoria are thought to be
the “feeding structure”, i.e., the main sites for carlovhte and amino acid uptake by the
pathogen. In addition to nutrient uptake, haustoria arad=nesl to be the primary site

for the secretion of effector proteins (Whisson et2407)

Recent developments in oomycete genomics

Whole genome sequences of several oomycetes are ndabé&vand have

underpinned the revelation of novel features associatédowinycete biology and
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evolution. Answers to several questions regarding thesiiyerf oomycete lifestyles,
gene composition, horizontal gene transfer etc. havegeihérom genome analysis and

comparisons. These are summarized in the followingosect

Genome size and architecture

Over the past seven years, genomes of over 10 phytopathogenycetes have
been described in the literature. One of the firstlatioms of genome analysis has been
the variation of repetitive DNA, which largely explaite variability in genome sizes of
oomycetes ranging from as small as 37 and 43MBliougo laibachiiandPythium
sylvaticumrespectively (Levesque et al., 2010; Links et al., 2011) largs as 240 Mb
in Phytophthora infestan@laas et al., 2009; Raffaele et al., 2010). Most of the
sequenced genomes encode similar number of genes (14,000 to Mtieédhe major
difference lies in the repeat content. For instanwae than 75% of tha. laibachii
genome is non-repeated whereas 75%.ahfestanggenome is made up of repeated
elements (Haas et al., 2009; Kemen et al., 2011). Mokeakpetitive DNA in these
genomes is in the form of transposable elements (€se regions of repetitive DNA

comprise rapidly evolving, plastic regions.

Genome-wide ortholog analysis has led to the identificatif a common
proteome of about 8,000 to 9,500 genes that is conserved pbydsgenetically
divergent oomycete species (Haas et al., 2009; Seidld®amckerveken, Govers, &

Snel, 2012; Tyler et al., 2006). These genes are predicteditvolved in core cellular
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processes including DNA replication, transcription and pmdtanslation. However,
genes involved in pathogenesis are reduced in this core p®tegion. Rather, genes
involved in host interactions typically are locatedegions of the genome that are
depleted in core genes but enriched in repetitive elem@ndsher words, the genome is
partitioned into “gene-dense” and “gene-sparse” regions. @dntitioning suggests that
genes which co-evolve with the host are found in theadyc, rapidly evolving regions
of the genome, whereas the genes that control esiseemiction are located in stable
regions that are relatively depleted in repetitive DIRAr example, in the genome ®f
infestans around 80% of the genes are found in tight clustersesisdhe rest of the
genes are separated from each other, sometimes,staiacei of >2kb. The repeat-dense
regions harbor effectors and genes involved in epigepaiitesses, implying the
importance of evolution of gene regulation in orderdap to new hosts. Studying gene-
sparse regions gives an insight into the diversity dig@genicity gene arsenals of these
pathogens, as the majority of rapidly evolving effegfenes are harbored in this region

(Haas et al., 2009; Raffaele et al., 2010).

Genome reduction for adaptation to obligate parasitism

Two lineages of oomycetes have evolved an obligateyleesthe downy mildew
pathogens and th&lbugo (white blister rust) genus. Representatives of eachdme
have been sequencddl. arabidopsidisandAlbugo laibachiiwith genome sizes of
100Mb and 37Mb respectively. This provides the opportunity tdiigegenomic

signatures of biotrophy. These studies have revealed dcageaie reductions in gene
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families that encode pathogenicity proteis such the @haegrading hydrolytic
enzymes, PAMPs, and RXLR effectors. These reductiorisapiy reflect an infection
strategy of these pathogens to minimize host damage arebyhavoid the triggering of
host immunity (Baxter et al 2010). Another common thémautations in genes for
uptake and processing of inorganic nitrogen (nitrate and mébectases, nitrate
transporters) and sulphite metabolism (sulphite redecthgerestingly, these features
are also commonly observed in the case of biotrophigi f(powdery mildew) (Spanu et
al., 2010), rust fungi (Duplessis et al., 2011) Brabkmodium(Gardner et al., 2002),
suggestive of convergent evolution. Another interestiogigthat, all the genes
associated with motility or flagellum and zoospore adimeare lost in théd.
arabidopsidisgenome (Kemen et al., 2011), suggestive of adaptation teeatt&l

lifestyle.

Horizontal gene transfer

Because fungi and oomycetes are known to have evaidegpendently to
occupy common hosts, it is speculated that the phenanw@rwmrizontal gene transfer
had taken place between them (Richards, Dacks, JenkiiBomton, & Talbot, 2006).
This hypothesis is supported by studies revealing that 7.8¥coéted proteins in the
genome oP. ramorumare acquired through HGT from fungi (Richards et al., 20Tlie
most striking example of this event is the transfegemes that encode necrosis and
ethylene inducing peptide-like proteins (NLP) toxins from fursgaa elicitor of immune

responses in several plants (Richards et al., 2011).i¢itgn of PAMPSs such as

20



transglutaminases is also thought to have occurred thraisghitenomenon from
bacteria to oomycetes. Another example of a genastiadbught to have been transferred
from fungi to the oomycetes, which encodes a putative patgohuate, 3, 4-dioxygenase

-subunit (PcaH), a key functional component of theketoadipate pathway, which
would provide a means to use aromatic compounds from theoement. Acquisitions
and loss of such genes are thought to be one of the keysem the origin of the

oomycete plant pathogens.

Oomycete effectors and their functions

Effectors have characteristic signature motifs

Both the apoplastic and cytoplasmic oomycete effecterpm@teins that contain
characteristic signature motifs (Kamoun, 2006, 2007). Apaplafiectors are
characterized by the presence of N-terminal signal peptidleed for secretion which is
followed by the C-terminal effector domain(s) (Damascenal., 2008; Tian, Benedetti,
& Kamoun, 2005; Tian, Huitema, Da Cunha, Torto-AlalibokK&moun, 2004; Tian et
al., 2007). The signal peptide is usually composed of a stietth of amino acids that
helps in the transport of the effector protein to théoglasmic reticulum and finally
through the secretory pathway. On the other hand, cywoieeffectors or the “RXLR
effectors” contain the endoplasmic-reticulum type digeguence (ER-SS) in the N-
terminal region that is involved in secretion and tr@cedion inside host cells which is

then followed by a C-terminal domain carrying the effeettivity (Kamoun, 2006,
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2007; Morgan & Kamoun, 2007). The presence of the N-termigusligpeptide in
effectors suggests that they are secreted to the outdgide pathogen (Birch, Rehmany,
Pritchard, Kamoun, & Beynon, 2006). Cytoplasmic effecttss sclude a conserved
host-targeting (HT) motif (Rehmany et al., 2005). This HTih®&around 30 amino
acids in length and has a conserved domain termed Ratlbiit it. The RXLR effectors
are termed so due to their amino acid sequence Arg-x-Lguwhrere “x” is commonly
aspartic acid (D), glutamine (Q) or glutamic acid (E)) (Dgale, Wang, Chen, Wang,
Wang, et al., 2008; Rehmany et al., 2005; Whisson et al., 2007 hdb@am of the
RXLR within the HT motif are negative residues, E or Dohhmake up the dEER motif
(Bhattacharjee et al., 2006). Both the RxLR and dEER ramgifequired for proper host
targeting (Bhattacharjee et al., 2006). The C-termindlofd&xLR effectors is highly
polymorphic and it is thought that this region is responddi¢he effector activity inside
plant cells (Allen, Bittner-Eddy, Grenville-Briggs, et,&004; Allen et al., 2008;
Rehmany et al., 2005). Many effectors also contain corgé&yerminal motifs namely
tryptophan (W), tyrosine (Y) and leucine (L). These matiks generally arranged as
repeats and have been shown to be required for defensessimppiEctivity and
recognition by R proteins (Dou, Kale, Wang, Chen, WanggJiainal., 2008; Jiang,
Tripathy, Govers, & Tyler, 2008). It is interesting to ntitat RXLR effector proteins are
not present in all oomycete genomes, for exanipiehium Albugq andAphanomyces
spp.(Schornack et al., 2010). It has been hypothesized thaR Rifiectors have recently
evolved and are characteristic to haustoria-forming ootayga&thogens (Schornack et

al., 2010).
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Hundreds of candidate effector genes occur in Phytophthora and Hyaloperonospora

genomes

Catalogues of effector genes frétgaloperonospora arabidopsidiB. infestans
P. ramorumandP. sojaewere identified from bioinformatic screens based on the
presence of conserved domains and motifs in the N-terroinihe RxLR effectors (Haas
et al., 2009; Jiang et al., 2008; Tyler et al., 20B6ytophthoraspecies contain a large
number of candidate RXLR genes, with 56®innfestans396 inP. sojag(396), and
374 inP. ramorum TheHpa genome is predicted to harbor 134 effector proteins (Baxter
et al., 2010). Often the RxLR genes are found in distinsters in thd®hytophthora
genomes (Haas et al., 2009; Jiang et al., 2008; Tyler @086). Hence, non-allelic
homologous recombination and gene duplication event hasféiely common in the
diversification of these effectors (Haas et al., 200R)merous oomycete effector genes
have been cloned to date fréhsojae(PsAvrla, PsAvrlb, PsAvrlk, PsAvr3a/5,
PsAvr3b, PsAvr3c, PsAvr4d/6, and PsAvh7B) infestangPiAvrl, PiAvr2, PiAvr3a,
PiAvr3b, PiAvrBIbl, PiAvrBIb2 and PiAvrVntl) and. arabidopsidigHaATR1,

HaATR13, HaATR39, HaRxL17, and HaRxL96).

Amino acid polymorphism, a common occurrence among most effectors

Because effectors are major virulence determinantcémalbe recognized by

plantR proteins, effector ranges are shaped through co-evolwianars races

(Hogenhout et al., 2009; Kamoun, 2007). Hence effector geesgmrapid sequence
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alterations and show high rates of amino acid polymonpdiparticularly non-
synonymous substitutions with positive selection (Aé¢al, 2004; Liuet al, 2005;
Rehmanyet al, 2005; Winet al, 2007). The characterization of some of these effector
genes has shown that positive selection has targeted-tbrminal effector domain
regions of the effectors (Allen, Bittner-Eddy, Grere4Briggs, et al., 2004; Z. Liu et al.,
2005; Rehmany et al., 2005). Positive selection is more ervial the C-terminal
effector domain regions as it contains repeats of ceeddaryptophan (W), tyrosine (Y)
and leucine (L) residues required for defense suppressimityaatid recognition by R

proteins (Dou, Kale, Wang, Chen, Wang, Jiang, et al., 2008y &t al., 2008).

Import of RXLR proteins into host cell

It is known that bacterial pathogens use specializeggen machineries to
directly inject effectors into host cells (Tseng, 8ryl& Setubal, 2009). (Lafont, Abrami,
& van der Goot, 2004) showed that many bacterial toxins dan kost cells by
endocytosis after binding glycolipid receptors. Parasiiet ag’lasmodiunmhave a host
targeting signal (HTS), that includes the Pexel muatifich enables translocation of
secreted effectors across the vacuolar membrane (Bhaitgze et al., 2006; Hiller et al.,
2004; Martin et al., 2003). It is known from previous studies éffectors from
oomycetes have the N-terminus HTS which contain the RxbdRdEER motifs (Jiang et
al., 2008; Rehmany et al., 2005; Tyler et al., 2006), which baga found in some
studies to be necessary and sufficient for effectostoaation into host cells in the

absence of the pathogen (Dou, Kale, Wang, Jiang, @08i8; Whisson et al., 2007). The
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mechanism of translocation has been under active igaésh. Further research
suggests that RXLR effectors could bind with high affinitytte cell-surface
phospholipid, phosphatidylinositol-3-phosphate (P13P) amatiosphatidylinositol-4-
phosphate (P14P), via RXLR motifs, but not to other Pl gudgphates or any anionic
phospholipids, and mediate effector translocation imohiost cytoplasm (Kale et al.,
2010). However the mechanism of effector entry isstiller debate and is an area of
active research due to the lack of reproducibility ofRH&P binding experiment results
(Ellis & Dodds, 2011; Gan et al., 2010; Yaeno et al., 2011).66ah2010 have shown
that the C-terminal domain of the effector AvrM and 1687 from the flax rust
pathogen was involved in PI3P binding and more recentlynd'aeal., 2011 showed
that the effector domain and not the RXLR domain of3&wvas required for PI3P
binding and this was essential for the stabilizationsofatget CMPGL1 in order to
effectively suppress cell death induced by INF1. For the cetayfish pathogen,
Saprolegnia parasiticait was found that that binding to tyrosine-o-sulprad not PI3P
was necessary for the translocation of the SpHtgLeff (Wawra et al., 2012). It is
highly possible that there are multiple mechanisms lbeoé&ry by oomycete effectors
like the ones that have been proposed for the magarakite Plasmodium falciparum
having the characteristic PEXEL host-targeting motif. Thisn area of oomycete

biology that needs much more study in the short term.

Effectors are differentially expressed during infection
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Effector genes frorhytopthora sppshow diverse patterns of mMRNA expression
during the infection of host plants. Many of the kndwinfestansRxLR effectors get
induced during the stages of pre-infection and early stagefeofion of potato (Wang et
al., 2011; Whisson et al., 2007). Other effectors Ake3a Avr4 andAVRblblare
upregulated during the biotrophic phase of infection, whichtit 243 days post
inoculation (Haas et al., 2009). Finally, there areestike the NPP1 toxin that get
expressed at only the late necrotrophic phase (QutoboH@nd. Gijzen, 2002).
Regulation of these effector genes results in disstage-specific expression patterns
that reflect the elaborate processes of cellulatroburged byPhytophthoraas effectors
get deployed during host colonization (Wang et al., 2011). st oases, this stage-
specific expression pattern is utilized by the pathogeitdawn benefit. The most
strongly expressed effector gene$?osojaeshowed two distinct expression patterns,
namely, the “immediate early” and the “early” gen@smiediate early genes are very
strongly expressed at the very beginning of the infectioereas the early genes are
strongly induced within 6 to 12 hours post infection whiclregponds to the appearance
and development of numerous haustoria in the infectedWastg et al., 2011), hence,
underlying the importance of the initial biotrophic phasbak been suggested that the
immediate early effectors are successful in ETI supjonesthereby paving the way for

early effectors to successfully suppress PTI respolgasd et al., 2011).

Effectors have distinct localization sites in the host tissue
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In several cases, oomycete RXLR effector proteink@ogn to have different
locations and targets in the host (Kamoun, 2006, 2007)vényarecently conducted
study, out of the 49 HaRxL effector proteins tested, 16amtlocalized to the host
nucleus and cytoplasm, 3 strictly to the host cytoplasthl to the vacuole (Caillaud et
al., 2012). It is interesting to note that some of tiiecédrs that were strictly localized to
the nucleus did not have the characteristic nucleatiation signal (NLS) motif
(Caillaud et al., 2012). A second class of effectors wasddo be targeting the plant
membrane trafficking network including the regions afelasmic reticulum (Caillaud

et al., 2012).

Structure of some RXLR effector proteins

Recent structural studies of some of the RXLR effechawve provided additional
information regarding the function and evolution of thpsoteins (Boutemy et al., 2011,
Chou et al., 2011; Leonelli et al., 2011; Yaeno et al., 2014g.sfructures generated
using nuclear magnetic resonance (NMR) for ATR1 and @itggraphy for others
revealed that the C-terminal domains of some of thesteins had a conserved fold
comprising three helices that span conserved trypyophamaifdvtyrosine (Y) residues in
the hydrophobic core of the fold; this was termed the MY ffegion (Win et al., 2012).
A fourth helix forming a bundle was identified in somesesthffector proteins that
corresponded to a positive charged lysine (K) residue éBouet al., 2011; Yaeno et al.,
2011). It is predicted that the WY fold played an importafé in forming a scaffold that

supported the RXLR effectors from their increased chaimgesmary sequence and

27



structural architecture (Win et al., 2012). This insight valaable foundation for future
studies to understand how this fold evolves to supportactien with different host

proteins.

Several effectors suppress plant immunity

Other than the host targeting motifs and the WY fdidré are essentially no
other recognizable motifs in the sequences of RxLR eifectn other words, the
primary sequences of these proteins provide no cluégironolecular functions.
Furthermore, the catalogs of candidate effectors wamstucted based on only on short
motifs. Thus, much of the initial efforts towards undamsiing the virulence activities of
oomycete effectors have been focused on generic assalysato evidence that the
candidate effectors are bona fide effectors that cansspptant immunity. In terms of
effectors fromP. sojag overexpression of the Avriyotein causes increase in pathogen
growth on soybean plan{Bou, Kale, Wang, Jiang, et al., 2008) and also supprdss cel
death induced by thero-apoptotic BAX protein in both yeast and plants (DodeKa
Wang, Jiang, et al., 2008). Similarly, using agro-infiltratssay iNicotiana
benthamianaWang et al. 2011 found a vast majorityRofsojaeeffectors could suppress
cell death induced by BAX and/or INF1. A8hytophthora infestanghe Avr3a, PexRD8
and PexRD3g.1 suppress hypersensitive cell death induced by INF1 (Arntsebal.,
2005; Bos, Chaparro-Garcia, Quesada-Ocampo, McSpadden Gadl&aenoun, 2009;
Bos et al., 2006; Oh et al., 2009). Fiyaloperonospora arabidopsidig)e ATR13

protein is known to suppress callafeposition triggered byseudomonas syringae
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(Sohn, Lei, Nemri, & Jones, 2007). In a large-scalesalbeposition screen, 35 out of
62 Hpa effectors tested were found to suppress callose depa$iadno et al., 2011). In
addition, (Sohn et al., 2007) have shown that bothHtherabidopsidieffectorsATR1
and ATR13enhance the virulend@ syringaenvhen delivered through the effector
detector vector method and also suppress the productiogectii®Re Oxygen Species

(ROS).

For a handful of effectors, there is now evidence supgpprobable mechanisms
of virulence. For example, it has been shown thaBaAwnteracts with thal.
benthamiandJ-box protein, CMPGL1 and this interaction is thought toraie virulence
by stabilizing CMPGL1 (Bos et al., 2010; Gonzalez-Lamotta. e2006). Also, another
P. infestanseffector SNE1 was recently found to suppress plantiealih and cell death
triggered by NLP toxins (Kelley et al., 2010). AvrBIbl effegbootein fromP. infestans
is thought to disrupt the RGD-motif-mediated adhesions betweeplant cell wall and
the plasma membrane (Gouget et al., 2006; Senchou et al., B@8rgstingly, AvrBlb2
from the same oomycete inhibits the secretion of hdehde cysteine protease, C14 by
accumulating on the inner face of the host plasma-memebiBozkurt et al., 2011). It has
been recently shown that anottfersojaeeffector Avr3b, which is a nudix hydrolase
having the ability to destroy NADP and ADP-ribose, can seggROS accumulation
(Dong et al., 2011). Further studies to understand the mectsathismigh which RXLR

effectors promote virulence will be a major area opbkasis in the years to come.

Non-RXLR effectors from oomycetes
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Genomic and molecular studies involving oomycetes have fgehéidditional
protein families that are involved in oomycete virulertea. example, the second major
class of widely distributed cytoplasmic effector protehret oomycetes such as those of
the ordersSaprolegnialesPythiales AlbuginalesandPeronosporalegroduce are termed
as the crinklers (CRN) (Gaulin et al., 2008; Levesquas.eR010; T. Liu et al., 2011).
They are named as crinklers because many trigger diegrand necrosis phenotype
when transiently overexpressed in plants (Torto eP803). Similar to RXLR proteins,
crinklers are diverse, rapidly evolving and have charatic motifs with a conserved N-
terminal LXLFLAK motif or the “crinkler domain” for hst-cell entry followed by
diverse C-terminal domains (Haas et al., 2009; Schornaak @010). Most of the
crinklers identified to date localize to the host nusl€T. Liu et al., 2011; Schornack et
al., 2010) and one crinkler, CRN8, encodes a kinase thgets HR by a mechanism
dependent on its nuclear localization (Schornack g2@10). Several crinklers have also
been found to be important for virulence; one of tha$eeaes this by ETI suppression

in the host (Links et al., 2011).

A number of other effector superfamilies await detailatctional
characterization. Recent genome studies of the whit@bligate biotrophic plant
pathogenAlbugo laibachidentified candidate effector proteins having the noveKCH
motif (cysteine, histidine, x, cycteine) (Kemen et 2011). These include the
extracellular toxins, hydrolytic enzymes and several eezyibitors (Tseng et al.,
2009). Specific examples includpoplastic effector proteins that inhibit plant hydrolytic

proteins (i.e., the plant glucanase and protease inhibiish protect the pathogen
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from damage by these host degradative enzymes (Kamoun, 2@f6ycetes also
secrete proteinase inhibitors to degrade the severa¢ sarthcysteine-rich proteases the
host plant produces as a means of its natural defense nguh&or examplep.
infestangoroduces two serine protease inhibitors, EPI1 and EPI10hwimd to and
inhibit P69B, a tomato apoplastic protease (Tian et al.,;Z084 et al., 2004). Two
extracellular cycteine protease inhibitors EPIC1 and ERi&8 P. infestansnactivate
C14, Pip1 and Rcr3 proteases in the apoplast thereby protéaingracellular hyphae
(J. Song et al., 2009; Tian et al., 2007). The best studidebsé is a papain-like cysteine
protease, C14 which is essential in plant immunity (Bazétual., 2011). However not a
lot is known about these candidate effectors and fomaticharacterization of these still

needs to be established.

Examples of extracellular toxins are provided by theomsrand ethylene
inducing peptide-like proteins (NLP) (Qutob et al., 2006) Rhgtophthora cactorum
factor (PcF) and the secreted cysteine-rich (Scr) t@kihiu et al., 2005; Orsomando,
Brunetti, Pucci, Ruggeri, & Ruggieri, 2011; Orsomando et al., 2@¥fithese, NLP
families of proteins are best studied. They are highly toxiature and are known to
trigger strong programmed cell death in a number of host9(&ijzen & Nurnberger,
2006; Qutob et al., 2006). They are found extensively in kemgées in alPhytophthora
spp(Haas et al., 2009; Tyler et al., 2006), along with somgdland bacterial plant
pathogens. As mentioned above, it is hypothesized thabhtal transfer of these NLP
genes from fungi facilitated the emergence of oomyatgdant pathogens (Reiss et al.,

2011). Other families, called PcF and Scr, show greaterdgeneity among some
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oomycetes and are found extensively in the genomeklydbphthora spigHaas et al.,
2009; Orsomando et al., 2011) dgthium(Levesque et al., 2010).
Oomycetes also produce several complex carbohydrate-deagetiymes such
as lipases, proteases, lyases, glucanases, cellutaspsdiin esterases that presumably
aid in pathogen penetration (Haas et al., 2009; Tyler,62@06). Obligate biotrophs such
asH. arabidopsisdiandAlbugohave reduced numbers of genes encoding these enzymes
as it is believed that the carbohydrate fragments gestkas a result of enzyme activity
are putative PTI triggers and this gene reduction in obligateopias suggest a genomic

adaptation for stealth (Baxter et al., 2010; Kemen gR@l1; Links et al., 2011).

Conclusions

When the collections of effectors are compared betwipa andPhytophthora
there is a large amount of divergence. Only 30% of thiéseters have greater than 20%
identify with their besP. sojaematch. Only 5% shared greater than 40% identity. These
are the ones that have become the most interedtewaes for us and | plan to highlight
this in the next two chapters of my dissertation.réhg a possibility that these effectors
were selected during the evolution of oomycetes and argaimed because of their

importance in establishing or maintaining the interactth their host.

One advantage ¢thytophthorahat helps in understanding pathogenesis is that, it

can be genetically modified. Hence we use it as dlphnaodel system along with

Arabidopsis-Hpanteraction for our purposes. Numerdisytophthoraools including
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sequenced genomes are available to study this model s@ter@Phytophthoraare
heterotrophic, it is possible to culture and transform t{em gene silencing and
overexpression) which is not possible witha. We have exploited the power of
Arabidopsisgenetics with thélpa pathosystem and utilized the genetic tractabiliti? of
sojaefor our experimental purposes. Our overall goal is tathiserelationship to study
conserved effectors between the two related speciktogdther, examining conserved

effectors gives us some insight to how these large effémmilies have evolved.

Despite the substantial progress in recent years, iemach that we still do not
know about oomycete effectors. A mechanistic understamdihgw oomycete effectors
traffic inside host cells, modify host targets andrgilant processes remain poorly
understood. Homology searches to known proteins offter dittno clues for effector
targets or function, delaying our understanding of the comptexaction between
oomycetes and plants. The identification of effectotatzules from various eukaryotic
pathogens enables us to draw parallels between prokargdteukaryotic pathogens and
helps us to investigate the extent to which these diyatdegens share virulence
strategies and target similar pathways of plant immunity.

My dissertation research is designed to increase uaddisy of the molecular
mechanisms that enable oomycete pathogens to causesdisegslants. | focus on
effectors that are conserved betwehra andP. sojae | show that analysis of conserved
effectors reveal virulence functions that are importanall oomycete plant pathogens.
In the next two chapters, | summarize identificatama functional analysis of a one

effector fromH. arabidopsidighat has an identifiable homologRmytophthora sojae
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My dissertation research focuses first on a detdiladtional characterization of
HaRxL23from H. arabidopsidisandPsAvh73rom Phytopthora sojaeThe second part
of my dissertation focuses on the interaction betwageeffector protein fror.

arabidopsidisand its target in the host.
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Abstract

Effector proteins are exported to the interior of hedisdy diverse plant pathogens.
Effector proteins have been well characterized in Ibact€ontrastingly, their functions
and targets in oomycete pathogenicity are poorly undersBiiiformatic analysis of
genome sequences from oomycete pathoBagsophthora sojadP. ramorum P.
infestansandHyaloperonospora arabidopsid{sipa) have led to the identification of a
large number of candidate RXLR effector genes, encodotgips with host cell

targeting motifs. Although most of these genes are dimgrgent between oomycete
species, several genes are conserved betRlegophthoraspeciesandH. arabidopsidis
suggesting that they play important roles in pathogeni€hys research aims to
characterize a pair of conserved effector candidét@BxL23andPsAvh73 fromHpa
andP.sojaerespectively. We show thetaRxL23is expressed early during the course of
Hpa infection ofArabidopsis HaRxL23triggers an ecotype-specific defense response in
Arabidopsis suggesting that it is recognized by a host surveillanceiprétaRxL23and
PsAvh73can suppress immunity triggered by pathogen associated nawlpatterns

(PTI) and by effectors (ETin planta Both effectors enhance bacterial virulence in
Arabidopsiswhen delivered by the Type Il secretion system. Expamisiwith
transgenidArabidopsisconstitutively expressingaRxL23andPsAvh73also suggest
suppression of immunity triggered by pathogen associated ntarigmatterns,
enhancement of bacterial and oomycete virulence and suppressiefense gene
induction. Hence, these conserved oomycete RxLR effestigzress PAMP- and

Effector-triggered immunity across diverse plants.
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Introduction

Oomycetes pathogens have evolved sophisticated mechanisvercome host
recognition by suppressing host defenses (Bos et al., 2006; éladdrp2011; Oliver &
Ipcho, 2004; van der Hoorn & Kamoun, 2008). One of the mostutéige group
oomycete genera Bhytophthorawhich is comprised of over 80 species (Tyler, 2007).
For examplePhytophthora infestanshe causative agent of the potato late-blight disease,
caused the Great Irish Famine during 1845-1849 and it remainghe b®st destructive
pathogen of potato and tomato to date. Downy mildews pathegemwise a sister
group to thePhytophthoragenus. They are obligate parasites on plants and caesseis
on grape, lettuce, hop and cucurbits. They have affectitofienany crops and in some
cases have led to 100% yield loss in individual fieldsqRad Datnoff, 1990). Overall,
it is quite difficult to control oomycete diseases heseathey rapidly evolve to overcome
fungicides or genetic resistance in the host.

Plants maintain a robust, multilayered immune systethenables them to resist
most pathogens (Jones & Dangl, 2006). The primary layplaot immunity is activated
by the recognition of conserved microbial molecules tdrasepathogen (or microbe) -
associated molecular patterns (PAMPs or MAMPS) bythit pattern recognition
receptors (PRRs) (Jones and Dangl, 2006; Zipfel and Reya@10). This is termed
PAMP-triggered immunity (PTI). Outputs of PTI include produtiof reactive oxygen
species, callose deposition, activation of MAP kinageading cascades and induction of
defense genes (Jones & Dangl, 2006; Zipfel & Robatzek, 2010).

In response to PTI, successful pathogens deliver effpaitgins to the host

cytoplasm to interfere with PTI responses (Bos, Chap@arcia, Quesada-Ocampo,
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McSpadden Gardener, & Kamoun, 2009; Bos et al., 2006; Fabko 20H1; van der
Hoorn & Kamoun, 2008). Effectors have been extensivelyiediud bacterial
phytopathogens such Bseudomonas syringge. tomato(Ps), which secrete around 20
to 30 effector proteins during infection (Abramovitch, AndersiMartin, 2006; Chang
et al., 2005; Gohre & Robatzek, 2008; Lindeberg, Cunnac, & Col2089, 2012).
Some pathogen effectors are recognized by host resigi@nhpeoteins directly or
indirectly, activating a second line of plant immunigyféctor-triggered immunity or
ETI) (Chisholm, Coaker, Day, & Staskawicz, 2006; Jonesa&dd, 2006; van der Hoorn
& Kamoun, 2008). The culmination of ETI is the productioroaflized cell death or
hypersensitive response (HR) that stops the pathogentmadks (Dodds & Rathjen,
2010). Pathogens, on the other hand, have evolved moreedfex counteract ETI by
either avoiding R protein recognition or suppressing downstgégnaling events (Jones
& Dangl, 2006; Links et al., 2011; Wang et al., 2011).

Phytophthoraspecies and downy mildew pathogens are thought to secrete
effectors from intracellular feeding structures calledstaria (Torto et al., 2003;
Whisson et al., 2007). Based on their targets in the éffsttors are broadly categorized
as apoplastic or cytoplasmic (Birch, Rehmany, Pritchéadpoun, & Beynon, 2006;
Kamoun, 2006; Qutob et al., 2006). Bioinformatic approaches ledvie the
identification of many effector candidates in the geesmwf oomycetes (Baxter et al.,
2010; Kamoun, 2006; Schirawski et al., 2010; Spanu et al., 2010). &dhemost
widely studied oomycete effector proteins defined by the pceseinsignal peptide (SP)
in its N-terminal followed by host targeting (HT) regiommprised of the amino acid

motifs RXLR (arginine (Arg)-any amino acid-leucine (Le{#tg)) and EER (glutamine
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(Glu)-Glu-Arg)) motifs (Rehmany et al., 2005; Whisson et20Q7). The SP enables
secretion of the effectors outside the pathogen andasietargeting motifs are required
for targeting the effectors to the interior of hodtscéBhattacharjee et al., 2006; Dou et
al., 2010; Dou, Kale, Wang, Chen, Wang, Wang, et al., 2008; IKada, Wang, Jiang, et
al., 2008; Grouffaud, van West, Avrova, Birch, & Whisson, 20G8noun, 2006;
Rehmany et al., 2005; Whisson et al., 2007). These signaigazally followed by a C-
terminal domain that mediates the effector protein’siipdanction inside the host cell
(eg: interaction with host protein). Many effectoroatentain conserved C-terminal
motifs containing tryptophan (W), tyrosine (Y) and leucibgrésidues. These motifs are
generally arranged as repeats and have been showndaquired for defense suppression
activity and recognition by R proteins (Dou, Kale, Wang,Chgang, Jiang, et al.,
2008; Jiang, Tripathy, Govers, & Tyler, 2008).

Phytophthora sppand downy mildew pathogens maintain large repertoires of
predicted RXLR proteins (Haas et al., 2009; Tyler et al., PB@6functional analysis of
only a handful have occurred to date. For example solitoeffectors oPhytophthora
infestansAvr3a, PexRD8 and PexRDg6 suppress hypersensitive cell death induced by
anotherP. infestangrotein, INF1 (Armstrong et al., 2005; Bos et al., 2009; Bad. e
2006; Oh et al., 2009). More recently, it has been shoatnA¥r3a interacts with th.
benthamiandJ-box protein, CMPGL1 and this interaction is thought toraie virulence
by stabilizing CMPGL1 (Bos et al., 2010; Gonzalez-Lamotls. e2006). AnotheP.
infestanseffector SNE1 was recently found to suppress plantiealih and cell death
triggered by NLP toxins (Kelley et al., 2010). The AvrBIb1 efite protein fronP.

infestangs thought to disrupt the RGD-motif-mediated adhesionsdxst the plant cell
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wall and the plasma membrane (Gouget et al., 2006; Senchbu2f04). More
recently, it has been shown that AvrBIb2 inhibits theresgon of host defense cysteine
protease, C14 by accumulating on the inner face of tsiegmsma-membrane (Bozkurt
et al., 2011).

Hyaloperonospora arabidopsid{$ipa) is an obligate biotroph and is the
causative agent drabidopsisdowny mildew (Slusarenko & Schlaich, 2003). Recently,
sequencing the genome of tHpa isolateEmoy2revealed at least 134 candidate
effectors (HaRxLs) (Baxter et al., 2010). Of theseeastl 42 have been found to be
expressed during infection (Cabral et al., 2011). To date,aofd@wHpa effector genes
including Arabidopsis thalianaecognized 1 (ATR1) and ATR13 have been confirmed as
bona fideeffectors (Allen et al., 2004; Anderson et al., 2012; Fabwd., 2011,

Rehmany et al., 2003). Very few of tHpa effectors have recognizable homologs in
Phytophthoraspecies (Baxter et al., 2010). However, some are c@theand we are
characterizing these to determine whether they are anaéat because of particular
importance in establishing or maintaining the interactwith their host (eg: (Anderson et
al., 2012)). We anticipate that analysis of conserveztffs will reveal virulence
functions that are important for all oomycete plarthpgens.

In this study we describe a homologous pair of effectora H. arabidopsidis
andPhytophthora sojae, HaRxL2#dPsAvh73We show thaHaRxL23andPsAvh73
are expressed early during the course of infecti@RxL23and notPsAvh73rigger an
ecotype-specific defense respons@iabidopsis suggesting that it is recognized by a
host surveillance protein. Both the effectors are tb&ippress immunity triggered by

PAMPs and by effectors in diverse plants and canexlbance bacterial virulence in
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Arabidopsis Experiments with transgenirabidopsisconstitutively expressing
HaRxL23andPsAvh73confirm the above results with regard to PTI suppressiod
enhancement of bacterial virulence. Finally, transgemintplalso show enhancement of

oomycete virulence and suppression of defense gene induction.

Results
HaRxL23 and PsAvh73share conserved functional domains and are syntenic
betweenPhytophthora sppand H. arabidopsidis

EffectorHaRxL23is one of four high-confidendg¢pa RXLR candidate effector
genes for which a homolog is present at syntenic loehytophthoragenomeg¢Baxter
et al., 2010).

HaRxL23andPsAvh73ontain a predicted N-terminal signal peptide (SP). The
SP is followed by the host-targeting (HT) region compggshe RxLR (RLLR and
RALR) motif in HaRxL23andPsAvh73 respectivelydoth also contain a short acidic
dEER-like motif in their host-targeting (HT) regioRigure 2.1). BothHaRxL23and
PsAvh73effectors contain multiple copies of the degenerat& Vénd L motifs (Dou,
Kale, Wang, Chen, Wang, Jiang, et al., 2008). There ap¢heo discernible motifs or

subcellular localization signals in the sequencebedd effectors.

HaRxL23 and PsAvh73are induced early during pathogen infection.
SinceHaRxL23andPsAvh73were selected solely on sequence motifs, we needed
experimental evidence to confirm whether these geneslebona-fideeffector

proteins. As a first step, we tested whetHaRxL23was induced during infection by
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virulent Hpa. Four weeks old, short-day growmabidopsisecotype Oystese (Oy-1)
plants were inoculated with conidial suspension of spioo@s the virulentHpa isolate
Emoy2. RNA was isolated from infected plant tissue retegeat different time points,
and cDNA was generated. Effector expression was assayagl quantitative real-time
PCR (gRT-PCR) with primers specific felaRxL23 Abundance oHaRxL23transcript
peaked at around 12 hours post infectigigre 2.2 and declined during the later time
points. A similar pattern of “early” expression wasetved folPsAvh73n a compatible
interaction study betwedn sojaeand soybean (Wang et al., 2011). These assays
together demonstrate that both genes are expressedanty infection, consistent with

a function as effectors.

HaRxL23 is recognized in the host in an ecotype-specific manner.

As another test of effector function fBlaRxL23 we determined whether it
induces effector-triggered immunity (ETI) Arabidopsis We used the “effector detector
vector (EDV)” system, in whicRseudomonabacteria deliveretiaRxL23or PsAvh73
via type Il secretion system (T3S) to the interioAodbidopsiscells (Sohn, Lei, Nemri,
& Jones, 2007). We usétseudomonas fluoresceBtHAN (Effector to Host Analyzer),
which is a non-pathogen éfabidopsisand does not encode any effector proteins of its
own (Thomas, Thireault, Kimbrel, & Chang, 2009). This straas genetically
recombineered to have a functional T3SS similar todhBtsyringaeThis ensured the
exclusive delivery of our effector in the host, withoatplications from endogenous
bacterial effectors. Equally important is that EtHAregmot trigger disease symptoms,

making it easier to visually discern an HR without backgdofuom disease symptoms.
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As a standard of comparison for a typical hypersengigsponse (HR), we used
PstDC3000 carrying AvrRpt2 in the resistaftabidopsisecotype Col-{Figure 2.3A-
B) (Sohn et al., 2007). We also used lthga avirulence effector, Atrl3, which has been
previously shown to trigger HR due to recognition of this&fir by the RPP13
resistance protein. When delivered via Bsgudomonasystem, Atrl3 produced a
typical leaf collapse phenotygEigure 2.3A-B) (Sohn et al., 2007). We inoculated Pfo
EtHAN expressinglaRxL23onto 48Arabidopsisecotypes. We observed leaf collapse
symptoms comparable to the two controls inAhabidopsisecotype Ei-4AFigure 2.3A-
B). Two otherArabidopsisecotypes, Ob-0 and Pla-1, also showed partial leaf cellaps
phenotypes in response to EtHA#RXL23, indicative of a weak HRSupplemental
Figure 2.1). WhenPsAvh73wvas delivered to Ei-4, a weak leaf collapse phenotype was
observed. This experiment indicates tHaRxL23and notPsAvh73s recognized by the
Arabidopsisimmune system in an ecotype-specific manner, suggextiyene-for-gene
resistance.

To further confirm our results we quantified bacterial gitom planta We
predicted that iHaRxL23is triggering the cell death response in Ei-4 theretsbould
be less growth of bacteria in these plants comparedrityol bacteria that did not contain
the effector. Hence, we compared the growth, in Eifgiralent PstDC3000 expressing
HaRxL23to PstDC3000. Accordingly, we observed a four-fold reduction irtdyaed
growth in DC3000laRxL23 compared to DC300@Figure 2.3C)in Ei-4. This is
consistent with thélaRxL23dependent HR response and further supportdHaRixL23

is triggering ecotype-specific resistance, consistert affector functionality.
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HaRxL23 and PsAvh73suppress programmed cell death ilNicotiana benthamiana
As a first test of whethddaRxL23andPsAvh73contribute to virulence, we
assayed whether; these effectors could suppress prograratingeath (PCD) when
transiently expressed, visgrobacteriuramediated delivery, ilN. benthamianaNeither
of the effectors could induce cell deatiNnbenthamianaFor these assays, we induced
PCD by delivering th®. infestanslicitin, infestin 1 (INF1) oP. sojaePsAvh163,
which cause a strong HR in leave\ofbenthamiangAnderson et al., 2012; Bos et al.,
2006; Wang et al., 2011Agrobacterium tumefacieridV3101 strain expressing either
HaRxL23or PsAvh73was infiltrated into the leaves df. benthamiana24 or 48 hours
later, these leaves were challenged with INFP$Avh163via Agrobacteriumamediated
delivery. Five to seven days later, we visually scoreth @#iltration site for cell death.
We observed thatlaRxL23does not suppress the programmed cell death caused by INF1
(Supplemental Figure 2.2, butPsAvh73does so successfullizigure 2.4A). Both
HaRxL23andPsAvh73were able to suppress PsAvh163-induced cell d&aglre
2.4B). An Agrobacteriumstrain expressing YFP served as the control for thgemment
and did not suppress PCD either by INF1 or PsAvh163. Thasksresggested that, like
many bacterial and oomycete effectors (Alfano, 2009y&ah al., 2011; Wang et al.,

2011), these two effectors were also capable of suppressbgnC benthamiana

HaRxL23 and PsAvh73suppress programmed cell death in soybean.
Our next experiment was to test for suppression of infijmunsoybean leaves.
Avr4d/6is an RXLR effector frorR. sojaethat triggers an HR in soybean cultivars with

the RPS4or RPS6resistance genes (Kale & Tyler, 201\NhenAvr4/6is co-transformed

71



with -glucuronidase (GUS) into leaves wigiPS4or RPS6 programmed cell death
(PCD) from a hypersensitive response elicitedhlagd/6 reduces the amount of blue
spots visualized. Co-transformation with a third genesbhppresses PCD will enhance
plant cell viability, which manifests itself as a larg@mber of GUS-positive spots in the
leaves bombarded with the effector (Dou, Kale, WangnClvang, Jiang, et al., 2008).
This assay allows for quantitative assessments ofdatedeffector’s ability to suppress
PCD. A second elicitor frorR. infestansCRN2, was also used in this assay. CRN2 is a
necrosis-inducing extracellular protein (crinkling and neix 2) and its ectopic
expression results in cell death respongd.ihenthamiandeaves and also induce the
expression of defense responses in tomato (Torto 208al3).

Avr4/6 was cloned into pUC19 plasmid driven by a di@MV35spromoter.
Candidate effectors were cloned into a Gateway cobvipdiinary vector with a
CmV35S promoter. Using a double barrel apparatus retrofit&ibRad PDS-1000
Gene Gun, control and experimental samples are bontbardether reducing variability
and assisting in shooting a defined ar®applemental Figure 2.4 (Dou et al., 2010;
Dou, Kale, Wang, Chen, Wang, Jiang, et al., 2008). Tramgiexpressing Gus and
Avr4/6in soybean using the double barrel gene gun as the delivenganetduced the
amount ofGusexpressing cells up to 60% compared to the empty vectaot@dou et
al., 2010). However, a combinationtddRxL23or PsAvh73, GuandAvr4/6 (Figure
2.5A) increased the amount Glusexpressing viable cells. Similarly, we observed a 65%
decrease dBusexpressing viable cells in tissue bombarded with CRN2 +&stive to
control samples bombarded wiBusbut not CRN2 and there was a significant increase

in cell viability whenHaRxL23or PsAvh73wvas included in the setupigure 2.5B). This
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experiment indicates that battaRxL23andPsAvh73are able to suppress Avr4/6 and

CRN2-induced PCD in soybean.

HaRxL23 and PsAvh73enhance susceptibility to virulentHpa.

Another approach to test effectors in suppressing PAMP-tedgend Effector-
triggered immunity is to stably express the effector ganésnsgeni@rabidopsis
plants. This method has been previously used in the caseeral bacterial and
oomycete effectors (Fabro et al., 2011; Munkvold & Ma®B09; Nomura et al., 2006).
We generated stably transformé&hbidopsisCol-0 transgenic lines under the control of
the constitutive CaMV35S promoter. We obtained sevier@dépendent, single insertion-
locus lines that showed variable transcript abundancéhasd were bred to
homozygosity. mMRNA abundance of the transgene in eagérimental line was verified
by semi-quantitative and quantitative RT-PCR. Representiaig® expressing variable
transcript abundance were selected for all subsequpetiments Supplemental
Figure 2.5).

We first tested whethen plantaoverexpression of the two effectors resulted in
alteration in pathogen virulence. Wild type and transgeeécllings were inoculated with
virulent Hpa Emco5 spores and pathogen growth was quantified by counting
sporangiophores at seven days after inoculation. Rames/eArabidopsislines
constitutively expressing eithetaRxL23or PsAvh73showed enhanced susceptibility to
virulent Hpa isolate Emco5 compared to wild type Col-0 plaftigre 2.6). This result
suggests that both effectors are capable of suppressing lsstainee to virulentpain

Arabidopsis
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HaRxL23 and PsAvh73suppress callose formation in stably transformed
Arabidopsisin response toPseudomonas syringa@C3000( CEL) mutant.

BecausedH. arabidopsidismakes intimate contact with host cell walls during
pathogenesis, we hypothesized that one important funetidpa effectors might be the
suppression of cell wall-based defenses like calloseo$gadire a-1, 3 glucans that get
deposited between the cell wall and cell membrane heanvading pathogen, and
hence are key indicators of PTI response.

The EDV system was again used to determine whetherfdwtat can suppress
callose depositiom planta(Sohn et al., 2007). The non-pathogePst DC3000( CEL)
mutant contains deletions of at least four effector gémesare conserved amoRg
syringaeDC3000. Deletion of the effectors result in dramaticediguced virulence in
tomato andArabidopsisand extensive callose deposits in the host plant, bethiss
strain is significantly compromised in its ability to suggs PTI (DebRoy, Thilmony,
Kwack, Nomura, & He, 2004; Sohn et al., 2007).

Accordingly, we observed extensive callose depositiomiid typeArabidopsis
Col-0 plants when syringe-infiltrated with th€ EL mutant Figure 2.7A).
Contrastingly, a reduction of 30-50% in callose deposibbserved in multiple lines of
Arabidopsisplants constitutively expressing eith¢aRxL23or PsAvh73Figure 2.7).
This degree of suppression is similar to otdpa effectors assayed elsewhere (Fabro et
al., 2011; Sohn et al., 2007). This result indicates tbit the effectors interfere with cell
wall-based defenses Arabidopsis

The previous experiment proved that HaRxL23 and PsAvh73 werbleayda

suppressing callose depositplanta hence it was important to determine whether the
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effectors were also capable of enhancing virulence d®$bhBC3000( CEL) mutant.
Wild type and transgenic plants were syringe infiltrat@t the non-pathogeniest
DC3000( CEL) strain. Bacterial growth was assayed zero and thage post
infiltration. Representative transgenic lines consutlyi expressing eithédaRxL23or
PsAvh73howed enhanced susceptibilityRst DC3000( CEL) (Supplemental Figure
2.3) three days post inoculation, hence demonstratingotitatHaRxL23andPsAvh73

disable immunity inPArabidopsis.

Stably transformed HaRxL23 and PsAvh73suppress defense gene induction.

We next tested whethétaRxL23was capable of suppressing induction of
defense genes in responsdHjma. For this, a quantitative real time RT-PCR approach
was taken where the transcript abundance of four defeadeer genes were measured in
pathogen infected Col:35S-HaRxL23 seedlings. The four markesgetected based on
their up-regulation profile duringlpa infection wereAccelerated cell death 6 (ACD6),
Pathogenesis-related 1 (PR-1), Arabidopsis thaliana mitogen activated protase3
(AtMPK3) and Wall associated kinase 1 (WAKAnderson et al., 2012; Eulgem et al.,
2007).HaRxL23(Figure 2.8 suppressed defense gene induction in response to avirulent
Hpaisolate Emoy2. However, this suppression was not evideghe case dfVAK1,
indicating a stage- and defense gene-specific suppressigethEo these results suggest
thatHaRxL23intervene early in the activation of defense therebyidmg further

evidence of immune suppression.

Discussion
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Recently published genome sequences of several oomyaeteathogens have
led to the identification of large collections of catate RXLR genes, predicted to
encode effector proteins that manipulate host cells éBattal., 2010; Fabro et al., 2011;
Haas et al., 2009; Jiang et al., 2008; Tyler et al., 2006;¢i\ah, 2012). 134 high-
confidence HaRxL candidate genes have been identifiipagenome (Baxter et al.,
2010; Win et al., 2012), but only a small sub-set of thege haen functionally
characterized to date. Characterization of RXLR edfscin detail is important to
understand the molecular mechanism of pathogenesis anddaggation.

In this study, we are characterizing a pair of coretRXLR effectors frorkipa
and its identifiable homolog iR. sojae

There are several reasons to study conserved effecteimgrof plant pathogens.
To begin with, such genes represent potential opportunitiesefv insights into
important mechanisms of virulence. This is exemplifieghigwvious studies of genes
present in the conserved effector locus (CEL) of gragatie plant pathogenic
bacteriumpPseudomonas spfCollmer et al., 2000), the SIX4 effector frdtasarium
oxysporum(Thatcher, Gardiner, Kazan, & Manners, 2012) and the Ecpétefffrom
Cladosporium fulvungde Jonge et al., 2010). The secreted-in-xylem (SIX) protéins
Fusarium oxysporurh sp.lycopersiciare secreted during infection that causes wilting of
the tomato vascular system. It has been showriib&$1X genes are highly conserved in
nature and are also found in other formae specialEs@fysporummamelylilii . melonis
vasinfectunandradices-cucumerinurLievens, Houterman, & Rep, 2009). Also, there
are four identifiable homologs of the SIX geneé&mbidopsisinfectingF. oxysporum

isolate F05176 (Louise et al., 2011). The highly conserved §&$é homolog was
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shown to be required for full virulence Arabidopsissuggesting a common origin and
mechanistically-related conserved function of the gerbvierse (tomato and
Arabidopsi$ hosts (Thatcher et al., 2012).

Another reason for studying conserved effectors is tegt tepresent potential
targets for developing durable resistance in plants.dyepnt of resistance (R) proteins
in the field is one of the widely used strategies fowvjaliag disease resistance in crops.
However there have been several cases where tetares was defeated rapidly because
the pathogen could discard the Avirulence effector witloas of virulence (Fu et al.,
2009; Kunkeaw, Tan, & Coaker, 2010). Hence, identificatiahtaeeding of resistance
gene(s) against conserved effector proteins can be utigzad effective strategy for
long-term durable resistance (Jacobs et al., 2010; Oh 208D).

In anticipation that analysis of conserved effectatsreveal virulence functions
that are important, we investigated a pair of homologmatsfairly conserved effectors
from Hpa (HaRxL23 andP. sojae(PsAvh73. HaRxL23and its orthologs in
Phytophthoraare syntenic, which implies importance for oomycetéggenicity. Our
first set of experiments was directed at confirmirgf these bioinformatically-predicted
effector genes encodimna fideeffectors, capable of promoting oomycete virulence. We
achieved this through expression studies during pathogen infedtene both genes
were found to be expressed early during infedimoplanta. Secondly, a large scale
screen in thédpa hostArabidopsis demonstrated recognition Hpain an ecotype
specific manner. Ecotype specificity will help to identBndidate resistance genes that
recognize HaRxL23 and which could be potentially used to breedaece (e.g., against

oomycete pathogens of crop Brassicas).
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We next hypothesized that these two effector proteirssaacsuppressor of
defense pathways in divergent hosts and we tested thishegmtvith studies involving
transient assays and stably transformed plants. FonasstaArabidopsis both
effectors were successful in suppres$isy CEL- induced callose deposition and
showed small, but significant enhanced virulence wheneateli transiently using
bacteria as a delivery vehicle (EDV). We predict thaséhtwo effectors enhance
virulence through additional PTI suppression like callose sigpn. Further validation
was provided with multiple, variably expressing overexpresg@s showing similar
results. Moreover, overexpression lines of the efiscshowed increased susceptibility to
virulent Hpa isolateEmco5 similar to otheHpa effectors (Cabral et al., 2011; Fabro et
al., 2011; Sohn et al., 2007). Additionally, in soybeanndenthamianaboth the
effectors could suppress ETI triggered by various oomyceitoedicAvr4/6, CRN2 and
PsAvh163. Hence our data support that the function of betetéffector proteins, like
some others, is to inhibit plant immunity.

As with many screening protocols, our transient assagecidly using the EDV
system has some limitations. Since it is a heteralsgystem, the co-delivery Bipa
effector proteins with those &stDC3000( CEL) might change the outcome, if some
interactions were to exist among them. Hence we coedirall our assays srabidopsis
with stably transformed transgenic lines.

Homology searches to known proteins offer little orchaes for effector targets
or function, delaying our understanding of the complexaut#gon between oomycetes
and plants. Targets of very few plant pathogenic ooreyefféctors have been identified

to date. Some of the reasons for this include complestiifes, large genome sizes,
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enormous effector collection and reduced ability for gersgiproaches such as
transformation and gene knockout strategies. The ideatidn of effector molecules
from various eukaryotic pathogens enables us to draw paradieveen prokaryotic and
eukaryotic pathogens and helps us to investigate the eatesmich these diverse
pathogens share virulence strategies and target simitangygs of plant immunity.
Hence, our current approach is to identify targetdadikxL23andPsAvh73with the
hypothesis that given their conserved nature, it isgislebthat they may be targeting
common proteins and or processes in the host. In caianlufurther detailed
investigation of these two effectors is necessaretp teveal howHpa modifies and
alters host cellular processes and mechanisms to peata@rowth, survival and

reproduction.
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Figures
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Figure 2.1 Alignments of amino acid sequences fidaRxL23, PsAvh73 and
Phytophthora infestans (PITG_00707.The predicted signal peptide (SP) and the host
targeting (HT) regions RxLR and EER are highlighted. TheRALR regions are
designated as HT-PsAvh73 (RALR), HT-PITG (RLLE) and HTRKB23 (RLLR). The

HT EER region is designated as HT.
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Figure 2.2HaRxL23 is induced at an early time point in Hpf@ction. ArabidopsisOy-

1 plants were challenged with 5 X“i€pores/ml of the virulertdpa isolate Emoy?2.
HaRxL23expression was assayed using quantitative, real-time Rt@Rwners specific
for HaRxL23over a time course using the cDNA obtained at diffetiem¢ points (hours
post infection or HPI; X-axis). Transcript abundancélaRxL23was measured relative

to HpaActin and is shown normalized to its expression at zero tmarpoint.
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Figure 2.3HaRxL23 is recognized in the host in an ecotype-specific manner when
delivered by bacteria(a) Images from leaves éfabidopsisEi-4 or Col-0, infiltrated
with 1 X 1@ cfu/ml Pseudomonas fluoresce(EtHAN) suspension delivering empty
vector,HaRxL23 Psedomonas syringasdfector,AvrRpt2or Hpa effector,Atrl3. HR
symptoms were visually monitored over a period of 24 hoursnaaiges were taken 24
hours after inoculation (b) Hypersensitive responsees@score of “4” designates
complete leaf collapse, “3” designates partial leabpsk, “2” designates leaf curling,
“1” designates patrtial leaf curling and “0” designates no geammpared to the empty
vector control. The experiment was repeated four thvigssimilar results. (c)
PstDC3000KlarRxL23)multiplication in leaves oArabidopsisecotype Ei-4 plants
syringe-infiltrated with a suspension of 5 X>18u/ml. Bacterial populations were

determined at day zero and day three after inoculati®nx 0.1; t-test comparisons
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representing significant differences wikst DC3000. Error bars indicate Standard Error
of six independent leaf samples tested at the sameTimseexperiment was repeated

three times with similar results
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Figure 2.4HaRxL23 and PsAvh73 suppress programmed cell death in Nicotiana
benthamianaN. benthamiandeaves were infiltrated witA. tumefacien&V3101
containingHaRxL23 PsAvh73pr YFP and challenged two days post infiltration wth
tumefacien$sV3101 carrying either (dANF1 or (b) PsAvh163Cell death symptoms
were visually monitored over a period of five to seven d&yaphs show percentage of

infiltration sites with macroscopic cell deatli?<0.05, t-test comparisons representing
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statistically significant differences with YFP. Ertoars indicate Standard Error from

four independent biological replicates
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Figure 2.5HaRxL23 and PsAvh73 suppress programmed cell death in soybe&mnt
plasmid expressing (a) CaMv35S-Avr4/6 or (b) CaMv35S-CRN2 wdsombarded,
with plasmids containing the effectdiaRxL23,0r PsAvh73pr the empty vector along
with a vector expressing CaMv35S- GUS reporter gene aytzean. Leaves were then
stained for GUS activity, and cell viability was thenrasted by counting blue spots
under a dissecting microscope. The percentage of survivilsgnaed quantified relative
to the co-bombarded empty vector control. *P<0.05, WilcoRRank Sum test
comparisons representing significant differences witkethpty vector. Error bars
indicate Standard Error from technical replicates. Thigament was repeated at-least

three times with similar results.
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Figure 2.6 HaRxL23and PsAvh73 enhance susceptibility to virulent Hpa (Emddb)2
day old transgeniérabidopsisColumbia seedlings stably transformed wWitéiMV35-
HaRxL23or CaMV35-PsAvh78vere challenged with 5 X $@pores of the virulertipa
isolate Emcob5. Infection was quantified seven days postilation by counting
sporangiophores per cotyled&rabidopsisCol-0 and Oy-1 are controls for
susceptibility and resistance ltpa Emcob5, respectively. P < 0.01; t-test comparisons

representing significant differences with Col-0. Errarshindicate Standard Error from
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technical replicates. This experiment was repeated thmes with similar results.
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Figure 2.7HaRxL23 and PsAvh73 suppress callose formation in stably transformed
Arabidopsis in response to Pseudomonas syringae DC30H#Y) mutantFour-week

old transgeni@rabidopsisColumbia plants stably transformed w@aMV35-HaRxL23

or CaMV35-PsAvh78vere infiltrated with 5 X 10cfu/mlP. syringae CEL mutant
Callose deposits were visualized by staining with aniline dheecallose was quantified
using Autospots software program (Cumbie et al., 2010) e8els, four pictures per

leaf were analyzed per transgenic and control lin€svalue< 0.01; t-test comparisons
representing significant differences with Col-0. Errardorepresent Standard Error of six
independent leaf samples tested at the same time. Tgesiment was repeated three

times with similar results.
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Figure 2.8 Stably transformed HaRxL23 suppress defense gene indudid2 day-old
ArabidopsisCol-0 and transgenic plants constitutively expressiagxL23were
inoculated with 5 X 1®spores/ml of the aviruleitpa isolate Emoy2. Transcript
abundance was measured using quantitative, real-time P@GRnviters specific for the
indicated genes over a time course using the cDNA oltaindifferent time points (0,
12 and 24 hours post inoculation). Transcript abundanc@evasalized toAtActin2 *
ddCt values representing statistically significanP € 0.05) differences with Col-0. This
experiment was repeated four times. The induction praffi@sdividual genes varied to

some degree between replicates, but we consisten#ywaasdecreased induction of
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defense marker genes (except for WAK1) in transgenic lioegpared to the control

plants.

Materials and methods

Construction of expression plasmids

HaRxL23was amplified from genomic DNA extracted fréxrabidopsisOy-1
plants infected withHpa isolateEmoy2,using proofreading polymerase (Pfu, Invitrogen).
Forward and reverse primers were designed to amplifyg fre signal peptide cleavage
site (HaRxL23 NOSP) with (HaRxL23 S) or without the stogazo(HaRxL23 NS)
depending on the type of fusion. SimilafBsAvh73wvas amplified fronP. sojae
genomic DNA and forward (PsAvh73 NOSP) and reverse (PsAviof3PSAvh73 NS)
primers were designed.

For cloning into Gateway destination vectors, the sequEACC was added at
the 5’ end of the forward primer and PCR was performetgusie genomic DNA as
template. PCR products were gel purified (Qiagen) and finatlgmbined into pENTR-
D-TOPO gateway entry vector following the manufactupgtocol (Invitrogen). This
step was followed by transformation irfEscherichia colDH5 competent cells.
Kanamycin resistant colonies were selected on agarassgbllowed by colony PCR
with plasmid specific M13 F and M13R primers. Colonies haviegcbrrect size insert
were selected for plasmid purification and confirmed by sexingnThe pENTR clone
generated was then used to create Gateway expressiondslasing LR recombination

(Invitrogen). ForAgrobacteriumandPseudomonamediated transient studies, the
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PENTR clones oHaRxL23andPsAvh73were shuttled into pPB2GW7 and pEDV6 by LR

recombination (Invitrogen, Carlsbad, CA).

Plant materials and growth conditions

Arabidopsis soybean, antlicotiana benthamianaere grown in Sunshine Pro-
mix 1. For experiments involvingpa andPseudomonaspp, Arabidopsiswere grown
in controlled growth chambers under short day cycled @hlight/dark and 150-200
HE/nfs) at 22°C and 60% relative humidity. For all other eixpents,Arabidopsis
soybean antll. benthamianavere grown under long day cycles (16h/8h light/dark, 90-

100 pE/ms) at 22°C and 60% relative humidity.

Generation of transgenicArabidopsisplants

Plants expressing effectors were generated by recombinin{s ©®BRed in
PENTR in the gateway destination binary vector pB2GW?7 (Hiaulnze, & Depicker,
2002) under the control of the CaMV 35S promoter. The cactstivere transferred to
Agrobacterium tumefacierGV3101 strain (Koncz et al., 1986) by electroporation and
transformed intdArabidopsisCol-0 by floral dip method (Clough & Bent, 1998). T
generation was selected using BASTA. For thg€heration, 3:1 (BASTA-resistant /
BASTA-susceptible) segregating lines were tested for hggusity in the Tand T,
generation. Presence of the transgene was confirmecthbygeDNA PCR and
transcript abundance was quantified by reverse-transsgifl@R. Three to five
independent non-segregating transgenic ling®(T,) displaying varying mRNA

expression patterns were used in all of the experiments.
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Hyaloperonospora arabidopsidisoculations

TheHpaisolates Emoy2 and Emco5 were propagated and maintained in
compatibleArabidopsisecotypes Oy-1 and Ws-0, respectively (McDowell, Hoff,
Anderson, & Deegan, 2011). Conidial suspensions of 5sfiéres/ml were applied with
a Preval spray unit and the plants were kept under shpdoshaitions.Hpa disease

assays were performed as described (McDowell et al., 2011).

Bacterial strains

The following bacterial strains were used in this stl&bcherichia coliDHS5
Pseudomonas syringge tomatoDC3000 wild type and CEL (Alfano et al., 2000;
Yuan & He, 1996)Pseudomonas fluoresceRf)-1 carrying functional TTSS and
EtHAN (Thomas et al., 2009) aAdjrobacterium tumefascie®Vv3101.E. coliand
Agrobacteriumwere grown in Luria-Bertani medium at 37°C and 28°C respalgtin
liquid media or petri dishes with appropriate antibiotiesebns.Pseudomonastrains
were grown in King’s B medium at 28°C. Plasmids wetmiuced fronE. coli DH5
to wild type or mutant Pst DC3000 and PfO-1 strains by standpadental matings

usingE. coli RK600 as a helper strain.

RNA extraction, reverse-transcriptase PCR and real-time ER

Total RNA was extracted froMrabidopsistissue with TriSure reagent (Bioline).
2 ug DNAse-treated RNA was reverse transcribed using mei&zript cDNA synthesis
kit (Qiagen) and oligo(dT) primer. For semi-quantitafRe-PCR analysis, 1 pl of cDNA

was used per reaction and 40 and 35 PCR cycles were usedify affector targets
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and At Actin respectively. PCR products were separatel¥oagarose gel in TAE
buffer. For real-time PCR analysis, samples werparer by mixing cDNA template
with SYBR Green Mastermix (Applied Biosystems) witie tappropriate amount of
primers and water. Real-time PCR reactions were peeidton an ABI 7300 device and

the fold change was calculated relative to the O D fpoint.

Assays involving HR, bacterial virulence and callose suppressi in Arabidopsis

For HR, bacterial growth assays and callose suppreasgays involving
Pseudomonas sppi-5 week oldArabidopsisplants were syringe-infiltrated with 1x1.0
cfu/ml (bacterial growth assays) or 18t@u/ml (callose suppression assays) in 10mM
MgSQ..

For HR assays, five-week-oRtabidopsisleaves were syringe-infiltrated with
needle less syringe with 1 x®€fu/mL suspensions. A total of 6 plants, 3 leaves each
were infiltrated and visual scoring was performed 16 houes. lat

For growth curve assays, leaf discs were cored atarad three dpi, surface
sterilized with 70% ethanol and homogenized using a mini-beater (Biospec
products). Serial dilutions were performed to count colonyifog units. For each
sample, three leaf discs were pooled three times pampdat. Bacterial growth was
measured as described previously.

For callose suppression assays, whole leaves weresteavis hpi, treated with
alcoholic lactophenol and stained with 0.01% (w/v) Anilohge stain in KHPOy buffer
as described previously (Sohn et al., 2007). Aniline blue std@@es were mounted on

glass slides using 50% glycerol and imaged with a Zeiss lnager.M1 using the filter
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settings for DAPI. Quantification of callose spotsvperformed using the Autospots

software (Cumbie et al., 2010).

Transient assays in soybean

For transient assays in soybean, 2 week old leavestvagrsformed with a
mixture of plasmid DNA following the modified BioRad PDS1G§¥he gun (Borad)
protocol as described (Kale & Tyler, 2011). The plasmid DNRtunes were comprised
of the effector, elicitor and control setups. The efie setup comprised of 115ug of the
effector, 50ug of the elicitor and 50ug of GUS were mixedessribed previously (Dou,
Kale, Wang, Chen, Wang, Wang, et al., 2008). The elisgttup comprised of 70ug of
the empty vector, 50ug of the Avr4/6 or CRN2 and 50ug of Glirally the control
setup comprised of 115ug of the empty vector and 50ug of GUSIi@I&dwA. Tungsten
was prepared with the above mixtures as described g@ber, Kale, Wang, Chen,
Wang, Wang, et al., 2008). Individual detached soybean |earestransformed using
particle bombardment and the tungsten preparation. Adi@bbrdment, the leaves were
placed under controlled conditions of high humidity abods in petri-dishes at 8h/16h
light/dark at 22°C for 2-3 days. Next, the leaves weaxmatl with the x-gluc solution and
de-stained with 70% ethanol for 3-4 days. The numbewioflicells was determined by
counting the GUS-expressing blue-colored cells under a tisgenicroscope. The
percentage of surviving cells was quantified relative to thbambarded empty vector
control using the Autospots software program (Cumbie €2@10). Statistical analyses

were performed on means using Wilcoxon Rank sum method.
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Transient assays inN. benthamiana

Recombinangrobacterium tumefaciengere grown as described previously
(Van der Hoorn, Laurent, Roth, & De Wit, 2000) with the appede antibiotics.
Overnight growrmgrobacteriumliquid cultures were centrifuged, and the pellets were
resuspended in MMA induction buffer (10mM MgClOmM MES, 200mM
Acetosyringone). The bacterial suspensions were inedlatroom temperature for 1-3
hours and agro-infiltration using needleless syringe wesrnpeed on the abaxial side of
3-5 weeks oldN. benthamiandeaves at a final Ofg, of 0.3 - 0.5. Cell death or
suppression of cell death were monitored for 4-5 dayvsodlly quantified after 5

days.
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Supporting information
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Supplemental Figure 2.1HaRxL23 but not PsAvh73 is recognized in the host in an
ecotype-specific manner when delivered by Pfo EtHpersensitive response score. A
score of “4” designates complete leaf collapse, “3”glesties partial leaf collapse, “2”
designates leaf curling, “1” designates partial leaf cuding “0” designates no change
compared to the empty vector control. Leaves fAgabidopsisecotypes Ei-4, Ob-0,
Pla-1 and Col-0 were infiltrated with 1 X &6fu/ml Pseudomonas fluoresce(&tHAN)
suspension delivering empty vectblagRxL23 PsAvh73or Pseudomonas syringae
AvrRpt2 HR symptoms were visually monitored over a period of 24shand images
were taken 24 hours after inoculation. Error bars repteStandard Error from at-least

three independent biological replicates.
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Supplemental Figure 2.2HaRxL23 does not suppress INF1-cell death in Nicotiana
benthamianaSpecific sites iMN. benthamianavere infiltrated withA. tumefaciens
GV3101 containindHaRxL23or YFP and challenged two days post infiltration with
INF1. Cell death symptoms were monitored over a periodveftb seven days. This

experiment was repeated at-least four times with armésults.
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Supplemental Figure 2.3HaRxL23 and PsAvh73 enhance Pseudomonas syringae
virulence in stably transformed ArabidopsisdBerial multiplication in three-week old
transgenic plants stably transformed withMV35-HaRxL2®r CaMV35-PsAvh73
Plants were syringe-infiltrated with a bacterial susjwensf 1 X 16 cfu/ml and bacterial
populations were determined at day zero and day threaraftedation. *P < 0.1; t-test
comparisons representing significant differences with@ddfror bars indicate Standard
Error of six independent leaf samples tested at the samaeThis experiment was

repeated three times with similar results.
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Supplemental Figure 2.40verview of the double barrel gene gén Picture of the
double barrel gene gun with soybean leaf in positiondondardment. B. Cartoon
depicting delivery of tungsten particles with the plasneigsying Gus, Effector, and the
elicitor Avr4/6 to soybean leaves. C. Reduced numb@&usfexpressing cells with the
elicitor, as indicated in parentheses. D. Effector segg@s PCD induced by elicitor as
indicated by the increase of Gus expressing cells ovexotfiteol. Effector (Eff), Elicitor

(Elic), Empty Vector (EV).
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Supplemental Figure 2.5Quantification of transcript levels of transgene in multiple

Transcript abundance relative to
AtActin

independently transformed lines containing 35S::HaRxL23 and 35S:PsAvh73, using
guantitative PCRTranscript accumulation is expressed as a fold chaaigive to

AtActin Error bars represent Standard Error from technicaicedps.
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HaRxL23 NOSP

CACCATGGCAACGTCTACCGATCTGA

HaRXxL23 NS GGCGTCGACGTGCTTTAGGC
HaRxL23 S CTAGGCGTCGACGTGCTTTA
Avh73 NOSP GCTTCTGCTTCTTCAGAGCTCGTCGC
Avh73 NS AGGCGGCTTTGCCTTCGAGG
Avh73 S GTATTTGCCGTACTGGGTGA

35S Seq Fwd CTAGTCGACCTGCAGGCGGCC
35S Seq Rev GGACTCTAGCATGGCCGCGGG
pEDV6 Fwd GGCACCCCAGGCTTTACACTTTATG
M13 Fwd GTAAAACGACGGCCAGTG

M13 Rev GGAAACAGCTATGACCATG
AtActin2 Fwd AATCACAGCACTTGCACCA
AtActin2 Rev GAGGGAAGCAAGAATGGAAC

Hpa Actin Fwd GTGTCGCACACTGTACCCATTTAT
Hpa Actin Rev ATCTTCATCATGTAGTCGGTCAAGT
PR-1 Fwd GAACACGTGCAATGGAGTTT

PR-1 Rev GGTTCCACCATTGTTACACCT
ACD6 Fwd ATCCTTACATGTGGCCTTGC

ACD6 Rev CGAAAAGGAAGAATCCACCA
MPK3 Fwd ACGTTTGACCCCAACAGAAG

MPKS3 Rev ATTCGGGTCGTGCAATTTAG

WAK1 Fwd GGCTAATGGGAGAGGAAAGG
WAK1 Rev TTCGACCCTCAAGGCTTCTA

Supplemental table 2.1Table of primers used in this study
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HR Triggered

Ecotype Origin PsAvh73 HaRxL23
An-1 Antwerpen, Belgium NO NO
Be-0 Bensheim/Bergstr., Germahy NO NO
Bs-5 Basel, Switzerland NO NO
Co-4 Coimbra, Portugal NO NO

Condara Unknown NO NO
Cvi-0 Cape Verdi Islands NO NO
Di-0 Dijon, France NO NO
Dra-0 Drahonin, Czechoslovakia NO NO
Dra-2 Drahonin, Czechoslovakia NO NO
Ei-4 Eifel, Germany WEAK YES
Ei-5 Eifel, Germany NO NO
En-1 Enkheim/Frankfurt, Germapy NO NO
Est-0 Estonia NO NO
FI-1 Finland NO NO

Ga-0, 301 Gabelstein, Germany NO NO
Gr-1 Graz, Austria NO NO
Gy-0 La Miniere, France NO NO
Hodja Tadjikistan NO NO
Jm-0 Jamolice, Czechoslovakig NO NO
Le-0 Leiden, Netherlands NO NO
Ms-0 Moscow, Russia NO NO
Nd-0 Niederzenz, Germany NO YES
Np-0 Nieps/Salzwedel, Germany NO NO
Ob-0 Oberursel/Hasen, Germany NO Weak
Oy-0 Oystese, Norway NO NO
Per-1 Perm, Russia NO NO

Petergof, 3L1 Petergof, Russia NO NO
Pla-1 Playa de Aro, Spain NO Weak
Sah-0 Sierra Alhambra, Spain NO NO
Sf-2 San Feliu, Spain NO NO
Sorbo Tadjikistan NO NO
Sp-0 Berlin/Spandau, Germany NO NO
Stu-0 Unknown NO NO
Ta-0 Tabor, Czechoslovakia NO NO
Ts-7 Tossa del Mar, Spain NO NO
Tsu-0 Tsu, Japan NO NO
Tsu-1 Tsu, Japan NO NO
Uk-1 Umkirch, Germany NO NO
Ux-1 Unknown NO NO

University of British
Van-0 Columbia, Canada NO NO
100




Wa-1 Warsaw, Poland NO NO
Wil-2 Wilna/Litvanian, Russia NO NO
Wit-2 Wietze, Germany NO NO
Yo-0 Yosemite Nat. Park, USA NO NO

Supplemental table 2.2Table ofArabidopsisecotypes used for large scale HR screen by
effectors HaRxL23 and PsAvh73 when delivered figseudomonas syring&DV.
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Chapter 3

Functional similarity between theHyaloperonospora arabidopsidesffector protein
HaRxL23 and Pseudomonas syringa&vrkE
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analysis, D.M. & J.M.M. initiated the project and, #re principal investigators, S.O.O.
& J.M.M. contributed to manuscript preparation and editing.

The data in this chapter will be combined with data framamllaborators’ bioinformatic
analyses, for a manuscript to be submitteltbdecular Plant-Microbe Interactions

Key Words: oomyceteHyaloperonospora arabidopsidiPseudomonasffector,
hypersensitive response (HR), callose, lesion

Abbreviations: conserved effector locus (CEL), effector detector ve@&EaV),
endoplasmic reticulum membrane retention/retrievalai¢ER-MRS), effector to host
analyzer (EtHAnN), Effector-triggered immunity (ETI), empector (EV),
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(SP), type three (T3), type Il secretion system (T)I 8pe Il effectors (T3ES).
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Abstract

Effector proteins are exported to the interior of hedisdy diverse plant pathogens.
Effector proteins have been well characterized in lbact€ontrastingly, their functions
and targets in oomycete pathogenicity are poorly undersBiiiformatic analysis of
genome sequences from oomycete pathéty@operonospora arabidopsid{gipa)

have led to the identification of candidate effectaregewith a signal peptide, RXLR and
dEER that target the effectors into plant cells. WeeHaioinformatics-driven evidence
that suggests similarities between the oomycete effeta®xL23 and the conserved
bacterial effector protein AvrE1 froPseudomonas syringa€éheir predicted protein
structures show common regions of structural similaHgmnce, this study aimed at
establishing functional similarities between AvrE1 araRHL23, with the rationale that
there is a limited set of common targets betweerttlfe of plant pathogens of common
ancestry likeP. syringaeandHpa. Here, we show that HaRxL23 induces cell death in
wild type Arabidopsisyoung plants like AvrE1l, suppresses PAMP-triggered callose
deposition through the same pathway as AvrE1l, and canlemapt the reduced
bacterial speck phenotype of tierE mutantin planta Together, these data suggest that
HaRxL23 is functionally similar to AvrE1 and perhaps té&sdbe same protein/pathway

as does AvrEl.
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Introduction

Plants have evolved a multilayered system of inducitiendes against pathogen
attack. The first layer, PAMP-triggered immunity (PT$)activated when conserved
microbial molecules (pathogen-associated molecularrpatte PAMPS) are recognized
by pattern recognition receptors (PRRS) in the hogtféZet al., 2006). This recognition
event triggers an immune response highlighted by the produsdti@active oxygen
species (ROS), along with deposition of callose and plecminpounds (Jones &
Dangl, 2006; Zipfel & Robatzek, 2010). Plant pathogenic baGtimgi, oomycetes,
nematodes and insects secrete effector proteins that ssippieimmunity by directly
targeting the PRRs or targeting important componentseifT | signaling pathway (Bos
et al., 2006; Fabro et al., 2011; van der Hoorn & Kamoun, 2008).pthogenic
strategy is best understood in plant-pathogenic bactesfaas the tomato speck
pathogerPseudomonas syringgey. tomato(Jin et al., 2001) that use a type lll secretion
system (TTSS) to inject effector proteins inside hods.celingi and oomycete pathogens
secrete effectors from their feeding structures or “loaiagt(Whisson et al., 2007).

The second layer of plant immunity is based on direatdirect recognition of
effectors by corresponding host proteins known as resistar “R” proteins, termed
effector-triggered immunity (ETI) (Chisholm, Coaker, D&yStaskawicz, 2006; Jones &
Dangl, 2006; van der Hoorn & Kamoun, 2008). This recognitiggéns a robust and
effective suite of defense response that typicalljuahes the hypersensitive response
(HR), featuring programmed cell death at the site of tidadhat restricts the growth of
the invading pathogen (Dodds & Rathjen, 2010). Pathogens, irawve,evolved more

effectors to counteract ETI by either avoiding R protegognition or suppressing
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downstream signaling events (Dodds & Rathjen, 2010; JoneangIP2006; Zipfel &
Robatzek, 2010).

Oomycetes are filamentous eukaryotic pathogens thattsexffector proteins
inside host cell to promote infection and colonizatiRacently published genome
sequences of species from some of the important oonsygeteera including
PhytophthoraHaas et al., 2009; Raffaele et al., 2010; Tyler et al., 28¢8hium
(Levesque et al., 2010Jbugo(Kemen et al., 2011; Links et al., 2011) and
HyaloperonosporgBaxter et al., 2010) revealed large repertoires of cateleféectors
in these pathogens. This indicates the evolution obedabd and sophisticated
pathogenicity machinery. A major class of oomycete effsds named “RxLR”, and is
defined by an N-terminal signal peptide (SP) and a conséos&etargeting (HT) motif-,
RXLR (where R is Arginine, X is any amino acid and leiscine). These motifs are
respectively thought to be required for effector secratigside the pathogen and
translocation to the interior of host cells (Bhattagw®et al., 2006; Dou et al., 2010;
Dou, Kale, Wang, Chen, et al., 2008; Dou, Kale, WanggJiaenal., 2008; Grouffaud,
van West, Avrova, Birch, & Whisson, 2008; Kamoun, 2006; Rehnsaay., 2005;
Whisson et al., 2007). However, detailed functional amatysonly a handful of
oomycete effectors has occurred to date. For exampleytbsolic effector of
Phytophthora infestan&vr3a, suppress hypersensitive cell death induced by anBther
infestansprotein, INF1 (Bos et al., 2006) by stabilizing the planti§&@se CMPG1(Bos
et al., 2010; Gonzalez-Lamothe et al., 2006), which regullstes-triggered cell death.

Bacterial pathogens such Pst DC3000, maintain 30-40 effecteinz¢Buell et

al., 2003; Cui, Xiang, & Zhou, 2009; Lindeberg, Cunnac, & Col|r2é09, 2012). From
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previous studies, it is known that bacterial effeceresfunctionally redundant (Lindgren,
Peet, & Panopoulos, 1986), hence mutations in individuattff genes have subtle or
no virulence phenotype (Cunnac, Lindeberg, & Collmer, 209@jnerous bacterial
effectors have been shown to suppress immunity in péamtgromote bacterial
virulence when overexpressed as single genes (Guo, Tempdldt, & Alfano, 2009;
Jamir et al., 2004). Unlike oomycetes, significant praghes been made in elucidating
the targets and establishing the enzymatic activitiesatéhal effector proteins. For
example, some effectors (e§stDC3000 AvrPto) directly target PRRs (Gohre &
Robatzek, 2008; Rosebrock et al., 2007). Others such as AvrBphB and
HopAllinterfere with downstream PTI signaling compond@isi et al., 2010; Cui et al.,
2009), while the Hopl1 effector targets the heat-shock proieitee plant chloroplast
(Jelenska, van Hal, & Greenberg, 2010).

The bacterial effector protein AvrE1, is an atypigplet three (T3) effector. It is
one of the most conserved and widespread effector proteind fnPseudomonas
PectobacteriumErwinia, PantoeaandDickeya P. syringaeAvrE1l belongs to one of the
redundant effector groups (REGs) comprised of AvrE1l/HopM1/Hap#llis known to
block pathogen-induced callose deposition (DebRoy, Thilmomgdk, Nomura, & He,
2004) and elicit cell death in plants (Badel, Shimizu, Olg&mer, 2006). AvrE1l
resides within the conserved effector locus (CEL) regidhst DC3000 that also harbors
HopPtoM, HrpW and HopPtoALl. The CEL region is conservedngstadiversd®.
syringaepathovars (Alfano et al., 2000), implying that the geneseth are functionally
important. AvrE-family effectors are very large protewmith very low sequence identity,

e.g., Wtsk and AvrE have 27.1% amino acid identity (Haah e2009). AvrE1-like
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effectors share WxxxE motif and a C-terminal endoplasaticulum membrane
retention/retrieval signal (ER-MRS). The WxxxE and EIRS motifs are both required
for the virulence activities, elicitation of the hypensitive response, and suppression of
defense responses in plafiigam et al., 2009). Despite the apparent importance of
AvrE1l-like effectors, the target(s) of this family iskeown.

This study was initiated in response to results of albotation that led to the
identification ofHpa effector proteins with structural similarity to the r&vfamily of
effector proteins. Candidate AvrE1 analogs were idedtifieough a bioinformatics-
driven approach based on partial least squares (PLSysegralignment-free methods
(Supplemental Figure 1 Opiyo and colleagues, unpublished data). Opiyo et al.,
predicted the structures of proteins identified fidpa genome using I-TASSER server
and compared them with AvrE1 predicted protein structure@mtifthatHpa effector,
HaRxL23 was the bestpa RxLR candidate in terms of having regions similar toEv
protein structureQupplemental Figure 2 Opiyo and colleagues, unpublished data).
Hence, this study aimed at establishing functional sirtigarbetween AvrEl and
HaRxL23, with the rationale that there is a limitetlcfecommon targets between
effectors of plant pathogens of common ancestryRiksyringaeandHpa. We also
hypothesized that even though these two pathogens hawve@wadependent virulence
mechanisms, they would have overlapping functions and ¢@wenon set of targets
planta Below, we present data from several experimentsstiggest functional

equivalence between HaRxL23 and AvrELl.

Results
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HaRxL23 and AvrEl induce cell death in youngArabidopsisyoung plants when
delivered by Pseudomonas phaseolico(&ph) 3121

Previous studies with AvrE1 of PtoDC3000 and its orthologurRaimoea
stewartii, WSstE, revealed that it is capable of inducing a cell desjhonse iNicotiana
tabacumand tomato plants at high inoculum (Badel et al., 2006R0g et al., 2004;
Ham et al., 2008).

As a first test of functional similarity between HaRd@ andPstAvrEl, we
determined whether HaRxL23 was capable of inducing cell de&tfabidopsisvhen
delivered fronPph3121at a high dose. We used the “effector detector vectoV}ED
system ofPseudomonabacteria as a surrogate to deliver HaRxL23 via the type llI
secretion system (TTSS) to the interior of planisg@ohn, Lei, Nemri, & Jones, 2007).
We used the bean pathogén,syringaepv. phaseolicolaNPS3121 Pph) for our
experiments as it is non-pathogenicAmbidopsis has a functional TTSS and elicits
robust defenses ilsrabidopsisincluding deposition of callose and accumulation of
pathogenesis related 1 (PR-1) protein without eliciting HR-dell death. In accordance
with previous results, a typical cell death symptorteaf collapse was observed whiist
DC3000 carrying AvrRpt2 in tharabidopsisecotype Col-qQFigure 3.1A) (Sohn et al.,
2007). BothHpa HaRxL23 andPph AvrE1 triggered leaf collapse symptoms comparable
to AvrRpt2 in youngArabidopsisplants(Figure 3.1A). This response was not seen in
older plants. This experiment indicates that both AvaBd HaRxL23 elicited cell death

in youngArabidopsisplants.
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Pph HaRxL23 and Pph AvrE1l individually suppress callose deposition in wild tye
Arabidopsiselicited by Pph 3121

Suppression of cell wall based defenses (eg: callose tiepdss considered to
be one of the important functions of both bacteaiad oomycete effectors. Callose is
based on-1, 3 glucans that get deposited between the cell walt@lhdhembrane near
the invading pathogen, and hence are key indicators afd3pbnse. The EDV strategy
was again used to determine whether the effectors can samaléose deposition when
delivered transientlySohn et al., 2007). The non-pathogePph 3121 strain was used as
the trigger for callose in these experiments. Wild tpebidopsisCol-0 plants exhibit
extensive callose deposition when syringe infiltrated vindPph 3121 strain because
this strain is significantly compromised in its abilioysuppress PTHigure 3.2A).
Contrastingly, a reduction close to 50% in callose dép@sobserved in plants that were
syringe infiltrated with individual strains ®&ph expressing either HaRxL23 or AvrE1l
(Figure 3.2A-B). It is interesting to note that this suppression isembianced when a
double transformanBph HaRxL23-AvrE1l, is usedrigure 3.2A-B). Thisresult
indicates that both the effectors are interfering \thihsame regulatory pathway in the

host.

Neither Hpa HaRxL23 nor Pph AvrE1l enhance Pph3121 virulence

The above assay for macroscopic plant cell death araed out with a high dose
of bacterial inoculum (1 X Fcolony-forming units (CFUs) per milliliter). To test
whether HaRxL23 enhances or suppresses bacterial groptiintg we infiltrated

leaves with a low dose of bacteria (1 X TFUs/mm) and then measured bacterial
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growth at three days after inoculation. We comparedtbeith, in Col-0, of virulenPph
expressing HaRxL23 and AvrE1 Rph3121 with an empty vector (EV) control. After
three days post infiltration, there was no enhancemdsdcterial growth in eithé?ph
HaRxL23 orPph AvrE1 compared t®ph 3121 (EV)(Figure 3.3)in youngArabidopsis
Col-0 plants. Thus, despite the ability of HaRxL23 to suggoallose elicited by

Pph3121, there is no net enhancemempifvirulence inArabidopsisby HaRxL23

HaRxL23 can rescue the reduced virulence phenotype of thavrE1l strain in
tomato Moneymaker

The most stringent genetic test for functional eqeineé betweerlaRxL23and
AvrElis to assay whethétaRxL23can rescue aAvrE1lloss-of-function mutant.
However, this experiment is complicated by functioedlundancy betweeivrEl and
otherPsteffectors, such that aavrE1 mutant does not display a phenotype under most
previously tested conditions. The only phenotype ofani:1 mutant was reported by
Badel et al., who observed tHat syringaepv. tomatoDC3000 avrEldeletion mutant
was impaired in the formation of bacterial speck lesiatemato Lycopersicon
esculentuntv. Moneymaker) plants (Badel et al., 2006). Thus, we Ingsited that if
HaRxL23 is functionally similar to AvrE1, then HaRxL23 wd be able to rescue the
reduced bacterial speck lesion phenotype o&thiE1 mutant in tomato. Four-week old
tomato Moneymaker plants were dip-inoculated with badtsuspensions containing
wild-type DC3000, the avrE1 mutant, the avrE1 mutant carryinddaRxL23and the
complemented avrE1(avrE]) strain Eigure 3.4). Bacterial speck lesion®.25 mni

were quantified from infected leavd$aRxL23was able to rescue the reduced lesion
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phenotype of theavrE1l mutant strainKigure 3.4). Interestingly, this rescue is at a
higher level than the complemented strain a¥rE1 (Badel et al., 2006) which is known
to have a partial rescue phenotype, relative to thetyid strain, due to the incomplete

penetrance of the plasmid-encoded gene

Discussion

The study of effector proteins of plant pathogens is mamb as effectors can be
used as molecular probes to decipher unknown aspegksndbiology and immunity
(Bozkurt, Schornack, Banfield, & Kamoun, 2012; Feng & Zhou, 201X®2jas the
studies on pathogen effectors have provided several sgmifinformation’s in regard to
pathogenicity that has led to the emergence of numerowgets across a range of
pathosystems. Unlike oomycetes, effector proteins haga blegantly studied in plant-
pathogenic bacteria suchRssyringaepv. tomatoDC3000, but this research presents an
excellent opportunity to utilize information from bactémffectors to accelerate
understanding of oomycete effectors.

Since PAMPs such as flagellin, EF-Tu and chitin triggerlamsignaling
pathways in PTI, one important concept that has emesgédt effectors from unrelated
pathogens such as bacteria, fungi, oomycetes, nematuti@sacts can perturb similar
processes and can have similar targets in the hosteample of this is the cysteine-
rich protease RCR3 protein from tomato which is inhibiteeéffgctors from three
unrelated phytopathogens, namely Avr2 frGladosporium fulvumEPIC1 & EPIC2B

from Phytophthora infestangnd VAP1 from the root nemato@dobodera rostochiensis
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(Lozano-Torres et al., 2012; Song et al., 2009). This is esllent example where RCR3
forms a “core” target or “hub” for effectors from ulaeed plant pathogens such as fungi,
oomycetes and nematodes. A recent protein interactioly gtvolving large scale yeast-
two-hybrid screen by Mukhtar et al., 2011 identified a séi8ofcore” proteins that were
commonly targeted by effectors from the gram-neg®s@eudomonas syringae
bacterium and the obligate biotroptyaloperonospora arabidopsid{sipa).
Alternatively, it has been observed that in somespaéhogens have evolved effectors
that influence or alter multiple steps within a singlegyéted pathway instead of focusing
on a single “core” target. This has been exemplifietthéncase of plant viruses where
instead of targeting individual proteins, they have evolvedaraus mechanisms to
target the entire RNAI machinery in the host (BurgyaH@&velda, 2011). More recently,
it has been shown that effectors from both bactandloomycete pathogens target
vesicle trafficking pathways to interfere with host ionmty (Bozkurt et al., 2012;
Lindeberg et al., 2012).

This study was initiated after the identification ofeetior proteins similar to the
AvrE-family of effector proteins frorilyaloperonospora arabidopsgenome following
a bioinformatics-driven approacBipplemental Figure 3.1;0piyo et al., unpublished
data). Using partial least squares (PLS) alignment-frethads (Opiyo & Moriyama,
2007), they identified nine candidate RXLR genes ftdnarabidopsidisggenomehat
were similar to AvrE1 proteins.

Opiyo et al., (unpublished data) predicted the structureteips identified
from Hpagenome using I-TASSER server and compared them with Avrédigbed

protein structure and found thidpa effector, HaRxL23 was the best candidate in having
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regions similar to AvrE1 protein structurypplemental Figure 3.2;0piyo et al.,
unpublished data). Hence, this study aimed at establishingdnaksimilarities between
AvrEl and HaRxL23, with the rationale that there isratéd set of common targets
between effectors of plant pathogens of common ancistrP. syringaeandHpa.

Our first set of experiments was directed towards uba®igg whether
HaRxL23 and AvrE1l could induce cell death when transientlyel&d inplants. It has
been previously shown that AvrE1 induces cell death wiasiently expressed at high
inoculum (ORgp = 0.2-0.5) inN. tabacurmand tomato leaves (Badel et al., 2006). We
delivered both effector proteins frofseudomonas phaseolicdRph) 3121 and found
that both the effectors could induce cell death in yoArralpidopsisplants. Previous
studies have hypothesized a strong correlation between sajgpref basal defense and
R protein-independent cell-death promotion by bacteriatedfs AvrE1l and HopM1
(Badel et al., 2006), where both these effectors restuasal resistance suppression to
the CEL mutant and produced a delayed necrosis when transemilgssed in the
host. It was hence proposed that the recognition exiggeted by AvrE1 was due to an
extension of the “guard hypothesis” whereby high levelBwE1 in the host lead to the
strong basal defense suppression and triggered cell deatmtéiresting to note that the
cell death response by both AvrE1 and HaRxL23 was notisedder plants. Perhaps
these effectors are triggering an R protein that i¥@ati young plants but not older
plants. Another hypothesis can be that both theseteffeare targeting similar
regulatory proteins involved in developmental-based pathwegnce explaining this
stage-specific cell death event. It is also intergdiiat AvrE1 does not trigger this

response in older plants. The reason for this coultiddethe avrE1 allele of Pph 3121
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does not trigger cell death but the Pto DC3000 allele doémbPph 3121 is in fact
missing avrE1. This, however, still remains to be tested.

We next found out that iArabidopsis both effectors were successful in
suppressing?ph 3121-induced callose deposition when delivered at a low daselder
plants. It has been previously demonstrated that suppmessior| readouts such as
callose deposition by AvrE1l and HopM1 is SA-dependent (DelaRal;, 2004), so it is
possible that HaRxL23 also targets similar conserved Séatezl immunity pathway in
the host as a possible virulence mechanism.

Finally, we found that HaRxL23 was able to rescue the redumetérial speck
lesion phenotype of thevrE1 mutant at a level higher than the complemented sbfain

avrE (Badel et al., 2006). This is interesting because the plasntoded copy only
partially complements the phenotype. It is also notdwao mention that HaRxL23 can
partially rescue the Pst DC3000GEL) mutant (Deb et al., unpublished) and this
provides a degree of genetic specificity that makes thicpkatiresult more definitive.

In conclusion, these results along with the bio-infatic predictions suggest
similarities, both structural and functional, betwélegse two unrelated effectors. It is
possible that these effectors from evolutionarily dyeert and unrelated pathogens can
perturb similar processes and are targeting similar poteitheir respective hosts. The
targets of both these effectors are currently unkndware studies will reveal insights
into host proteins and processes that are manipulate@ &y plutatively convergent
effectors from bacteria and oomycete plant pathogen$évat not shared a common

ancestor for billions of years.
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Figures

Treatment Older plants Young plants

Pph 3121

AvrRpt2

Pph AvrE

Pph HaRxL23

Figure 3.1Both HaRxL23 and AvrE1 induce cell death in young Arabidopsis plants
when delivered by Pseudomonas phaseolidalages from the Hypersensitive Response
(HR) test from leaves drabidopsiswild type plants (Col-0). 5 week old plants were
infiltrated with P. phaseolicolasuspension expressing effectors (1 X délony-forming
units (CFUs) per milliliter). HR was visually monitoredss a period of 20 hours after

inoculation.
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Figure 3.2 Both effectors individually suppress callose deposition in Arabidopsis whe
delivered by P. phaseolicola via the effector detector vectogray§h) Four-week old

WT Col-0 plants were infiltrated with 5 X 1@fu/ml P. phaseolicoldPph) strains
expressing effectors AvrE1l, HaRxL23 and HaRxL23-AvrE1l. Callbeposits were
visualized by staining with aniline blue and @)antified using Autospots software
program. Four pictures per leaf from six leaves weré/aed per treatment. P-value * <
0.01; t-test comparisons representing significant diffexemath Col-0. Error bars
represent Standard Errof six independent leaf samples tested at the samee Tims

experiment was repeated three times with similaritsesu

129



10000000

1000000

100000

10000

1000

100

Leaf Bacteria (cfu/cm?)

10

= M Pph 3121

kd TTSS-

M Pph AvrE

i Pph HaRxL23

0 DPI 3 DPI

Figure 3.3Bacterial multiplication in leaves of wild type Arabidopsis plantsl{Q).

Plants were infiltrated with a bacterial suspensiof ¥f10 colony-forming units

(CFUs) per milliliter. Bacterial populations were detéred at day 0 and day 3 after

inoculation. Error bars indicate Standard Error ofisgependent leaf samples tested at

the same time. The experiment was repeated thres wuitie similar results.
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Number of lesions / leaf

rE1(avr

Figure 3.4HaRxL23 is able to rescue the reduced lesion phenotype oc&¥E1 strain

in tomato Moneymaker plant@) Disease symptoms (lesion production) on tomato cv.
Moneymakeplants 8 days after dipping inoculation at 1%&fu/ml bacterial culture. (B)
Number of lesions (0.25mnf) per whole leaf appearing on plants 8 days after dipping
inoculation with the respective bacterial strains.uéalindicate mean and error bars

indicate standard error on at-least five whole leavegdch treatment. * = p< 0.01
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Materials and methods

Construction of expression plasmids
HaRxL23was amplified from genomic DNA extracted fréxrabidopsisOy-1
plants, infected witlidpa isolateEmoy2,using proofreading polymerase (Pfu,
Invitrogen). Forward and reverse primers were designed pdifgrinom the signal
peptide cleavage site (HaRxL23 NOSP, Supplemental Table 1jkafRxL23 S) or
without the stop codon (HaRxL23 NS) depending on the tyfasadn. For cloning into
Gateway destination vectors, the sequence CACC was atitleel 5’ end of the forward
primer and PCR was performed using the genomic DNA as & CR products were
gel purified (Qiagen) and finally recombined into pENTR-D-TOB&eway entry vector
following the manufacture’s protocol (Invitrogen). Thisstvas followed by
transformation intdscherichia colDH5 competent cells. Kanamycin resistant colonies
were selected on agarose plates followed by colony P@Ratésmid specific M13 F
and M13R primers. Colonies having the correct size weeetsel for plasmid
purification and confirmed by sequencing. The pENTR clone géeewvas then used to
create Gateway expression plasmids using LR recombin@tiaitrogen).
ForPseudomonamediated transient studies, HaRxL23 gene was shuttled from
PENTR into pEDV6 by LR recombination (Gateway, Invitrogen)DpB contains the
AvrRPS4promoter (Sohn et al., 2007). The EDV constructs witheffectors were
transformed intd’seudomonas phaseolicaaainsby standard tri-parental mating using

E. colipRK600 as a helper strainph 3121, PphAvrEl, avrE1lmutant (CUCPB5374)
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and avrEl(avrEl) (pCPP5246) strains were kindly provided by David Mackey ab Ohi

State University. All clones generated were confirmeddnuencing.

Plant materials and growth conditions

Arabidopsisand tomatol(ycopersicon esculentuav. Moneymakerplants were
grown in Sunshine Pro-mix soil mixture number one. For expats involving
inoculation withPseudomonaspp, Arabidopsisvas grown in controlled growth
chambers under short day cycles (8h/16h light/dark and 150-2@6fs)E&t 22°C and
60% relative humidity. For all other experimemsabidopsisand tomato were grown
under long day cycles (16h/8h light/dark at 90-100 |fE)rat 22°C and 60% relative

humidity.

Assays involving HR, bacterial virulence and callose suppressi in Arabidopsis

For assays involvingseudomonas sppArabidopsisCol-0 plants were syringe
infiltrated with 1x1G cfu/ml (virulence assays) or 1X16fu/ml (HR and callose
suppression assays) bacterial solution in 20mM MgSO

For HR assays, a total of 6 plants, 3 leaves eachinfdmated and visual
scoring was performed 16-20 hours later.

For bacterial growth assays, leaf discs were caredra and three dpi, surface
sterilized with 70% ethanol and homogenized using a mini-beatkr (Biospec
products). Serial dilutions were performed to count colonyifog units. For each

sample, three leaf discs were pooled three times pampdant.
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For callose suppression assays, whole leaves weresteavis hpi, treated with
alcoholic lactophenol and stained with 0.01% (w/v) Anilohee stain in KHPO, buffer
as described previously (Sohn et al., 2007). Stained leavesweeinted on glass slides
using 50% glycerol and imaged with a Zeiss Axio Imager.M1gusia filter settings for
DAPI. Quantification of callose spots was performedgisite Autospots software
(Cumbie et al., 2010). Statistical analyses for growtkeziwere performed on means of

log-transformed data using Student’s t-test (*p < 0.01, **p <0.001)

Bacterial lesion assay in tomato Moneymaker plants

For bacterial lesion assay, 4-5 week lojdopersicon esculentuav.
Moneymaker (tomato) plants were dip inoculated for 30 seowmitdsLx1G cfu/ml
bacterial solution in 10mM MgSfaontaining 0.02% Silwet. A total of 3-4 plants were
used for each treatment. Disease symptoms on leatkes form of small, brown,
necrotic lesions were monitored for a total of 6 day$ays after inoculation, the number

of well-developed lesions (.25 mn3) per leaf was quantified.
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Supporting information

Protein database (NCBI) |

.

Training dataset
AvrE + Non-AvrE

| -

-~

- .

Partial least squares with physico-chemical properties (PLS-ACC)
Partial least squares with amino acid compositions (PLS-AA)
Partial least squares with dipeptide composition (PLS-DIP)

Hyaloperonospora arabidopsidis genome

ID

Ha22
Ha23
Ha24
Ha25

PLS-ACC PLS-AA PLS-DIP

.

Ny
0.43 0.56
0.98 0.99
0.01 0.67
0.90 0.50

0.21
0.95
0.78
0.34

Supplemental Figure 3.10verview of mining AvrE1 from Hyaloperonospora
arabidopsidisg(Hpa) genomeUsing partial least squares (PLS) alignment-free nakstho
nine candidates frofd. arabidopsidisgenome and 61 protein candidates from
Arabidopsisproteome were found similar to AvrE1 proteins. Using infdromefrom

gene expression data and metabolomics pathways 16 prateidai@s were further

investigated.
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alpha-helix

G
beta-sheet alpha-helix

Supplemental Figure 3.2Structural predictions of HaRxL23 and Avrid) Predicted
structure of AvrEl by I-TASSER (B) Predicted structure aR®{L23 by I-TASSER (C)
Superimposed structure of HaRxL23 on AvrE1 by DaliLite. $tmacof HaRxL23 is

shown in red.
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HaRxL23 NOSP

CACCATGGCAACGTCTACCGATCTGA

HaRxL23 NS GGCGTCGACGTGCTTTAGGC
HaRxL23 S CTAGGCGTCGACGTGCTTTA

Avh73 NOSP GCTTCTGCTTCTTCAGAGCTCGTCGC
Avh73 NS AGGCGGCTTTGCCTTCGAGG

Avh73 S GTATTTGCCGTACTGGGTGA

pEDV6 Fwd GGCACCCCAGGCTTTACACTTTATG
M13 Fwd GTAAAACGACGGCCAGTG

M13 Rev GGAAACAGCTATGACCATG

Supplemental table 3.ITable of primers used in this study
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Abstract

Oomycete plant pathogens maintain large families df RXffector proteins that enter
plant cells. The mechanisms through which these effegimmote virulence are largely
unknown. Here, we show that the HaRxL10 effector prdteim theArabidopsis
pathogerHyaloperonsopora arabidopsid(gipa) targets Jasmonate-Zim Domain (JAZ)
proteins that repress responses to the phytohormone jasawahi(JA). This
manipulation activates a regulatory cascade that reducesatation of a second
phytohormone, salicylic acid (SA), and thereby attenuatesuinity. This virulence
mechanism is functionally equivalent to but mechanigdyicistinct from activation of
JA-SA crosstalk by the bacterial JA mimic coronatifleese results reveal a new
mechanism underpinning oomycete virulence and demonstratbehdA-SA crosstalk is
an Achilles’ heel that is manipulated by unrelated pathotfeénsigh distinct

mechanisms.
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All pathogens must evade or suppress their host’s immsystem. Understanding
the mechanisms through which pathogens suppress host imnsussisential for
complete understanding of host-pathogen interactions dnidfarm efforts to reduce
the impact of diseases. Plants maintain a robusumensystem that is activated when
surveillance proteins perceive pathogen-derived sighpld fie phytohormones salicylic
acid (SA) and jasmonic acid (JA) play central rolesnimunity by regulating distinct
signalling sectors that respectively provide resistanceotooiphic (SA) and necrotrophic
(JA) pathogens?, 3. The SA and JA sectors can be mutually antagonistaty that
activation of one sector can inhibit the othd,({ig. S4.1A). This antagonism provides
optimal defense through which immune responses canlbesthto specific types of
pathogens, thereby reducing costs of resistag)céipwever, JA-SA antagonism also
provides a mechanism for pathogens to suppress one sectolubing the otherd).

This form of exploitation has been documented for #etdyial pathogeRseudomonas
syringae which secretes a molecular mimic of JA (coronat@@®R) that promotes

virulence in part by suppressing SA defensésiy, fig S4.10.

The Arabidopsisdowny mildew pathogeHyaloperonospora arabidopsid{$ipa)
is a reference organism for destructive oomycete path@gehfor the obligate
biotrophic lifestyle, in which pathogens extract nutriemtslusively from living host
cells and cannot survive apart from their ho8}slf keeping with this lifestyle, thdpa
secreteome is configured for stealth in the host anddesla large family of RXLR
effectors that enter plant cel®)( The molecular mechanisms through whiba and
other oomycetes utilize RXLR proteins to subdue host immuanéyonly beginning to be

explored (0).

Genetic experiments have demonstrated that SA-meddiasponses are
important inArabidopsisfor immunity againstpa, while JA-mediated responses are

ineffective againsHpa (11). Thus, we examined whethdpa might activate JA
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signalling to suppress SA-mediated responsespliks/ringae Accordingly, the JA
marker gené>df1.2is induced rapidly during infection by a virulent isolatéHp& (fig.
S4.2A). Moreover, mutants that compromise JA signalljagl(andjinl, fig. S4.1A

(12)) display reduced susceptibility to virulddpa (fig. S4.2B, demonstrating that the
JA signalling sector is genetically essential for Hia virulence. The reduced
susceptibility phenotype garl andjinl is accompanied by enhanced plant cell death
aroundHpa infection structuresfig. S4.2C-D and by elevated expression of the SA
marker gend®R-1(fig. S4.2B), suggesting that the reduced susceptibility phenotype in
these mutants is caused by de-repression of SA-medmatednity due to removal of

inhibition of the JA sector, consistent with previoaports.

To identify potential mechanisms through whi¢pa could activate JA
signalling, we examined th&rabidopsisPlant-Pathogen Interactome database (AtPPIN1)
that documents putative targetdHda RXLR effectors {3). OneHpa effector,
HaRxL10, interacts with the JA response respressor JAF.354.3A). Arabidopsis
encodes a family of 12 JAZ proteins, which act as trgitsmnal repressors of JA-
responsive genes under conditions in which JA responsemamduced?). This
repression is relieved when pathogens, insects, or ogm&isiinduce biosynthesis of JA
and its bioactive form, JA-isoleucingg; S4.1B (12)). JA-lle binds to and activates the
Skp/Cullin/F box-Coronotine 1 (SERY) ubiquitin ligase complex. In turn, the activated
SCF°" targets JAZ proteins for ubiquitination and subsequent destmtintihe 26S
proteasome, thereby de-repressing downstream respfigs&(1B (12)). We
confirmed the previous report thajaa3 knockout mutant displays enhanced
susceptibility to virulenHpa (fig. 4.1A). This demonstrates thdfAZ3is genetically
necessary for basal resistance to viruldpg; thus, it is plausible that nullification of

JAZ3function could promoteélpa virulence.
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To obtain genetic evidence that HaRxL10 targets JA diggalve transformed a
P. syringaecoronatine biosynthetic mutarRgtDC3118) with a plasmid configured to
express HaRxL10 in a form that can be delivered to plalstttebugh the Type 3
secretion system (T3S3,4), fig. S4.4A). In this assay, secreted HaRxL10 partially
rescued the virulence defeciis plantagrowth and disease symptoms) of the coronatine-
deficient mutant when bacteria were sprayed onto thesigédce fig. S4.4B-Q. Thein
plantagrowth defect oPstDC3118 was also rescued when HaRxL10 was expressed
from a plant transgene in stably transformedbidopsisColumbia (Col-0) plantdi@.
S4.4D. HaRxL10 did not enhance the virulence of wild-tf3s¢DC3000 or rescue the
virulence defect of thBstDC3000( CEL) mutant, suggesting that its mechanism of
action is specifically equivalent to coronatifig.(S4.4B-D. Additionally, Col:35S-
HaRxL10 transgenic lines exhibited enhanced susceptibility to mirtiea (fig. S4.4B.
Finally, the JA marker gerfedfl.2is constitutively induced in uninfected Col:35S-
HaRxL10 (ig. S4.4F, further demonstrating that transgenic expression &xta0 is

sufficient to activate JA responses, even in themds of pathogen infection.

We confirmed that HaRxL10 interacts with JAZ3 in thesyda/o-hybrid system
and in ann vitro co-immunoprecipitation assay, indicating that thegnst bind directly
to each otherfig. 4.1B, S4.3B. HaRxL10 also interacts with JAZ4 and JAZ9, but none
of the other JAZ proteins, in yeadig( S4.5A). Deletion experiments with JAZ9
demonstrated that the conserved N-terminal donfigin§4.5B is necessary for the
interaction in yeastfig. S4.50Q. HaRxL10 does not interact with the SCF component
COI1 (ig. S4.5A). We confirmed that HaRxL10 interacts with JAA3planta and
bimolecular fluorescence complementation (Bik@.,4.1C) assays. Fluorescently

tagged HaRxL10 co-localizes with JAZ3 in subnuclear strastaf unknown function

(fig. 4.1D, (15)).
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To test whethedAZ4andJAZ9are relevant for basal resistancéHjma, we
challengedaz4 and jaz9 mutants, along withjaz3jaz4jaz9triple mutant, with virulent
Hpa. We observed no enhanced virulencélpé in the single mutants. The triple mutant
supported enhancedjpa virulence relative to wild-type, but the degree of wande was
equivalent to thgaz3 mutant {ig. S4.9. Thus, by genetic criteridAZ3plays a major,

unique role in basal resistanceHpa.

Because genetic loss #AZ3is sufficient to enhance susceptibility to virulent
Hpa ((13) andfig. 4.1A), we hypothesized that HaRxL10 degrades or otherwise asllifi
JAZ3 to promote virulence. Accordingly, abundance of gangally expressed YFP-
JAZ3 was reduced during colonizationAribidopsisby Hpa. (fig. 4.2A). Additionally,
JAZ3-YFP abundance is reduced by co-expression of HaRxUd0henthamiandfig.
4.2B-D) or Arabidopsis(fig. S4.7. The HaRxL10-dependent destabilization of JAZ3 is
reversed by the addition of proteasome inhibitor MGh3@vo (fig. 4.2E). These data
indicate that HaRxL10 targets JAZ3 for degradation by thepéteasome.

A recent study revealed the molecular cascade through Wwhadatkrial coronatine
suppresseArabidopsisSA responses ], fig. S4.1Q: Coronatine mimics JA to induce
COI1-SCF-dependent degradation of JAZ proteins, thereby desapgehe MYC2
transcription factor and activating three MYC2-regulajedes encoding homologous
NAC (petunia NAM andArabidopsisATAF1, ATAF2, and CUC2) transcription factors:
ANACO019 ANACO055 andANACO072 In turn, the NAC proteins directly repress
expression of a key SA biosynthetic gene (isochorisswtthase 1,CS1 and activate
genes encoding SA glucosyl transferase ger@AG{T ) and SA methyltransferse
(BSMT). Together, this genetic reprogramming reduces the pdubattive SA and
thereby compromises the SA immune sector. Because HéRy&netically compensates
for coronatine deficiency iRstDC3118, we hypothesized that the HaRxL10-JAZ

interaction suppresses SA through the same cascadedigly, transcription of
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ANACO019ANACO055ANACO072 andSAGT1is induced in Col:35S-HaRxL10, whilRR-

1 andICS1expression is reducefiq. 4.3A-B). Similar effects were seen in infected
plants {ig. S4.9. Moreover, thgaz3 knockout mutant was similar to Col:35S-HaRxL10
in its effects on SA-associated gene expressign$4.8. ConverselyANACO019
ANACO055ANACO072 andSAGT ltranscripts are reduced in Col:35S-JAZ3, whRikR-1
and ICSlexpression is inducedid. S4.9. Together, these results demonstrate that
JAZ3 is an important component of the SA suppressioradaswith a non-redundant
role, whileHaRxL10overexpression phenocopies the downstream effectsrohatine,

and of a jaz3 knockout, on the SA suppression cascade.

The robust configuration of plant immune networks impasesnse selective
pressure on pathogens to exploit points of vulnerabilityh@ network. It is now evident
that every type of plant pathogen deploys effector preteirisrupt the plant immune
network. In oomycete phytopathogens, secreted RXLR effeeire thought to play a key
role in manipulation of immune signalling huld8Y. The mechanisms of RXLR-
mediated immune suppression are only beginning to be understa@d studies point
to plant secretory pathways as a major tarb@t Our experiments reveal a different
oomycete virulence mechanism, based on exploitatioA-&A antagonistic crosstalk
(fig. 4.4): HaRxL10 is secreted into host cells, wherein ffitsto the nucleus and
engages JAZ proteins to reduce their abundance via ubiquetiatad proteolysis. This
results in derepression of JAZ targets, likely inducing NY®@hich in turn triggers a
gene cascade that ultimately lowers the pool of activeN®&dably, JA-SA crosstalk is
similarly manipulated by. syringae a bacterial phytopathogen that over two billion
years diverged frorklpa (7). Thus, both pathogens have convergently evolved to exploit
the same Achilles heel in the defense network of tiest. However, the mechanisms
used by bacteria and oomycetes are different: bactenahatine directly mimics JA and

thereby activates the SE®' complex that likely degrades all of the JAZ proteinkilev
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HaRxL10 acts further downstream and with more spegifiby binding to and
destabilizing specific JAZ proteins. Our experiments impdicltZ3 as a key player
within the large JAZ family for regulation of crossktalith the SA sector. Finally, this
study validates the utility of the AtPPIN databaseidentifying effector targetsl@) and
opens the door for future studies to better understand howlHHaRxters JAZ stability
and function foHpa's benefit, and to exploit HaRxL10 as a molecular probe to

illuminate poorly understood aspects of JAZ function.
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Fig. 4.1The Arabidopsis ZIM-domain protein JAZ3 is genetically necessary fal bas
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demonstrating subnuclear co-localization of RXL10 witZ3A
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Fig. 4.2HaRxL10 de-stabilizes JAZ3 in a proteasome-dependent mgAn&Western
blots showing reduced abundance of YFP-JAZ3 in transdealaidopsisseedlings
colonized by virulenHpa Emco5. “U” refers to uninfected and “I” refers to infette
seedlingsB) Confocal microscopic images depicted reduced signal ¥BR+JAZ3
when co-expressed with HaRxL10Nh benthamianavith water or methyl jasmonate
(MeJA) treatment. HaRxL23 is a control RXLR effedioat does not impact JA-SA
crosstalk. C) Quantification of YFP-JAZ3 signal from nuclei Bf benthamiana
epidermal cells.d) Western blot showing reduced abundance of JAZ3 when co-
expressed with HaRxL10 M. benthamiana(E) Western blot showing that MG132

suppresses HaRxL10-dependent degradation of JAK3 lenthamiana
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Fig. 4.3HaRxL10 activates a gene cascade that regulates bioavailable salicylic acid
(SA).gPCR data showing that Col:35S-RxLX) de-represses or activates transcription
of NAC TF genes;B) represses transcription of PR-1 and SA biosynthesis |@Sie

(C) activates transcription of SA metabolism gene SAGITanscript abundance was
measured using quantitative, real-time PCR using cDNA froimfected Col:35S-

RxL10 OX lines 1 and 2. Transcript abundance was normalizatfictin2 * ddCt

values representing statistically significantP? & 0.05) differences with Col-0. Error bars
depict variance among technical replicates. This expetimas repeated at least three

times with similar results.
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Fig. 4.4Hypothetical model showing the role of HaRxL10 in de-stabilizing Jh&8by

activating JA signalling and suppressing SA responses.
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Materials and methods

Construction of expression plasmids

The HaRxL10-pDONR207 clone was generated without the stopassiog
standard Gateway cloning protocol (Invitrogen) and shuttledeixpoession plasmids
using LR recombinase. HaRxL10:pDONR207 was kindly provided by Byiér. For
Agrobacteriuramediated transient assays and subcellular localizatudies, HaRxL10-
pDONR207 was shuttled into pB2GW?7 and pEarleyGate104 vectors tiesped-or
experiments involving®’seudomonas syringathe entry construct of HaRxL10 were
recombined into pEDV6 (Sohn et al., 2007). The expressasnpils obtained were
mobilized fromE. coliDH5 to PstDC3118 and PstDC300@EL) by standard
triparental mating using. colipRK600 as a helper strain. For BiFC experiments, the
pDONR207 clone of HaRxL10 was recombined into the pE-SPYNE-GMfpiector,
which fused the N-terminal half of YFP (nYFP) to théeximinus of HaRxL10.
Similarly, the pENTR4 construct of JAZ3 was cloned iite pE-SPYCE-GW binary
vector, which fused the C-terminal half of YFP (cYR®}he N terminus of JAZ3. . The
resulting binary expression plasmids were transform@dAgrobacteriumGV3101. For
in-vitro co-IP studies, the entry clones of HaRxL10 and JAZ3 wewembined into the
pIX-HA and pIX-GST binary vectors. For yeast-two-hybrid expents, theJAZand
COI1 coding sequences (CDS) were originally amplified using RRRom total RNA
extracted fromArabidopsis thaliangCol-0) and TA cloned into pCR2.1 (Life
Technologies, Grand Island, NY). The coding sequencg®edAZ andCOI1 genes
were released from plasmid pCR2.1 by digestion ®amHI and EcoRiestriction
enzymes and the resulting fragments separated by agat@decg®phoresis. The DNA
fragments were purified using a Qiagen gel extractio(fkagen, Valencia, CA). The
JAZ coding sequences were ligated into the multi-cloning sitkeo¥2H vector

pB42AD (Clontech, Mountain View, CA) to generate N-terrhingions to the B42
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transcriptional activation domain. TRRxL10CDS was recombined from pDONR207
into a Gateway compatible version of the Y2H vectorges{Clontech, Mountainview,
CA) to generate an N-terminal fusion to the LexA DNA bngddomain. The Y2H
constructs were transformed irfto coli DH5 alpha chemically competent cells and

selected on LB plates with ampicillin. All clonesneererified by sequencing.

Plant growth conditions and generation of transgeni@rabidopsisplants

ArabidopsisandNicotiana benthamianalants were grown in Sunshine Mix #1
for all experiments. For pathogen experimeArabidopsiswas grown under short day
conditions (8 hours (h) light 16 h dark) at 22 C/20 C. Fbo#ler experiments,
ArabidopsisandN. benthamianavere grown at 16 h light, 8 h dark at 22A%abidopsis
Col-0 were transformed following the floral dip meth@lough and Bent 1998).
Primary transformed plants were selected on the b&8ASTA-resistance. The
presence of transgene and transcript abundance was aahfaiyyPCR from genomic
DNA and gPCR respectively. Segregation assays were p@doin the T2 generation to
identify lines with a single transgene locus. HomozygtRisr T4 plants were used in all

experiments.

Hyaloperonospora arabidopsidimaintenance, infection, and growth assays

Weekly propagation and maintenanceHyhloperonospora arabidopsidis
isolates Emco5 and Emoy2 were performed on susceptibledopsisecotypes Ws-0
and Oy-1 respectively as described in (McDowell et al. 203dnHpa growth assays,
10-12 day oldArabidopsisseedlings were infected with conidial suspensions of5x10

spores/ml. Quantification of disease was performed sxxithed previously (McDowell
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et al. 2011). Trypan blue staining to visualize areas ofleallh was performed as

described previously (McDowell et al. 2011) .

RNA isolation, reverse-transcriptase PCR and gRT-PCR

Total RNA was isolated from uninfected adga infectedArabidopsisseedlings
using an RNeasy mini kit (Qiagen). To obtain cDNA fevarse-transcriptase and gRT-
PCR, total RNA was first treated with DNase | (AmBiand the first strand cDNA
synthesis was performed using the OmniScript cDNA synthké&giQiagen). Two
micrograms of RNA were used aS starting template nadtierithe cDNA synthesis. 1ul
cDNA was used per well with SYBR Green PCR Master (Applied biosystems) in
25ul reactions. Each PCR was performed in triplicattherABI7500 Real-time PCR
system and transcript abundance was normalizédiActin2The primers used to detect
specific transcripts are listed in Table S1. Statisacallyses were performed using

Student’s t-test (*p < 0.05, **p < 0.01, ***p <0.001).

Real Time PCR assay for growth oH. arabidopsidis

This assay followed the procedure described in (AndersoieDowell 2012).
Briefly, five individuals from each sample were poole@xtraction buffer (200mM Tris
pH 7.5, 25mM EDTA, pH 7.5, 250mM NacCl, 0.5% SDS) and genomic Di)D*NA)
was extracted using a bead beater. gDNA samples werefahatid diluted to 10ng/uL
final concentration. 25 pL samples were prepared by mixing 6f gDNA sample with
12.5 pL of Sybr Green Mastermix (ABI, Carlsbad, Califajralong with primers and
water. The primer se&tActin Fwd/AtActin Rev were used faktActin andHaAct

FwdMHaAct Rev were used fddpaActin (Brouwer et al. 2003). PCR reactions were
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performed on an ABI 7500 device. Ct values were determined uglhgoitware.

Relative abundance to AtActin was calculated as 2/-dCt.

Pseudomonas syringaeafection

For spray inoculation assays, 4-5 weekAidbidopsisplants were sprayed with
1x1@ cfu/ml bacterial solution in 10mM MgS@vith 0.02% Silwet L-77. For syringe
infiltration assays, 4-5 week old plants were infiltchtesing a needleless syringe with
1x1C cfu/ml bacterial solution in 10mM MgSOSix plants were assayed for each data
point. Leaf discs were cored at 0 days post infectior) &l 3dpi, surface sterilized
with 70% ethanol and homogenized using a mini-bead beatesp@igproducts). Serial
dilutions were performed to count colony forming units. Rarhesample, three leaf discs
were pooled three times per data point. Bacterial grovehmeasured as described
previously. Statistical analyses were performed on meglog-transformed data using

Student’s t-test (*p < 0.05, **p < 0.01, ***p <0.001).

Transient assays using agro-infiltration inN. benthamiana

Recombinangrobacterium tumefaciengere grown as described previously
(Van der Hoorn et al., 2000) with the appropriate antibiofigsobacteriumliquid
cultures were grown overnight, centrifuged, and resuspenddti induction buffer
(10mM MgCh, 10mM MES, 200mM Acetosyringone). The bacterial susp@ssivere
incubated at room temperature for 1-3 hours. Infiltratising needleless syringe was
performed on the abaxial side of 3-5 weeks Nldhbenthamiandeaves Agrobacterium
strain containing pJL3-p19, a binary vector that expressesufipressor of post-

transcriptional gene silencing p19 of Tomato bushy stunt virBSYT Voinnet et al.,
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2003) was co-infiltrated with the transform@drobacteriunstrains for enhanced
expressionAgrobacteriunmstrains carrying the respective constructs were mixédLid
ratio along with pJL3-p19 in MMA induction buffer to a fif@Dgoo 0of 0.3 (for confocal
microscopy) and 0.5 (for western blotting). For co-expogsskperiments,
Agrobacteriumcarrying YFP tagged-JAZ3 and 35S-HaRxL10 or 35S-HaRxL23 were
mixed in 1:1 ratio along with pJL3-p19 in MMA induction buferd syringe-infiltrated
in 4 week-oldN. benthamindeaves. After 12 hours post infiltration, leaves wetlece
syringe-infiltrated with water or 10uM MeJA solution. Intagywas performed at 15
minute intervals after water or MeJA treatment. Imgdor BiFC experiments were
performed 4-5 days post infiltration. All other imaging vpasformed 1-2 days post
infiltration. Images were taken using confocal microscoging a Zeiss Z.1, 25x or 40x
water immersion objective and 488 HeNe laser. Proces$ithgorescent images was

performed using the Zeiss Zen 2012 software.

Protein isolation and immunoblots

For western blotting, total proteins were extracted by gnm@8i4 leaf discs,
0.6cm in diameter in liquid nitrogen followed by boiling in Sbading buffer (50mM
Tris-HCI, pH 7.5, 150mM NacCl, 1% Triton X-100, 0.1% SDS, 1mBTA, and 1mM
DTT) with 1% protease inhibitor. Equal amounts of proteinensaparated on an SDS-
polyacrylamide gel followed by semi-dry transfers ontoocdlulose membrane
(Whatman) using Hoefer SemiPhor apparatus for 30 minu@&s-40mA. Membranes
were blocked for four hours in 4% non-fat dry milk in TB5D mM Tris-HCI, pH 7.5,
150 mM NacCl, and 0.05% Tween 20). Overnight incubation atwg€performed with
monoclonal anti-GFP antibodies (Covance Researtitediwith TBS-T (1:5000). After

several washes with TBS-T the next day, the membsaseincubated with secondary
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anti-mouse Ig antibody (GE Healthcare) diluted with TB®r 1 hour at room
temperature. The antibody-antigen complex was detesiag HRP conjugated
Immobilin Western Chemiluminescent substrate (MillipoFer JAZ3 degradation
experiments iMN. benthamiana3-4 leaf discs, 0.6 cm in diameter were collectediwit
16 hours of agro-infiltration for protein isolation andhsecutive western blotting. For
YFP-JAZ3 assays iArabidopsis 10-11 day old seedlings overexpressing YFP::JAZ3
were challenged with 50,000 spores/mHpla Emco5. Tissues from infected and
uninfected seedlings were collected, flash frozen indigutrogen at the indicated time

points and harvested later for protein isolation andevedilotting as described above.

In-vitro co-immunoprecipitation

In-vitro pull-down assays were performed according to the matwués
protocol using the Pierce® HA Tag IP/Co-IP Kit (Thermae8tific). Briefly, HA- and
GST-tagged proteins were synthesimeditro using the TNT® Coupled Wheat Germ
Extract Systems (Promega). For the pull-down assaysl| aouaaints of N-terminal GST-
tagged JAZ3 or GST alone and N-terminal HA-tagged HaRxL10 iveubated with
gentle end-over-end mixing at 4°C with 20 pL anti-HA agasisey (35 pug antibody)
overnight. Next day, the samples were washed 2-3 tintesTBS-T detergent (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, and 0.05% Tween 20). Afterfin@l wash, the
samples were subjected to SDS-PAGE followed by immumn@iplalysis as described

above using anti-GST antibody (Invitrogen).

Yeast-2-hybrid screens
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pGilda:RxL10 was co-transformed along with pB42AD:JAZ, pB42B0DL1, or
empty pB42AD constructs into yeast strain EGY48 carryiego®Op:LacZ reporter
plasmid. Yeast transformation reactions were sedegh plates containing SD minimal
media (BD Biosciences, San Jose, CA) supplementeduvilsil (U)/-tryptophan (W)/-
histidine (H) amino acid drop out solution. Followindeséion, colonies were cultured
overnight in liqguid SD-UWH drop out media. The overnighltures were harvested,
washed 2X in sterile water, adjusted toda> 0.2 and 10 ul of each culture was spotted
onto agar plates containing SD galactose/raffinose-UWHansgbplemented with X-gal
(80 pg/ml). Y2H plates were incubated at 30 °C for 5-7 dagspositive

interactions/colonies were identified by developmertloé color.

Liquid Y2H assays were conducted using th&lo chemiluminescent system
(Promega, Madison, WI) following the manufacturer’s pecoto Yeast clones were
cultured in minimal SD-UWH media overnight and cellgeviearvested by
centrifugation at 3,500 rpm for 10 minutes and washed 2X iestemter. The cells
were then resuspended to £&= 0.2 in SD galactose/raffinose-UWH media and

cultured for 18 hours before proceeding with the assays.
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Fig. S4.1Schematic of JA biosynthesis, signalling, and physiological respqAges
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antagonistic. B) Model depicting major components of JA signalling. Lowlg¥els in
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downstream response€£)(Mechanism for coronatine-induced suppression of SA
accumulation irPseudomonas syringa€OR acts as a molecular mimic of JA-lle,

thereby activating SC"which leads to degradation of JAZ proteins and activation of
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the NAC transcription factors through MYC2. These Tkntrepress SA biosynthesis
gene ICS1 and de-repress SA metabolism genes BSMT1 and1Sa@ihibit SA

accumulation and promote bacterial virulence.
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Fig. S4.2Evidence that Hpa engages the Arabidopsis jasmonic acid signalling sector to
suppress SA-mediated immun{#) Elevated transcription of JA marker gdpaf1.2

during virulentHpa Emco5 infection. Q-PCR was used to measure transcupidaince

of PDF1.2in response to viruleriipa infection. Transcripts were normalized to

AtActin2 and fold change was calculated relative to O DPI. Bhaos represent standard
deviation among technical replicates. Days post inoculdiié’l). 8) Reproduction of

virulent Hpa Emco5 in JA biosynthesiside] and signalingjérl, jinl) mutants. Col-0
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and JA mutant plants were challenged with viruldpa Emco5. Disease progression
was quantified 7 days post inoculation by visual sporangi@ptmunts. C, D) Enhanced
host cell death in response to growth of viruldpt Emco5 in JA mutants.Visual
guantification of trypan stained samples from the @midHpa Emco5 infected plants.
(E) Elevated transcription of the SA marker g&#e-1in JA mutants. RNA was
extracted from uninfected plants, and transcript abundaasemeasured using
guantitative, real-time PCR. * ddCt values representingsstally significant (P <

0.05) differences with Col-0. Transcript abundance washalized toAtActin2
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Fig. S4.3JAZ3 interacts with HaRxL1@®\) Cytoscape schematic of proteins that interact
with ArabidopsisJAZ3 in AtPPIN version 1. JAZ3 interacts with a numbghost

proteins including, two other JAZ proteins, receptor like kind®tKs, pink), proteins
involved in diverse cellular processes (grey), a deferatedeprotein (black), and a
number of pathogen effectors including 3syringaeeffectors (gold) anéipa HaRxL10.
(B) HaRxL10 interacts with JAZ3 in an-vitro co-immunoprecipitation assay (co-IP).
HA-HaRxL10, GST-JAZ3 or NTC (no template control) weratbgsizedn-vitro using

the TNT® Coupled Wheat Germ Extract Systems (Promegdl) lySates were then
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immunoprecipitated using anti-HA antibody. The immunojmiéates were examined by
Western blotting using anti-GST antibody. Input represeh@6 of wheat germ lysates

used in the Co-IP experiment.
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Fig. S4.4Genetic evidence that RXL10 targets JA signall{pAg Schematic of the
effector detector system through which a fusion of RXL1th&AvrRps4 leader is
delivered fromP. syringae pathovar tomatoRsi) via Type Il secretion (Sohn et al.,
2007). B) In plantagrowth ofPststrain DC3000 and mutants deficient in coronatine
(PstDC3118, designated as cor- in the legend) or lacking thmeertant Type Il
effectors PstDC3000( CEL)), with or without RxL10. C) Plant disease symptoms
triggered byPstand mutants, with or without pEDV-RxL1MD) In plantagrowth ofPst
strains, without RxL10, oArabidopsisCol:35S-RXL10. E) Enhanced reproduction of
virulent Hpa Emco5 orArabidopsisCol:35S-RxL10. f) Elevated transcription of the JA
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marker gené>dfl1.2in uninfected Col:35S-RxL10 plants, assayed by quantitative RT

PCR as described above.
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Fig. S4.5Yeast two-hybrid assays for interaction between HaRxL10 and JA signaling

BD

components(A) Assays for interaction between HaRxL10 and alAt2bidopsisSIAZ
proteins, demonstrating that HaRxL10 interacts with JAAZA) and JAZ9. Assays for
interaction between HaRxL10 and the SCF component COhbmigrating no
interaction B) Schematics aJAZ gene and mutant derivatives used in these as$alys. (
Assays for interaction between HaRxL10 and JAZ9 deletenvatives, demonstrating

necessity of the N- terminal (NT) domain for interact
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Fig. S4.6Hpa virulence is enhanced by mutations in JAZ3 but not in JAZ4 or. 5#&9
growth was quantified ifaz3, jaz4 jaz9 and jaz3-jaz4-jaz9 seedlings infected with
virulent Hpa Emco5. Genomic DNA was extracted from seedlings ctaikat six days
post inoculation. gPCR was used to measure the reldiivelance oHpaActinrelative
to AtActin2 as a proxy for pathogen biomass. Error bars represeot t8Ehnical

replicates. * P < 0.05; t-test comparisons with Col-0.
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Fig. S4.7Abundance of YFP-JAZ3 is reduced by transgenically expressed 35S-HaRxL10
Western blots showing reduced abundance of JAZ3-YFP inamedArabidopsisF1
hybrids of a cross between Col:35S-JAZ3-YFP and Col:35S-RXL10.
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Fig. S4.8JAZ3 and HaRxL10 regulate expression of genes associated with SA
biosynthesis and metabolis(®) (B) A jaz3 knockout mutant (labeled as jaz3 mt) affects
SA-associated gene expression similar to Col:35S-RxL10Hge8A-B). A Col:35S-

JAZ3 line affects SA-associated gene expression oppo<iel85S-RxL10 and thmz3
knockout. Transcript abundance was measured using quantitaaktime PCR using
cDNA from Hpa-infectedjaz3knockout, Col:35S-RxL10 OX line 1 and Col:35S-JAZ3
OX line 1 with primers specific for the indicated geréamples were collected 24hours
post infection. * ddCt values representing statisticatipisicant (*P < 0.05) differences
with Col-0. Transcript abundance was normalizeAt#ctin2 This experiment was

repeated at least three times with similar results.
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Table S4.1 Oligonucleotide primers
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Chapter 5

Conclusions, future questions and directions and generalidook

Abbreviations: bimolecular fluorescence complementation (BiF€@yonatine (COR),
crinkling and necrosis (CRN), signal peptide (SP), Effetiiggered immunity (ETI),
Hyaloperonospora arabidopsid{$ipa), jasmonic acid (JA), Jasmonate-Zim Domain
protein (JAZ), pathogen-associated molecular patternM@®Aphosphatidylinositol-3-
phosphate (PI3PRseudomonas syringdesy), PAMP-triggered immunity (PTI),

resistance gene (R), salicylic acid (SA), systemic imeduesistance (SAR)ype Il
secretion system (TTSS).
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Conclusions

| believe the biggest challenges the field of molecplant-microbial interaction
research faces right now are the understanding of MAld&bsogen effectors and R
protein mechanisms to develop and improve plant diseastares. My PhD
dissertation has primarily focused on functionallyrelogerizing oomycete effectors and |
feel that as more and more “essential” effectorsdaetified and characterized, new
concepts of oomycete immunity, biology and evolution el unraveled and will also
contribute to the identification of the best resista(R) genes to utilize for breeding
programs (Bozkurt, Schornack, Banfield, & Kamoun, 2012; Fepd&u, 2012). In
general, effectors from phytopathogens such as oomycetesrgant molecular
probes and can be used in a number of ways to understandwméspects of plant
immunity and biology. The best examples for this beetype Il effectors of plant-
pathogenid®seudomonsbacteria that have been elegantly studied to disseeteas
plant immune pathways (Feng & Zhou, 2012; Wei, Chakravawloyjey, & Collmer,
2012). Effectors can also be used as important molecularttoanderstand plant cell
biology and dynamic cellular processes such as vesitaféicking (Bozkurt et al.,
2011). Secondly, identifying host proteins that interact withmycete effectons planta
will aid in understanding the virulence functions adfgb proteins (Mukhtar, Carvunis,
Dreze, Epple, Steinbrenner, Moore, Tasan, Galli, HadiMigra, Pevzner, Donovan,
Ghamsari, Santhanam, Romero, Poulin, Gebreab, Gutidiaez, Monachello, Boxem,
Harbort, McDonald, Gai, Chen, He, European Union Efiexnics, et al., 2011). By
identifying molecular targets of the effector proteinshia hosts, we can place those

targets and their guardian R proteins into heterologous gjteties and thereby change
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the status of these pathogens from “host-adapted” pathtmémsn-adapted” pathogens.
Other ways to utilize information from effector praitginclude:- identification of host
processes modified and altered to promote diseaseade@mdiarget modification, or
using those genes for those host targets as importakemrmdor efficient breeding. All
these will further enhance our understanding of the maecoéchanisms of plant-
microbe interactions which would, in turn, lead to pgl&cation in various applied-based

research avenues.

Despite the substantial progress in oomycete effecseareh in recent years as a
result of identification of hundreds of candidate dffegenes by means of genome
sequencing and bioinformatics screens, there is muclvthatill do not know about
them. For instance, the molecular mechanism of iimiectetabolism and defense
suppression of the majority of these effectors alleustknown. Homology searches to
known proteins offer insufficient information for effectargets or function which
further delays our understanding of the complex interadietween oomycetes and
plants. My dissertation research was designed to isengladerstanding of the molecular
mechanisms that enable oomycete pathogens to causesdisegslants. We focused on
effectors that were conserved betweenAtabidopsisdowny mildew pathogen,
Hyaloperonospora arabidopsid{gipa) and the soybean pathog&ytophthora sojae
We anticipated that as the majority of effector geneewdivergent and rapidly evolving,
analysis of conserved effectors will reveal virulefwagctions that were important for all
oomycete plant pathogens. In short, Chapter 2 focuséueadentification and detailed
functional analysis of a pair of effectors frd#pa, HaRxL23 that had an identifiable

homolog inPhytophthora sojaePsAvh73. Chapter 3 focused on establishing functional
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similarity between effector proteins AvrE and HaRxL23ilBseudomonas syringae
(Psy andHparespectively and finally, chapter 4 focused on the intenabetween an

effector protein fronHpa and its molecular target in the host.

Recently, sequencing the genome ofidpa isolateEmoy2revealed at least 134
candidate effectors (HaRxLs) (Baxter et al., 2010). Qtivese, at least 42 have been
found to be expressed during infection (Cabral et al., 20bljlate, only a fewpa
effector genes includingrabidopsis thalianaecognized 1 (ATR1) and ATR13 have
been confirmed dsona fideeffectors (Allen et al., 2004; Anderson et al., 2012; Batdel e
al., 2013; Caillaud et al., 2012; Rehmany et al., 2003). Herg@dtcessary to validate
the bioinformatic information experimentally and functitiy characterize the candidate
effectors. For my first project, the oomycete effecktaRxL23 fromHpa, was identified
on the basis of bioinformatics screens based on strodgioa for secretion (N-
terminal signal peptide (SP) and host-targeting RXLR m(@if)xter et al., 2010).
HaRxL23 was also predicted to be a conserved and synf@ttoe gene (Baxter et al.,
2010). The first step in my project was to confirmbo@a fidenature of HaRxL23 and
its homolog PsAvh73 fromR. sojaeand we achieved this through expression of the
effectors during compatible infection in the host pl&e further confirmed thbona
fide nature of the effectors through a large-scale effeetmygnition screen in
Arabidopsisand found that both these effectors were recognized byshoaillance
proteins in an ecotype-specific manner. These resufiedh@s outline my research
proposal in which our primary objective centered on idgng effector functions anth
plantatargets using both transient assays and stably trarexddgpfants. The specific

aims of my proposal were i) to test functiongHaiRxL23andPsAvh73y transiently
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expressing iMrabidopsis, Nicotiana benthamiaaad soybean, ii) perform a detailed
analysis of stablArabidopsistransformants expressing the effectors and finally iii)

determine target(s) and specific function(s) of thectdies.

Due to the obligate biotrophic lifestyle Hpa, we had to primarily rely on
developing and performing transient assays to determinadlezular mechanism of
how these effectors promoted diseases in plants. Tdgsashieved through experiments
conducted in thélpa andP. sojaehostsArabidopsisand soybean respectively and also
in the unrelatedNicotiana benthamianplants. We found that, IN. benthamiana
PsAvh73 was able to suppress immunity triggered by the pathogerassd molecular
pattern (PAMP)-, INF1 and also by tRe sojaeeffector PsAvh163, whereas HaRxL23
was able to suppress PsAvh163 cell death and not INFAralndopsis both the
effectors, when delivered by tke syringaetype |l secretion system (TTSS) (Sohn, Lei,
Nemri, & Jones, 2007), were equally successful in suppressncetl-wall based callose
deposition, which is considered as one of the imporeadouts of PAMP-triggered
immunity (PTI) (Jones & Dangl, 2006; Zipfel & Robatzek, 2DMe also found that
both effectors partially enhanced bacterial virulemc&rabidopsiswhen delivered by
theP. syringael TSS. Finally, in soybean, both the effectors warecessful in
suppressing RPS4 or RPS6-mediated cell death elicited By Suwaeeffector,Avr4/6
and in suppressing cell death or effector triggered immukity)(by a crinkling and
necrosis elicitor, CRN2 (Dou et al., 2010). Hence, usindipke assays, we were able to
successfully show that these conserved oomycete RKeBt@'s could suppress PAMP-

and Effector-triggered immunity across diverse plants.
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All these successful attempts motivated us to generaily stansformed
Arabidopsisconstitutively expressing the effectors and confirmireggireliminary data
that were generated through transient assays. To pueécamdaim into action,
transgeniArabidopsisplants expressing HaRxL23 and PsAvh73 were generated not
only to confirm some of our preliminary data but alsottmg those aspects of immune
suppression that was not possible with transient asBagsriments with transgenic
Arabidopsissuggested suppression of immunity triggered by pathogen assbciat
molecular patterns (PTI), enhancement of bacterloamycete virulence and
suppression of defense gene induction. Hence, it was sseblihat homologous
effectors HaRxL23 and PsAvh73 could suppress ETI in soybeacoaititisuppress both
PTI and ETI inArabidopsisandN. benthamianaWe hypothesize that since PTI and ETI
have overlapping regulatory pathways, the common tajgdtf®th these effectors act in

both types of immunity.

Our final aim was to identify potential target(s) of effectors in the host and
determine the biological relevance of the targets.déile, no host targets have been
identified for HaRxL23 and PsAvh73 in the several proteiaraction screens conducted
by our many collaborators. However, we currently hasenformatics-driven evidence
that suggests similarities between the oomycete effeta®xL23 and the conserved
effector protein from the gram negative, plant-pathogeés@udomonas syringae
bacteria, AvrE. We found evidence through a study thatimitéeted after the
identification of effector proteins similar to the Avi&mily of effector proteins from
Hpa genome following a bioinformatics-driven approach of pelemst squares (PLS)

regression alignment-free methods (Opiyo et al., unpeaistata). Opiyo et al.,
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predicted the structures of proteins identified fidpa genome using I-TASSER server
and compared them with AvrE predicted protein structurdamnatl thatHpa effector,
HaRxL23 was the best candidate in having regions similavth protein structure.
Hence, we initiated a study aimed at establishing functginalarities between AvrE
and HaRxL23, based on the rationale that there is tetinset of common targets
between effectors of plant pathogens of common anclstrP. syringaeandHpa. We
also hypothesized that even though these two pathogeng¥aved independent
virulence mechanisms, they would have overlapping fanstand have common set of
targetsn planta Indeed, our results showed common functions betweexl28Rand
AvrE. Both induced cell death in wild tygeabidopsisyoung plants, suppressed PAMP-
triggered callose deposition and finally HaRxL23 could compiertie reduced
bacterial speck phenotype of the avrE mutamqtlanta All these results, along with the
bio-informatic predictions suggest similarities, botlstural and functional, between

these two effectors.

The second project of my Ph.D. dissertation involveddéatification and
establishment of a different oomycete virulence mecharbased on exploitation of
jasmonic acid (JA) - salicylic acid (SA) antagonisticsstalk. This is the first report of
an obligate biotroph influencing JA signaling to suppress ®8liated responses. This
was achieved through confirming the interaction and iflemdj the functional role and
biological relevance of the interaction betweerHpa effector, HaRxL10, and an
Arabidopsis thalianalasmonate-Zim Domain (JAZ) protein that repressed respdn
the phytohormone jasmonic acid (JA). The phytohormonear®AJA are not only

important in immunity by regulating distinct signaling teges that respectively provide
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resistance to biotrophic (SA) and necrotrophic (JA) patho@erent & Jones, 2009;
Katagiri & Tsuda, 2010), but both the sectors can be mutaatggonistic. Hence, hemi-
biotrophic pathogens such Bssyringaehave exploited this antagonism to their benefit
by suppressing the SA sector by inducing the JA sector throaglséhof the JA mimic
coronatine (COR) (Brooks, Bender, & Kunkel, 2005) or byu$e of effectors. The.
syringaeeffector, AvrB also targets a mediator of JA-SAsstalk, MPK4 (Cui et al.,

2010) and this action suppresses SA responses and enhanerggirul

Arabidopsisencodes a family of 12 JAZ proteins, which act as trgrtsmnal
repressors of JA-responsive genes (Browse, 2009). Thissapmas relieved when
pathogens, insects, or other signals induce biosynthe¥sand its bioactive form, JA-
isoleucine (Browse, 2009). JA-lle binds to and activdtesSkp/Cullin/F box-Coronotine
1 (SCE®Y) ubiquitin ligase complex. In turn, the activated §&Ftargets JAZ proteins
for ubiquitination and subsequent destruction in the 26S proteasbereby de-
repressing downstream responses (Browse, 2009). Previous geapeticnents have
demonstrated that SA-mediated responses are importardabidopsisfor immunity
againstHpa, while JA-mediated responses are ineffective ag&lpat(Glazebrook,
2005). Hence with quantitative Real-Time PCR (qRT-PCHR)Hjpa infection
experiments, we confirmed thidpa activated JA signalling in order to suppress SA-
mediated responses. We also established thrdpghnfection experiments in JA
signalling mutants that the JA signalling sector was geaibt essential for fulHpa
virulence. We identified the interaction between HaRXxland JAZ3 by examining the
ArabidopsisPlant-Pathogen Interactome database (AtPPIN1) tlwainslented putative

targets oHpa RXLR effectors (Mukhtar, Carvunis, Dreze, Epple, Steanber, Moore,
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Tasan, Galli, Hao, Nishimura, Pevzner, Donovan, GhainSanthanam, Romero,
Poulin, Gebreab, Gutierrez, Tam, Monachello, Boxenmpétd, McDonald, Gai, Chen,
He, Vandenhaute, et al., 2011). We first confirmed the pusiyjalemonstrated result
thatJAZ3is genetically necessary for basal resistance téevittipa. We also obtained
evidence of HaRxL10 genetically targeting the JA signallea through several
experiments irrabidopsisinvolving delivering HaRxL10 by thE. syringaetype Il
secretion system (TTSS) (Sohn et al., 2007) and alsadghrexperiments where
HaRxL10 was expressed from a plant transgene in stangfarmedArabidopsis

Columbia (Col-0) plants.

We next confirmed the interaction between HaRxL10 arci3JiA the yeast two-
hybrid system and in an vitro co-immunoprecipitation assay, indicating direct binding.
HaRxL10 was also found to interact with two other JAZ pnateJAZ4 and JAZ9, but
none of the other JAZ proteins, in yeast. We also noefi HaRxL10 interaction with
JAZ3 and JAZ9 through bimolecular fluorescence complementéBiFC,) assays.
Fluorescently tagged HaRxL10 co-localized with JAZ3 and JAZQ1b-nuclear
structures of unknown function (Withers et al., 2012).Wet showed that colonization
by Hparesulted in the reduction in abundance of transgenicafiyessed JAZ3 and
specifically, JAZ3 abundance was reduced significantly widoeaxpressed with
HaRxL10 inN. benthamianandArabidopsis Interestingly, the HaRxL10-dependent
degradation of JAZ3 could be reversed by the addition of gsotae inhibitor, indicating
proteasomal-based degradation of JAZ3 by the effectorll\sisaveral experiments
confirmed JAZ3 to be a component of the SA suppressioadaswhile HaRxL10

overexpression, mimicked the downstream effects afr@ime on the SA suppression
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cascade further establishing that HaRxL10 nullified thetgtmfiJAZ3 to promote SA
accumulation. These results reveal a novel virulermehamism by an oomycete effector
protein through which manipulation of one hormonal path@ay lead to the
suppression of a second (SA) pathway in the host. Thig alad highlights the
vulnerability of the existing JA-SA crosstalk in the tasd how unrelated pathogens

utilize it to its own benefit through distinct mechanssm

Future questions and directions

Identifying target(s) and specific function(s) of HaRxL23 and PsAvh73

Plant cells require a remarkable level of structural mizgdion to
compartmentalize the diverse cellular processes amtidms. Sub-cellular localizations
determine the environments in which proteins operate. As subkgellular localization
influences protein function by controlling access to aralability of all types of
molecular interaction partners. Thus, knowledge of prdoeialization often plays a
significant role in characterizing the cellular functiof newly discovered proteins. The
current view is that dynamic changes in protein locatimadre critical for intra- and
intercellular information exchange, which in turn enalgeoper cellular function and
integration of extracellular signals. However, a kbhgllenge in plant cell biology is to
directly link protein localization to function. Subced#ullocalization studies of HaRxL23
and PsAvh73 using fluorescently-tagged proteins indicate thabbthlem localize to
the nucleus and cytoplasmf benthamian&pidermal cells (Deb et al., unpublished)

However, the functional relevance of nuclear locaillirais not known for these two
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effectors which is one of the key future works for thiggeb One approach for
reconciling protein localization with function is tdeal protein distribution patterns and
evaluate the impact on functionality. This can be aguddoy removal or addition of
known localization motifs such as secretion or trazetion signals, nuclear localization
signals (NLS) or nuclear export sequences (NES) followedtstional analysis of the
mutated protein (Schornack, Minsavage, Stall, Jones,h&aye 2008; Shen et al., 2007).
Mis-localization can also be achieved using compartmestiic antibodies that
generate artificial sinks (Conrad & Manteuffel, 2001). ddisalization experiments can
be very informative and complement loss-of-functigpeximents by establishing a
direct link between biological function and cellulacddization. However, the challenge
with these approaches is to express, target and assémlaletibodies as well as to
ensure sufficient specificity towards the protein targ@tadvo. We mis-localized both
the effectors and performed some preliminary experinmerdsshowed that nuclear
localization is required for the proper virulence funasi@f HaRxL23 and PsAvh73 (data
not shown). However, several questions still remain swared with regard to the target
and function of these effectors in the nucleus. Finakged on the functional and
bioinformatically-predicted structural similarities betwesffectors fronHpa HaRxL23
andPsyAvrE, it is highly likely that these effectors fromadutionarily divergent and
unrelated pathogens can perturb similar processes arargeartg similar proteins in
their respective hosts. The targets of both theseteffs are unknown till date and future
studies will reveal insights into host proteins and preegshat are manipulated by these

conserved and similar effectors from bacteria and ootaywant pathogens.
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Multiple approaches can be taken as an attempt to figéatgets of effectors.
Large scale interactome screens based on yeast-twiatiy2H) or co-
immuniprecipitation (co-1P) methods can be utilizeddeniify interacting proteins in the
host. | recommend the co-IP method over the Y2H meth®d,provides an unbiased
approach and can also overcome the potential pitfalisi 02H assay. For confirmation
of interaction experiments, transgeAi@bidopsisoverexpression lines of the effectors
can be used as the starting material. The assay dartier sensitized by having
stringent conditions likélpa infection to provide the ideal opportunity for target

identification and confirmation.

Identifying the mechanism of JAZ3 degradation by HaRxL10, understanding tlo¢ role

other interactors of HaRxL10 and elucidating unique function of JAZBmmuinity

In the second project we demonstrate, for the first timow an oomycete effector
triggers antagonistic plant hormone crosstalk to supbestsimmunity. This
manipulation of one phytohormone, JA leads to the aativaif a regulatory cascade that
reduces accumulation of a second one, SA thereby weakgrshgnmunity. This
virulence mechanism is functionally equivalent to buthamistically distinct from
activation of JA-SA crosstalk by the bacterial JA nairoronatine. Thus, both pathogens
have convergently evolved to exploit the same Achilled imethe defense network of
their host. Future studies should be aimed at a beti@nanestic understanding of how
HaRxL10 destabilizes JAZ3. Secondly, HaRxL10 could be usedradegular probe to

illuminate poorly understood aspects of JAZ function. This be achieved through
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understanding the role(s) of other putative interactokabixL10. Interestingly, the
ArabidopsisPPIN revealed several transcription factors as pet&taRxL10 interactors.
However, one of the only non-transcription factogés of HaRxL10 is RING, an E3
ubiquitin ligase. We also confirmed the previous report aedenockout of JAZ3 show
enhanced susceptibility tdpaand a variety of other pathogens (Gusmaroli, Feng, &
Deng, 2004; Mukhtar, Carvunis, Dreze, Epple, Steinbrenner, Mbdasan, Galli, Hao,
Nishimura, Pevzner, Donovan, Ghamsari, Santhanam, Rofeulin, Gebreab,
Gutierrez, Tam, Monachello, Boxem, Harbort, McDon&dj, Chen, He, Vandenhaute,
et al., 2011). Keeping both these in mind, along with tlewknfunction of RING, we
hypothesize that HaRxL10 recruits RING to degrade JAZ3raaqpropriately activate
JA signaling. Hence the next important question to be aesWwe whether HaRxL10,

RING and JAZ3 interact in a complex that gets degradeteh26S proteasome.

General outlook

In the past decade, significant discoveries and progessslieen made in the
field of molecular plant-microbial interactions notym terms of basic science research
but also in translating that knowledge and putting it tofoiseeal-world agricultural
practices. Most of the research so far has focusediemtifying elicitors of plant
immunity and their cognate resistance genes (R) to breatam plants. Stacking of
multiple R genes that act against a single pathogemespea commonly used
agricultural practice. Some novel strategies, othertimr@iconventional R-gene breeding

are currently showing a lot of promise. Some of theskeide the development and
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engineering of novel resistance determinants for cepitinogen associated molecular
patterns (PAMP) receptors (Lacombe et al., 2010), séamhomonagffectors (Romer,
Recht, & Lahaye, 2009; Romer et al., 2010) and systemicracgugsistance (SAR)
activators (Jung, Tschaplinski, Wang, Glazebrook, &@berg, 2009). Plant pathogen
effectors have always evolved to benefit the invadigguoism by mimicking plant
processes. Two type Il effector proteins from animaapiic bacteria have been
engineered to alter the kinase pathways in yeast andnakan cells (Wei et al., 2012).
Very recently, a novel approach was taken to engeeercustom design TAL effectors
to bind to any target DNA sequence (Bogdanove & Voytas, 2011hidmapproach, TAL
effectors were fused to DNA nucleases in order to targetcue site in genomes of
mammals, worms, flies and plants to produce precise geragtations (Bogdanove &
Voytas, 2011). In a first of its kind study in 2012, Li et abed TAL-DNA nucleases and
successfully engineered bacterial blight resistanciedn Despite all these efforts, no
one disease control strategy can ever be considdredést one” due to the versatile
nature of most plant pathogens in overcoming most resststrategy put into practice

by agriculturists in the field.

There is a lot that remains unanswered in the arelaslofy, lifestyle, evolution
and virulence mechanisms of oomycetes. For instaned| ite fascinating to compare
effector functions between oomycetes of differenstijées (hemi-biotroph vs obligate
biotroph) and determine whether they adopt common infestiategies to evade
recognition by the plant surveillance system. Secondintification of the transport
mechanism deployed by oomycete effector proteins (RXLRKler, and other cell-

entering) and the role of PI3P binding needs to be confir@ade the cell entry
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mechanism of RXLR effectors get solved, attempts cahdie made to block the entry
as an effective mechanism for oomycete disease premegsbablishment of high-
throughput transient and plantaassays have become a necessity as genome sequencing
have revealed hundreds of “putative” effective candidaelsit is important to validate
and define their functions during infection. High-throughpalk lsiology techniques are
also required for the assessment of virulence functbnsmycete effector candidates.
There are several other questions related to effectoitgcsecretion and function that
still need to be addressed. In terms of effector searghe mechanism of which is still
unclear, it is unclear whether effectors get secratgrrticular location(s) at the
interface between the pathogen and its host plant anavalsther effectors get secreted
individually or in batches. Functionally, we are stillawvare whether effectors have
distinct functions at particular infection stage of pla¢ghogen or whether effectors are
capable of trafficking intracellularly after they haweeb secreted. Also, it has not yet
been established how often evolutionarily similar anghgrogenetically unrelated
phytopathogens have common effector targets in their Romlly, obtaining genetic
manipulation capability in obligate biotrophs, which is cotisethe major limiting

factor, will be an important step forward to study theatwic nature and functions of

effectors in these pathogens.

Despite all these above unanswered questions, we cavertdok the remarkable
progress the field of oomycete effector research reakerm the past decade. The field
has come a long way from the time the conserved RXbRf wf unknown function was
first identified in 2005 (Rehmany et al., 2005). Also, followihg traditional method of

map-based cloning and avirulence functions, only a handfubwiycete effectors were
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initially identified (Allen et al., 2004; Armstrong et,@2005; Rehmany et al., 2005; Shen
et al., 2007). But now, the situation is completelyaté#ht due to the advancement made
in the recent years in the areas of genome sequenaiigfobimatics screening and
structural studies. Whole genome sequences of several a@syace now available
which has led to the revelation of both common and uriggteires associated with
oomycete biology and evolution (Baxter et al., 2010; Haas,e2009; Levesque et al.,
2010; Links et al., 2011; Raffaele et al., 2010; Tyler et al., 2@G&wers to several
guestions regarding the diversity of oomycete lifesfydesie composition, and horizontal
gene transfer from bacteria and fungi have emergeddenmume analysis and
comparisons. We now know that genomes of most of theycete phytopathogens are
made up of repetitive DNA and these regions of are @f$snciated with rapidly
evolving, plastic regions harboring genes including effegemes that are involved in
virulence mechanisms. Secondly, reduction of pathogermeiyes seems to be one of the
important adaptations to obligate parasitism by oomycetésasltpa. Some other
important events that shaped oomycete genome evolutiorbkavethe loss of
photosynthetic machinery and formation of novel domamasraotifs (Tyler et al., 2006).
We now know oomycete genomes maintain large number oRRedtectors that are
modular in nature and the conserved host-targeting RXo& s involved in cell entry

in a pathogen-independent manner (Dou et al., 2008; Whissdn 2007). However an
open debate that needs to be resolved is about theatamil of host cell entry by
oomycete effectors through binding of external phosphatulgiial-3-phosphate by the
RXLR motif (Kale et al., 2010; Kale & Tyler, 2011) or lysiresidues. We now also

have several evidences regarding the expression patterakzation sites, structural
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details and virulence functions of a few of the oomyedtectors namely Avr3a and
AvrBlbl fromP. infestansAvrlb, PsAvh73 froni. sojaesand ATR1, ATR13, HaRxL96

from Hpa.

In sum, this research project ultimately representgeessful effort to broaden
the understanding of poorly understood aspeckpafpathogenicity — PTIl and ETI
suppression by oomycete effectors in host and non-hoap{@h2, 3) and uncovering a
new mechanism of oomycete virulence — targeting hormonh¥ags in the host plant
(Chapter 4). | look forward to witnessing spectacular adea in this field in the years to

come.
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