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Summary

Summary

Barley leaf stripe, caused by the seed-transmittemi-biotrophic fungus
Pyrenophora gramineais a barley disease particularly acute in Nowbantries,
during spring sowing, and in the Mediterranean’sitesi barley districts where
causes severe Yyield losses.

To date, only twoP. graminearace-specific resistance genes are knoRdgla
identified in cultivar Vada, andRdg2a identified in cv. ThibautRdg2aconfers
immunity to at least three differe. gramineamonoconidian isolates, including
the most widespread and virulent Italian isog2, but it is overcome bipgb.

The aim of the present work was to isolate thisegemaracterize thRdg2alocus
and its evolution and mine the basefkdfj2amediated resistance.

In a previous analysis the map-based cloning aadgéguencing of thedg2alocus
were carried out. Three homoldg genes encoding CC-NB-LRR proteins, that
represent the majior class of resistance proteuese identified at the locus and
were named allbs1-Rdg2aNbs2-Rdg2andNbs3-Rdg24Bulgarelli et al, 2010).
To determine which of the three genes is Rug2agene, we started the research
investigating their structure. RACE analyses showet for the third candidate
(Nbs3-Rdg2p alternative splicing processes determine the sgighef severly
truncated and probably non-functional proteins.sTddlowed us to excludedbs3-
Rdg2afrom acting in resistance to isolai®2. By means RT-PCRs on a pair of
NearlsogenicLines (NIL) that differ only for alleles at tHedg2alocus (susceptible
cv. Mirco and its resistant NIL, NIL3876), we denstnated that botiNbs1-Rdg2a
and Nbs2-Rdg2aare transcribed in embryos (where the resistazkestplace) and
leaf tissues of the resistant line, but they areaxpressed in the susceptible near-
isogenic phenotype. Sequencing of the Mirco allede®aled rearrangements in the
putative promoter regions: two insertions, one riex putative TATA-box element
and the other, carrying terminal inverted repaatthe 5° UTR, forNbs1-rdg2aand

a deletion just at the level of a MITE-like elemgmtesent in Thibaullbs2-Rdg2a
for Nbs2-rdg2a lt is likely that these changes represent thesead the lacking of
expression of these genes in the susceptible gemooreover, qRT-PCRs showed

that Nbs1-Rdg2dranscription was un-responsive o gramineainfection, while
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Nbs2-Rdg2atranscripts increased during the first stages d&éction. However,
Nbs2-Rdg2anRNA abundance was significantly lower than tHailbs1-Rdg2a

To define which gene is tHiedg2agene, a complementation assay was conducted.
Susceptible cv. Golden Promise was transformedgoynéltration with each gene
independently, under the control of its native poten. Interestingly, the rescue of
Dg2-resistance was observed only when plants werasfosamed withNbs1-Rdg2a
(90-100% of resistance), suggesting that this ¢eRelg2a

Comparing the sequences of the three genes aRdig@alocus, we found that
similarly to otherR genesRdg2aunderwent to diversifying selection, accordingto
model in which resistance genes co-evolves withqugn effector(s) gene(s). The
fact that theRdg2alocus contains a gene cluster of highly similaruseges has
most likely contributed to significative rearrangams during evolution, probably
derived from unequal crossovers resulting in segeie@xchange between paralogs
and, possibly, in the generation of recombinant egenas well as to
expansion/contraction of gene copy number. Reggrttiis last case, we have also
characterized thedg2a locus of the susceptible cv. Morex. Moredg2a locus
carries two deletions and thég2aallele might derived from an un-equal crossing-
over betweerRdg2aandNbs2-Rdg2ancestors that led to a reduction of the number
of the gene family members.

Most resistance proteins function through indu@myogrammedCell Death (PCD)
that lead to aHypersensitiveResponse (HR) at the level of the infected cells.
Histological analyses using the TUNEL method did reveal any significative
difference in PCD between infected embryos of tastsand susceptible varieties
and the number of cells undergoing PCD was traaster These finding let us to
conclude that thékdg2amediated resistance does not involve HR but imngsst
likely based on the strengthening of physical anenacal barriers in the cell walls
and intercellular spaces of the embryo tissues.

In conclusion, we identified, cloned and charaegttithe first resistance gene active
against a seed-borne disease; importantly, the lpeloags to the poorly represented

class ofR genes which does not trigger a hypersensitiveoresg



1. Introduction

1.Introduction

1.1 The Plant Immune System

Like animals, plants are engaged in a constantebatjainst the wide range of
microbial pathogens, but conversely to animalsy tlaek the circulating adaptive
immune system and respond to pathogen challengesddweloping a cell-
autonomous innate immunity system (Rafegi al, 2009; Ausbel, 2005). Plant
immunity can be divided in two branches: the firstrepresented by passive
defences that include endogenous compounds oetsasauch as wall cell; while the
second is an active defensive arsenal in turn ceegby two branches: the “basal”
or “primary” and the Resistance K) gene-mediated” innate immune system
(Glowacki et al, 2010; Bent and Mackey, 2007; Chrisl@nal, 2006; Jones and
Dangl, 2006).

Basal defences are activated by the action of tnansranePattern Recognition
Receptors (PRRs), usuallReceptortike Proteins (RLPs) oReceptortike Kinases
(RLKs). Most PRRs belong to the LRR-PRR class e&ptor carrying d.eucine-
ReachRepeat (LRR) domain (Par. 1.2.1.1) and are locatathlgnon the plasma
membrane, but also in endosomal compartments @plagm. They resemble
animal Toll-Like Receptors (TLRs) in terms of their structure and cfiom
(Glowacki et al, 2010) and interact with thBlicrobial- or PathogenAssociated
MolecularPatterns (MAMPs or PAMPs). MAMPs or PAMPs are inaati(surface)
structures or molecules indispensable to the migausm that do not exist in the
host which recognizes them as non-self, througPlRBs (Postel and Kemmerling,
2009), and activates MAP kinase signaling cascaeading to the induction of
primary defence responses that inhibit colonizatbnon-adapted, non-pathogenic
or non-host pathogens (Panstr@gal, 2009; Bittel and Robatzek, 2007; Jones and
Dangl, 2006). This system is referred tdPadMP-Triggeredimmunity (PTI).

The most studied PAMP is the bacterial flagellinickhtriggers defence responses
in various plants. A synthetic 22-amino acid peptidlg22), from a conserved
flagellin domain, is recognized by the LRR-RLURlagellin Sensitive 2 (FLS2),
consisting of an N-terminal signal peptide, 28 LRR¢$ransmembrane domain, and
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a cytoplasmic kinase domain. Upon binding of tlgarid, this receptor dimerizes
with a related LRR-RLK, BAK1, that positively regués FLS2 function, and the
complex is internalized in a kinase-dependent marfRestel and Kimmerling,
2009). Thus, a signaling cascade is triggered hgpdd the activation of many
cellular responses, including the rapid transarimdl induction of at least 1100
Arabidopsis thalianagenes (Zipfel, 2004). Well characterized PAMPs as® the
bacterial N-terminal acetylated 18 and 26 aminal-émng fragments (elf18 and
elf26) andElongationFactor Tu (EF-Tu), recognized by @&mabidopsisLRR-RLK
called EFR (Tsuda and Katagiri, 2010; Zipfel, 2006FR is a homolog of FLS2
and, since these receptors are structurally sinaitel serve similar functions it is
assumed that more members of the LRR-RLK family rbayreceptors for yet
unidentified PAMPs (Postel and Kimmerling, 2009}h& MAMPs triggering PTI
in Arabidopsisare peptidoglycans (PGNs, components of bacteeilhlvwalls) and
chitin (a major component of fungal cell walls) (Bo and Felix, 2009).

Recently, another class of non-LRR receptors dddacommon interest: the LysM
motif proteins. From bacteria it is known that thg/sM domain binds
peptidoglycans. A LysM-receptor kinase CERK1/LysNLKR was shown to be
necessary for perception of chitin oligomers (Ntgicglucosamine oligomers) that
are structurally related to peptidoglycans (N-acglycosamine oligomers/N-acetyl
muramic acid backbone with connecting peptide sidains). However, CERK1
chitin-binding activity was not revealed, but ifgsssible that this protein cooperates
with CEBIP for the recognition of chitin. CEBIP ig chitin binding protein
identified in rice and consisting of a LysM domaargd a transmebrane domain but
lacking the kinase signalling domain (Postel anchikierling, 2009).

Perception of pathogens must be expanded to theidance of the integrity of the
plant itself. The so-calledangerAssociatedMolecular Patterns (DAMPS) are
signals produced by the host and released upomn @éemage. One representative is
the ArabidopsisAtPepl, a peptide derived from a pro-peptide thahduced after
infection and recognized by its cognate receptdPRE By the fact that the RLK
Theseus, involved in cell elongation control An thaliang seems to control cell
integrity and the expression of genes involvedathpgens defense, it was proposed
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that alteration of cell integrity might not only laesignal for developmental growth
control but also for danger-associated processest€Pand Kimmerling, 2009).

The second defence takes place once adapted pathegelved the ability to
suppress the first layer of defence, by deliveonghe apoplast and/or in host cells
effectors able to interfere with the basal respsn@Rafigi et al, 2009). As
examples, inArabidopsis the Pseudomonas syringa&vrPto directly inhibits the
intracellular kinase signaling domains of sevef@RB (Xianget al, 2008), and also
the downy mildew proteins ATR1 and ATR13 promotsedise susceptibility in this
specie (Sohrt al, 2007). By this way and with additional effectaitsat make use
of the host's nutrients, pathogens can survivecantplete their life cycle (Bloclt
al., 2008; Alfano and Collmer, 2004). This phenomeisocalledEffector-Triggered
Susceptibility (ETS). In the dynamic co-evolution bbst-pathogen interaction,
plants have acquired highly specific cogn&esistance (R) proteins that either
directly or indirectly recognize pathogen effecpyoteins. Thus, virulence factors
are turned intcAvirulence (Avr) factors that allow the plant to spieeilly detect
formerly successful pathogens (Postel and Kemnggr#809). This second mode of
immunity is namedEffector-Triggered Immunity (ETI). ETI triggers a strong
disease resistance by activating basal defencéarscand often thelypersensitive
Reaction (HR) that implie®rogrammedCell Death (PCD) at pathogen infection
sites (Jones and Dangl, 2006; Daeglal, 1996). HR typically does not extend
beyond the infected cell: it may retard pathogeowgn in some interactions,
particularly those involving haustorial parasitest, for ETI, is not always observed
nor required. It is unclear what actually stopshpgen growth in most cases (Jones
and Dangl, 2006).

Although engaging different molecular receptors antivating different signaling
pathways, PTI and ETI networks are believed toramenect to stop pathogen
infection (Rafigiet al, 2009; Panstruget al, 2008; Trumaret al, 2006). Jones and
Dangl (2006) represented the plant immune systeafasr phased “zigzag” model
(Fig. 1.1): in phase 1, PAMPs or MAMPs are recogdiby PRRs, resulting in PTI
that can halt further colonization. In phase 2csssful pathogens deploy effectors
that contribute to their virulence. These effectoas interfere with PTI, leading to

ETS. In phase 3, a given effector is “specificalycognized” by one or more R
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proteins that trigger ETI. Recognition is eitheredt or indirect. Actually, ETI can
be considered as an accelerated and amplified €&onse, resulting in disease
resistance and, usually, HR at the infection sitgphase 4, natural selection drives
pathogens to avoid ETI either by shedding or difsrg) the recognized effector
gene, or by acquiring additional effectors thatpaps plant defence response. By
contrast, plants also ungergo to natural seledmreloping new R specificities so

that ETI can be triggered again.

PTI ETS ETI ETS ETI

Pathogen
effectors

s &
0 %0 PAMPS

Fig. 1.1A zigzag model illustrates the quantitative outpiithe plant immune system. In phase 1
plants detect MAMPs/PAPMPs (red diamonds) throud®R® to activate PTI. In phase 2,
successfull pathogens deliver effectors that ieterfwith PTI, or otherwise enable pathogen
nutrition and dispersal, resulting in ETS. In ph@sene effector (indicated in red) is recognizgd b
an R protein, activating ETI that often passesrestiold for induction of HR. In phase 4, pathogen
isolates are selected that have lost the effeatat,perhaps gained new effectors though horizontal
gene flow (in blue); these can help pathogens ppess ETI. Selection favours new plant R alleles
that can recognize one of the newly acquired effsctresulting again in ETI (Jones and Dangl,
2006)

1.2 Resistance (R) proteins

Resistance (R) proteins are encoded by the so daisdtanceR) genes. One class
of these genes encodes membrane bound proteingmviktracellular LRR domain
(Par. 1.2.1.1), either with or without an intragkdlr kinase domain. The
corresponding Avr proteins are secreted into thepkastic space during infection,
where they may be detected (Rafdgjial, 2009). However, the majority of knovit
genes encode intracellular proteins with a LRR daonaad aNucleotideBinding
(NB) domain, connected by a region called ARC (Ha2.1.2; Glowackiet al,

2010). These are among the most numerous proteumsl fin plants with about 150
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Nbs-LRRgenes found i\rabidopsisand about 600 in rice (Rafigt al, 2009; Goff

et al., 2002). The NB-LRR proteins, ranging from abou® &6 1900 amino acids
(McHale et al, 2006), belong to a subgroup of the STANSg(al Transduction
ATPases witiNumeroudDomains) family (Lukasket al, 2009) and they directly or
indirectly recognize specific Avrs (Caplat al, 2008; Bittel and Robatzek, 2007;
Mackey and McFall, 2006) prior to intiating the sibe resistance response.

Two subfamilies of NB-LRR proteins can be distirehed on the base of the
presence of different domains at the N-terminad:fttst is characterized by tA¢R-
NB-LRR (TNL) proteins containing the TIR domain, origaty identified as an
intracellular part of th®rosophilaToll and the humaimteileukin 1 (IL1) receptors
(Par. 1.2.1.3); non-TIR-NB-LRR proteins belong e tsecond family and contain
other domains. The largest group of these protisimspresented by the CNICC-
NB-LRR) receptors carrying an N-termin@biled-Coil (CC) domain (Tab. 1.1;
Glowackiet al, 2010). Such domains are present in various osgaand have an
important role in oligomerization processes like THR domain (Par. 1.2.1.3; Chen
et al, 2007; Palsson-McDermott and O’Neil, 2007; Oaldeyl Hollenbeck, 2001).
So far, no TNL proteins have been detected in matytedonous plants. Although
analizying rice genome sequence databases madessibfe to identify several
genes encoding proteins that contain the TIR dontlagy do not seem to be related
to NB-LRR proteins (Baket al, 2002). On the other hand, in dicotyledons, TNLs
constitute a strongly diversified group in termstlodir structure. Analizying thA.
thaliana genomes it was possible to detect genes showing fifdper sequences,
but with a structure noticeably different from thgical TIR-NB-LRR domain
arrangement. For example, tAeabidopsisRRS1-R protein (defined resistance to
Ralstonia solanacearuntontains a C-terminal WRKY-type domain (Par. 1.2,
Tab. 1.1; Deslandest al., 2003). Other identified TNL proteins lack the TIR
domain at their amino-terminus (NB(TIR)-LRR), ameit classification as TNLs is
determined by the NB domain sequences (Radewah, 2008; Meyer®t al, 1999)
or the presence of a C-terminal TIR domain (Glowatkal, 2010). In thePopulus
genome, sequences encoding proteins which mody ldatain a TIR domain at
each terminal end were detected (Koldeal, 2008). “Atypical” proteins were also
found for the CNL sub-familyArabidopsis rice and poplar showgatoteins lacking

10
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an LRR domain (CC-NB), or containing two LRR donsiar lacking a CC domain
but with a classic NB domain (NB(CC)-LRR) (Tab.;lKbhleret al, 2008; Meyers
et al, 2003). In addition, in rice, genes encoding pretevith two NB domains
(CC-NB-NB-LRR) are present (Tab. 1.1; Zhetial, 2004). Apart from CC-NB-
LRR proteins, the non-TIR-NB-LRR protein sub-famibiso comprises other
smaller sub-families, including BEAF and DREF pnosethat contain a zinc-finger
DNA-binding domain, BED-NB-LRR or BED-NB, withouth¢ LRR domain,
proteins (Tab. 1.1; Zhou al., 2004; Meyerst al, 2003). In poplar, a group of the
so-called “mixed” proteins showing both the N-temaliTIR and CC domains (TIR-
CC-NB-LRR) was identified (Tab. 1.1; Kohlet al, 2008).

Domain structure Example
TIR-NBS-LRR
TIR-NBS-LRR N receptor
L6 receptor

TIR-NBS-LRR-WRKY RRSI1-R receptor

NBSqr-LRR 2 Arabidopsis*
non-TIR-NBS-LRR
‘ I-2
(X CC-NBS-LRR RPSS
NBS(cc)-LRR 4 Arabidopsis*
BED-NBS-LRR Poptr_1:787192
TIR-CC-NBS-LRR 2 Populus*

Ones  EERRr @R Occ @R @peeo
Tab. 1.1Major classes of plant R proteins (Glowaekial,, 2010).

In plants cells. there are other non-NB-LRR R prste Examples are those
consisting of kinase domain (Pto) or transmembrhekx domains (Xal3 and
MLO). These three proteins respectively take painnate immunity, fertility and
programmed cell death. The function of the otherstill unknown (Xiaocet al,
2008).

11
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1.2.1 Structure of the NB-LRR proteins

The three-dimensional structures of plant resigapmteins are based on the
structures of their animal homologs, but advaneetiriologies in molecular biology
and bioinformatics tools have enabled predictiorihef structures and mechanisms
of interaction of specific receptors with pathogdfectors. Although the two main
domains of plant R proteins, NB and LRR, seem téhieemost crucial in pathogen
recognition and activation of ETI signal transdantithere are evidences that other
domains act together in triggering resistance (@ldwet al, 2010). For example,
several recombinants at the flaxlocus, conferring resistance to rust, combining
TIR and NB domains from different alleles resuliednon-functional resistance
genes (Luclet al, 2000).

1.2.1.1The LRR domain

A functional LRR domain is constituted by at leasb tandem repeats of 20-30
amino acids containing the consensus LxxLXLxXLNxikhere L is leucine or
another aliphatic amino acid, N is asparagin, thireaserine or cystein, and x is any
amino acid (Fig. 1.2(b); Belleet al, 2008; Stangeet al, 2008). The terziary
structure of a single LRR domain was predictedtf@ bovine decorin (12 LRR
repeats) and is usually formed by a horseshoe-draperhelix, with a backbone of
parallel B-strands containing hydrophobic residues and areroptart, usually
composed oti-helices, connected with the backbone throfgttrands byp-turns
(Fig. 1.2(a); Belleet al,, 2008; McHaleet al, 2006).

12
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Decorin MCPEREQCH
LAR1 LAVMOQESDLGLEKVPK DLPPD
LARZ BALEDEDQONNKI TEI KDGDFKNLKN
LAR3 EHTE Bl NNKI SKI SPGAFAPLVK
AR4 EEREYESKNOQLKELPEKM PKT
LARS LOELAMHENE| TKVRKSVFNGLNO
ARG M VMELGTNPLKSSGI ENGAFQGMKK
AR7 HSYBAWADTNI TTI PQGLPPS
LRARE LTECHLDGNK] TKVDAASLKGLNN
LARD LAKLGLSFNS|I SAVDNGSLANTPH
LAR10 ERELEHLNNNKLVKVPGGLADHKY
LARTY OCVMYLEHNNNI SAl GEND FCPPGYNTKKAS
LAR12 ¥SGMSLFSNPVYQYWEI QPSTFRCVYVRH
AAMOL
RPSH VPKMKDWNT
LAR1 YAKISEMNNE|I EE| FDSHECAA
LAR2 ETTEFEQKNDVYKI SAEFFRCMPH
LARR3 EVVEDESENQSLNELPEEI SELAS
LAR4 ERAYENESYTC!I HOLPVGLWT LKK
LARS El HENEEHMSSLGS! LGI SNLWN
LARE BATEGEADSALLLDMSLVKELQLLEH
LRR7 LEVITEDI SSSLVAEPLLCSQRLYEC
LARE WKEMDEKY L KEESVAVLTLPTMGN
LARD FRKLEGIKRCGMREI KI ERTTSSSSANKSPTTPCFSN
RR10 LSAMFENAKCHGLKDLTWLLFAPN
LART1 L TFLEMIGFSKEVEDI | SEEKAEEHSATI VPFRK
LAR12 EETEHBEFELRGLKRI YAKALHFPCG
LAR13 LKVEHM

Fig. 1.2 The predicted structure of the LRR domain of #rabidopsisRPS5 onto bovine decorin
(PDB code Ixku).(a) Cartoon rappresentation of the predicted structfrehe LRR domain
generated using PyMol. Thesheets forming the concave face of the “hoursésti@erepresented
as arrows. The conserved aliphatic residues arersim blue. N = amino terminus; C = carboxyl
terminus.(b) Alignement of the 12 LRRs in decorin and the 1B8eas in RPS5 as well as the
amino terminal 9 amino acids. The conserved aliphrasidues are shown in blue (McHateal,
2006)

Each repeat forms other coils of this superhelia te “hourseshoe” is the site of
specific interaction with other proteins that, metcase of R proteins, provide the
determinant for pathogen effector recognition (Gdoli et al, 2010). Notably,
differences in the number and the amino acid coitiposof the repeats determine
specificity of this recognition (Bell&t al, 2008; Kobe and Kajava, 2000). For
example, the variation of LRR copy number in tomaRR-TM genesCf-2, Cf-4,
Cf-5 and Cf-9, which confer resistance agairSladosporium fulvumdetermines
their resistance specificity (Liut al., 2007). On the other hand, the specific capacity
to recognize pathogen of Pi-ta, a CC-NB-LRR protaating against rice blast,
depends on a single amino acid difference in thR ld&@main (Jiaet al, 2000) and,
similarly, six amino acid changes between the fiast resistance genésandP2
within the predictedp-strandp-turn motif of four LRR units establish their
resistance specificity (Doddd al, 2001).

13
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Although the importance of the LRR domain in detegnpathogen specificity, it
seems it can also function as a regulator of Repraictivity (Rafigiet al, 2009).In
particular, it may be an intramolecular inhibitdr tbe receptor activity when an
appropriate elicitor is absent (Glowackiat., 2010). It has been proposed that after
binding a proper Avr, conformational changes witthe LRR domain would take
place leading to its dissociation from the NB damand consequently, to the
activation of the receptor (Caplah &., 2008; Liuet al, 2007). Neverthless, the
dissociation of the LRR and NB domains might notréguired for the activation,
but repetitive rounds of dissociation and re-asgmm could lead to the
amplification of the signal originated from eliaiso(Rairdan and Moffett, 2006). In
some examples, deletion of the LRR domain in difié¢MNB-LRR proteins resulted
in autoactivated proteins (Rafigt al, 2009). Similarly, a chimeric flax L6 protein
carrying a 20-amino acid-long C-terminal fragmeoi L2 exhibited an autoactive
phenotype (Howle®t al, 2005). InRPS5transgenic tobacco, the LRR and NB
domains interact forming an inactive structure (etual, 2007). In contrast, the
presence of the LRR domain is required for HR inidmcof autoactive proteins
mutated in the ARC domain, suggesting that the Ldain can act both as a
negative and positive regulator of R proteins inordmation with specific
interaction with the ARC domain (Rafigt al, 2009).

Altogether, these observations point out that,h@ absence of pathogen stimuli,
resistance proteins are kept in inactive conforomatia intramolecular interactions
and the presence of the corresponding Avr factoy mduce subtle changes in
domain interactions rather than a complete dissoaiaf the different subdomains

to trigger activation of ETI (Rafiget al, 2009).

1.2.1.2The NB domain

The NB domain, combined with an ARC motif, is evefferred to asNucleotide-
Binding Ste (NBS) or NB-ARC and is present in different f@ios involved in cell
growth, differentiation, cytoscheletal organizatimescicle transport, apoptosis and
defense, such as ATP synth@issubunits, ras protein, ribosomal elongation fagtor
adenylate kinase, other than R proteins (ktual, 2007). To date, the three-

dimensional structure of this domain for any plddtproteins has not been

14
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determined; however, it was characterize for thendw APAF-1 Apoptotic
ProteaseActivating Factor 1) protein and it€aenorabditis elegansomolog CED-
4, making it possible to speculate about the atrecand the function in plants (Fig.
1.3; Glowacki & al.,, 2010). The NB domain of APAF-1 consists of four
subdomains: NB containing a P-loop NTPase fold fsik and Takken, 2009),
ARC1, ARC2 and ARCS. Instead of ARC3, plant resisfaroteins contain a short
linker connecting ARC2 with the LRR domain. ARCIc@mmposed of a bunch af
helices and binds the LRR domain; whitdnelics rolled up in a winged helix fold
constitute the ARC2 subdomain (Fig. 1.3; Riedal, 2005). Most of the conserved
motifs in the NB domain, such as the P-loop, theBBM\, kinase 2, RNBS-B,
RNBS-C, GLPL, RNBS-D and MHD (McHalet al, 2009; Takkeret al, 2006), are
present at the interface of the NB, ARC1 and ARGhadins where they form the
nucleotide bindind poket (Fig. 1.3; Lukasik and Hexk, 2009). In more detail, the
P-loop and the MHD motif bind ADP and orientateais, well as GLPL motif. The
P-loop interacts with ATP and Mgions, as does kinase-2 (Fig. 1.3; McHeiel,
2009; Liuet al, 2007). RNBS-A, RNBS-B and RNBS-D are though tarhelved
in the hydrolysis of ATP (Tameling al., 2006).
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DOMAIN  MOTIF CONSENSUS
Y N TNL: VFPSFRGEDVRDKTFLSH
TIR-2 TNL: YASSSWCLDEL
- EDVID CNL: EDVID
- TIR-3 TNL: VIPIFYKDPSDVRKQTGEFG
hhGREXE CNL/TNL: XxGREXE
_ pre-P-loop TNL: VRMVGIWG
=5 =7~ - Walker A/P-loop CNL/TNL: GVGKTT
ml - ANBSA TNL: FLENIREXSKKHGLEHLQKKLLSKLL
CNL: FDLXAWVCVSQxF
== -—--Walker B CNL/TNL: LLVLDDVW
s ---- RNBS-B/Sensor 1CNL/TNL: GSRIIITTRD
- - = - -~ RNBS-C CNITNL: YEVxXLSEDEAWELFCKxAF
S - GLPL CNL/TNL: CGGLPLA

TNL: FLHIACFF

= ~==RNBSD CNL: CFLYCALFPED

----MHD CNL/TNL: MHDV

hhGREXE Walker A | P-loop

RNBS-B / Sensor |

Fig. 1.3 Schematic representation of a typical NB-LRR proi@nd predicted 3D structure of the
NB-ARC domain of tomato NB-LRR 1-2 protein modelled the ADP-bound APAF-1 template.
The sub-domains are depicted as coloured boxegeatmeonserved motifs are marked as lines.
Consensus sequences are written next to the narnie ghotifs. In the 3D structure conserved
motifs and N- and C-terminal are marked. ADP and &igms are depicted as balls and sticks
(Lukasik and Takken, 200!
The NB domain in TNL proteins differes from the CNhes for the presence of
additional loops (McHalet al, 2009).
In tomato, two CC-NB-LRR proteins, I-2 conferringsistance toFusarium
oxysporumand Mi-1 involved in resistance to root-knot neodks and aphids, were
found to bind ATP and the P-loop was essentialtlitcs binding (Tamelinget al,

2002). Similar results were also abserved for tifsa¢co N protein (Adet al,
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2007) andArabidopsisRPS5 (Bostjan and Andrey, 2001), as amino acidtgutisn

in the P-loop suppressed their activities.

As mentioned in Par. 1.2, proteins carrying an NBEAdomain belong to the
STAND family of NTPases as this domain is charazger by NTPase activity and
plays a crucial role as a molecular switch actngasignal transduction (Lukasik and
Takken, 2009). During the transduction changeshi ¢onformation of the NB
domain occur, depending whether it is combined Wiii® or ADP, and lead to the
activation/deactivation of the whole receptor (Ténteet al, 2006).

The tomato mutants2 andMi-2 carry alterations in the NB domain that generate an
autoactivation of resistance response in the alesehthe elicitor or an increased
susceptibility to pathogens. In particular, mutasi@hat suppress the ATP hydrolysis
(in the RNBS-A subdomain) constitutively trigger sistance response,
demonstrating that the binding with ATP rather thaDP seems necessary to
activate the receptor. At the same time, mutationghe region responsible for
nucleotide binding bring about a loss in recepicivdy (Tamelinget al, 2006).
Autoactivation was also shown by mutations in thelMmotif of the flax L6
protein, leading to spontaneous necroses (Howleal.e 2005), and in domain
swapping between potato Rx proteins (which recagthe capsid protein of potato
virus X) and GPA2 (which recognize the elicitors péthogenic nematodes)
(Moffett et al., 2002; Rairdan teal., 2008). On the other hand, loss-of-function
mutants defective mainly in the NB and ARC1 subdosas well as in the ARC2
subdomain were identified (Takkemal, 2006). However, since the low stability of
the ARC1 domain, it is possible that the cooperattb some additional factors is
necessary for the process (Rairddral, 2006). Uedeaet al. (2006) suggested that
the active form of tobacco N protein binds ATP émel ATP hydrolysis is enhanced
by the interaction with its elicitor, the tobaccasaic virus p50 protein. By these
observations, it is possible that different R pretehave different modes of
activation (Rafigiet al, 2009).

1.2.1.30ther domains

Apart from the domains above, as described in R&t, there are additional

domains, usually located at the amino-terminus, rmwode rarely at the carbossyl-
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terminus, in most NB-LRR proteins. The most comnaoe the TIR and the CC
domains.

The TIR domain is widely spread among differentamigms and was originally
characterized due to homology with the intracetluéggions of the mammalian IL-1
receptor (IL1-R1) and th®rosophila protein Toll that are key mediators of the
innate immune responses to bacterial and fungi é@tial, 2007). In general, the
TIR domain seems to be crucial for the interactiamgh adaptor molecules
mediating the initiation of signal transduction ndsens and Beyaert, 2003).
Interestingly, many factors interacting with anintéRs also contain a TIR domain,
and during these interactions, the TIR domainstr@#@b each other physically (Li
et al, 2005). Furthermore, TIR domains condition theeredimerization of some
animal TLR receptors (Gautaet al, 2006). An analougous role of this domain has
been proposed for plants, even if no adaptors witich it could interact have
thusfar been discovered (Glowaekial, 2010). However, in plants, it is likely to be
involved in the recognition of Avr proteins. As pfpthe above mentioned binding
between tobacco N and p50 proteins accours thrtheggf IR domain of N (Burch-
Smithet al, 2007; Mestre and Baulcombe, 2006).

The CC (also calleteucineZipper (LZ)) domain is usually attributed an analogo
role to that of TIR domain as a mediator in intémats with other elements of the
signaling pathways associated with innate immui(@owacki & al., 2010). It
serves as oligomerization domain for a wide varddtyproteins including structural
and motor proteins and transcriptional factors (ot al, 1999). A research has
shown that the conservative motif EDIVD can be td&d in the CC domain of all
CC-NB-LRR proteins, except fokrabidopsisRPS2, RPS5 and Dm3. Mutations in
this motif cause disturbances in the intramolecuitaraction with the NB and LRR
domains, resulting in a decreased resistance resporpathogen attack (Rairdain
al., 2008). Interestingly, the CC domain can bind ¢argroteins for pathogen
effectors;e.g, the CC domain oA. thalianaRPS5 protein is activated after the
interaction with PBS1, which is a target of AvrPhBe effector ofPseudomonas
syringae(Ade et al, 2007). Examples of negative regulation do nok;l&elkhadir
and co-workers (2004), showed that the CC domainRBML1 interacts with
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Arabidopsis RIN4, a plasma membrane localized and evolutioneoyserved
protein, to negatively regulate resistanc@tsyringae

Given the presence of TIR or CC domain as wellhesr tdiversity, the amino-
termini of R proteins are though to be involved protein-protein interactions,
possibly with the proteins being guarded or withvdstream signaling components
(McHale et al, 2006); nevertheless, how the physically intecactbccurs remains
unclear (Liuet al, 2007).

Plant WRKY transcription factors, identified by tiléRKYGQK conservative motif
located at the C-terminal of some NB-LRR protei@®eng with a typical domain
similar to the zinc finger motif, play a crucialleoin regulating the expression of
genes involved in plant resistance (Eulgem and Smms 2007; Ulker and
Sommssich, 2004). Some NB-LRR proteins have théityalio affect WRKY
transcription factors directly. Alleles of barley L proteins recognize the
correspondingBlumeria graminisAvr, and deactivate HYWRKY1/2 transcription
factor, which is a repressor of resistance genas dhd Coaker, 2008). As before
(Tab. 1.1), there are also NB-LRR proteins contajra domain with the structure of
a WRKY transcription factor at their C-terminal, s makes it possible to affect
gene expression directly (Glowackt al, 2010). An example is the RRS-1R
receptor ofA. thaliang a TIR-NB-LRR protein that recognizes the Pop2@tfr of
Ralstonia solanacearurfDeslandesteal., 2002). WRKY domain is also present in
transcription factors that regulate senescenaydme development and response to

abiotic stresses.

1.2.2 The role of R proteins in plant innate immunity

As mentioned before, the main role for resistanoa&temns is the activation of
signaling transduction that leads to the defensparses, after the recognisement of
pathogen effectors. The “gene-for-gene” model a=fithe direct specific interaction
between a pathogen effector and the correspondiaggR protein (Fig. 1.4A; Flor,
1971). An example is the flak locus alleles encoding NB-LRR proteins that
interact with the AvrL proteins in a two-hybrid ags(Dodds € al., 2006).
Neverthless, in most cases, theoperation of some host’'s additional proteins is
necessary to initiate ETI. This phenomenon is erpth by the so-called “guard”
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model (Fig. 1.4B) which implies thah target protein of the pathogen effector
(guardee) is“guarded” by a suitable guard protein, the NB-LR&aptor, and
mediates the indirect recognition of the Avr (dettyWwi2007; Tameling and
Baulcombe, 2007; Jones and Dangl, 2006). Pmabidopsis protein PBS1 is
degradated by thé. syringae effector protein HopAR1 and the CC-NB-LRR
protein RPS5 detects this degradation (Skaal, 2003; Swiderski and Innes,
2001).

It is important to underline that direct and guasge recognitions probably
represent two ends of a spectrum with many interates! (Rafigiet al, 2009).
Caplan and co-workers (2008) showed that the tab&tprotein and the tobacco
mosaic virus p50 helicase protein interact throagion-specific indirect mechanism
mediated by the chloroplastic sulfurtransferaseégimoNRIP1. Interestly, although
the ArabidopsisRRS1-R protein and its corresponding Avr factor Pophysically
associate, RRS1-R/PopP2 recognition also requiregther host protein, the
cysteine proteasBesponsive tdehydratation (RD19) (Bernouet al, 2008). In
addition, the Arabidopsis RIN4 protein, located in the plasma membrane, is
influenced by three differerR. syringaeeffectors, and associatesvivo with two
NB-LRR proteins. Following the interaction with tweffectors, AvrRpm1l and
AvrB, RIN4 is phosphorylated and activates the RMUBELRR protein (Mackeyte
al., 2002). The third effector, AvrRpt2, is a cystejp®tease activated inside the
host cell, that eliminates RIN4 by cleaving it\wabtsites. This cleavage activates the
RPS2 NB-LRR protein (Axtellteal., 2003; Mackeyet al, 2003). RIN4 interacts
also with the GPIl-anchored NDR1 protein that isunexgl for the functionality of
both RPM1 and RPS2 plant desease resistance glames (@nd Dangl, 2006).

The recognition mechanism proposed by the guardeimsuapports, therefore, the
ability of a limited number of NB-LRR proteins teaongise a multitude of
pathogen effectors, by focusing on the more limitachber of potential host protein
targets (Dangl and Jones, 2001). In some caseguardee does not play any
important role in the absence of theceptor and its interaction with Avr is not
associated with virulence and, consequently, iesqmce in the host cell does not
enhancepathogen fitness. In order to explain this phenanem new model of

plant-pathogen interaction has recently been prgposith the name of “decoy”
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model (Fig. 1.4C). According to it, after interagiwith pathogens, plants generate
specific proteins, similar to those targeted byhpgen effectors, that bind the
effectors andmediate the recognisement by R proteidslike the usual targets of
effectors, the “operative target” in this modelesh decoy proteins do not perform
any function in a cell wherR proteins are absent; however, throuwimctional
competition with the operative targets in bindingthpgen effectorsthey can
reduce pathogen virulence and fitness (Glowatkal, 2010; van der Hoorn and
Kamoun, 2008). Two hypotheses for the evolutionthe “decoy” proteins have
been proposed: the first implies that they represeresult of a modification and
loss of the previous function of operative targetbile, according to the second
hypothesis, other molecules, unrelated to resistanechanisms, underwent the
process of specific molecular mimicry. These mdesumight posses some
structural resemblances to the operative targetgas proved that resistance $f
lycopersicunto P. syringaeresults from the presence of Pto kinase and a RB-L
protein called Prf. It seems that interactions leetwthe AvrPto effector, Pto and Prf
occur according the decoy or guard model. In tist fiase, Pto is the decoy target of
the AvrPto and mimics the intracellular kinase dommaof PRRs, which are the
operative targets of AvrPto. The interaction betw&to and AvrPto activates Prf.
According to the guard model, Pto is an inhibitbPd and the binding with AvrPto
deactivates its kinase activity, leading to thavation of Prf (Rafigiet al, 2009;
Xing et al., 2007).
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At this point, pathogen effector can be classifiretivo groups: MAMPs or PAMPs
that are recognized by direct interactions withthezeptors, whereablicrobe-
Induced Molecular Patterns (MIMPs) when they generate a disturbannethe
structure or function of host cells recognized byeo receptors (Caplaat al, 2008;
Bittel and Robtzek, 2007; Mackey al, 2006).

NB-LRR proteins are found in a different cellulantpartements. A well-studied
example is theArabidopsis TIR-NB-LRR RRS1-R protein that shows a NLS
(NuclearLocalizationSgnal) motif; however its nuclear localization ispkndent on
the presence of its effector, which carries a fiometl NLS (Deslandestal., 2003).
Tobacco N and barley Mlal0 proteins localize to tyoplasm and nucleus.
Nuclear localization of both this proteins is reqdifor the induction of ETI (Burh-
Smith et al, 2007; Shen teal.,, 2007). Even the nuclear localisation of the

ArabidopsisRPS4 protein, conferring resistancePtosyringaeupon recognition of
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AvrRps4, has been similarly found to be necessay disease resistance
(Wirthmueller et al, 2007). Neverthless, only a few plant NB-LRR pnateare
localized in the nucleus and many cloned R protdmsot carry an obvious NLS
motif, but can be driven in this cellular comparatthank to the interaction with
other cellular proteins (Rafigt al, 2009).

Besides nucleocytoplasmatic localization, some Rtgms have been found
connected with membranes. For examplegbidopsisRPM1 protein is periphally
associated with the plasma membrane (Boyeal.e 1998). AnotherArabidopsis
TIR-NB-LRR protein, RRP1A, conferring resistance tthe oomycete
Hyaloperonospora parasiticas targeted to the ER and golgi membranes (Weaver
et al, 2006).

The diverse localizations of the NB-LRR proteinsuldoreside in the different
locations of pathogen effectors and their celltdagets. However, this is not always
the rule. Flax resistance proteins L6 and M asseaidth golgi bodies and plasma
membrane, respectively, while their corresponding Aroteins, AvrL567 and
AvrM are nucleocytoplasmatic (Rafigt @l., 2009). Another explanation for the
different localization patterns would be the comgl®ss of entire domains of the
NB-LRR proteins that rapidly evolve under diversity pressure (Meyerst al,
2003).

1.2.3 R proteins-mediated signalling pathways

Considering that the activation of defence respsnparticularly the HR, requires
significant costs to the plant, resistance mechasimust be tightly regulated to
prevent inappropriate signaling. Neverthless, thisst be balanced against the need
to induce a rapid and strong response in presdnuatitogens (Rafiget al, 2009).

As described in Par. 1.2.1.2, in the absence oélaitor, R proteins exist in an
inactive conformation that can perceive pathogaynas. In some cases, this
conformation depends on association with chaperpregein complexes that
facilitate the intramolecular interactions and @nfational changes associated with
transitions between the active and inactive siggabtates (Rafiget al, 2009).
SGT1 Quppressor ofG2 allele of SKP1), HSP90Hgat Shock Protein 90) and
RAR1 (Required for MIA-dependentResistance 1) are the major chaperones
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associated with R proteins in plants as diverseAaabidopsis barley and tobacco
(Azevedo eal., 2007; Hofiuset al. 2007; Boter eal., 2007; Schultze-Lefert, 2004)
and are thought to form a complex mediating thdirig of R proteins and/or their
incorporation in functional complexes (Shirasu asthulze-Lefert, 2003).
Interestingly, these requirements seem to be ceedencross thephyla The
mammalianrNOD-Like Receptors (NLRs) are NBS-LRR proteins involved imaai
innate immunity and the functionality of many oéth is associated to the formation
of multiprotein complexes with SGT1, HSP90 and CHR: mammalian CHORD-
I/CHORD-II homologue of RAR1 (Mayaet al, 2007; Staal and Dexelius, 2007).
Interestingly, specific mutations IHSP90suppress a loss-of-function mutation in
Rarl and restore the accumulation and activityAcdbidopsisR proteins (Huberét
al., 2009). It was observed that SGT1 interacts withoechaperone of HSP90,
HSC70, and that the suppression WEC70is induced during plant-pathogen
interactions, while its overexpression leads toadig@ loss of resistance. Due to
these observations, it has been suggested that $&lbe a bridge between
HSP90 and HSP70 (Noet al, 2007).

R proteins signal transductions involves two péytindependent signaling: the
EDS1- and the NDR1-dependent pathways (Fig. 1.bwétki et al, 2010). The
EDS1 EnhancedDiseaseSusceptibility 1) protein shows homology to eukaryot
lipases and is a mediator in the signaling transolictriggered by most TNL
proteins (Fig. 1.5). It also plays a key role ir ttegulation of plant response to
abiotic stresses (Het al, 2005; Wiermeeet al, 2005; Falket al, 1999). Nulleds1
mutants ofA. thalianaare not able to generate defence responses epeesence of
mutations auctoactivating TIR-NB-LRR proteins (Bart¢ al., 2006). Contrarly,
most CNL trigger signaling pathways are mediatedngyNDR1 Non-race-specific
DiseaseResistance 1) (Fig. 1.5). In fact, mutations in MBR1 gene suppress a
subset of CC-NBS-LRR-dependent resistances (Astrtal, 1998). Although the
NDR1 mode of action is far from being well knownfew examples of direct
interaction of this protein with “guardee” as wel indirect interactions with R
proteins have been discovered. It was found thatttosolic N-terminal domain of
NDRL1 interacts with RIN4 and is guarded by RPM1 &RIS2 (Dayet al, 2006;
2005).
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The fact that some R proteins (e.g. RPP7, RPPR&RIL3) act through both EDS1
and NDR1 pathways suggests that these two signdhagsductions are not
completely independent to each other (Kuahgl, 2004).

In addition to local resistances and HR, defencgpomeses against biotroph
pathogens can also lead to the long las8ystemicAcquiredResistance (SAR), a
form of systemic immunity that can potentiate tessagainst subsequent attack by
the same or other pathogens (Durrant and Dong, )2084R is dependent on
Salicilic Acid (SA) that influence the activity of NPR1 whidh,turn, modulates the
systemic responce interacting with the WRKY and T&scription factor families
(Fig. 1.5, Johsost al, 2008).

PAMP. pathogen

PRR plasma membrane

WRKY

W-box .

ol PRR protein-mediated response _ _
e heatant by EDS1 and NDR1-dependent
< Ot petway pathways. (Glowaclet al, 2010)

After R proteins activation, the first cell respeasnclude a rapid burst of reactive
oxygen species (ROS) that may function as sigrahilmlecules and/or executioners
of pathogens (Torrest @l., 2006) and lead to an increase in oxidative reasti
(other ROS and production of nitric oxide) and sraembrane ion flux (especially
c&”*, K" and H). This results in the induction of cross-linkingptenolics with cell
wall components and reinforcement of the plant wells by depositing callose and

lignin, as well as the activation of signal cassadediated by proteins kinase such
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as MAPK (MitogenActivateProtein Kinase-MAPK) and G protein, that determine a
transcriptional reprogramming including the indanti of genes encoding
antimicrobial  proteins  (defensins), antimicrobial ecgandary metabolites
(phytoalexins) or PathogenesisRelated (PR) proteins e(g. chitinases and
glucanases) that form a protective barrier agapshogens, and often genes
encoding factors involved in the HR. Amplificatiof initial responses accouvsa
signals including ROS, lipid peroxideBenzoic Acid (BA), JasmonicAcid (JA),
EThylene (ET) and in particular SA which can leadthe@ SAR. A cross-talk
between all the pathways coordinates the resistasponse (Figure 1.6; Buchanan
et al, 2000).
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Fig. 1.6 Signal transduction in plant defence responses.réerg arrow indicates positive
interactions, and a red block negative ones. AC@&minocyclopropane-1-carboxylic acid;
BAG=benzoic acid glucoside; BA-2H=benzoic acid-2digxylase; CA=cinnamic synthase,
EFE=ethylene-forming enzyme, GP=glutathione perasé] GST=glutathione S-transferase,
HMGR=3_-hydroxy-3-methyl-glutaryl-CoA reductase; Bi#&se=hydroxyperoxide dehydrase;
OGA and OGA-R=oligogalacturonide fragments and peme PAL=phenylalanine
ammonia.lyase; PGases=polygalacturonases; PM=plasenabrane; SAs=salicylic acid radical,
SAG=salicylic acid glucoside, SIPK=salicylic acitduced protein kinase, WIPK=wound-induced
protein kinase, MAP=mithogen associated pathogectiBnaret al, 2000).
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At the end of defence responses, R protein siggalmust be inactivated. Hofius
and co-workers (2007) have proposed a role fouthguitin proteasome pathway as
modulator of R gene-mediated resistance by eliminating R proteimd/or their
interactors after the triggering of signal trangdrs. In Arabidopsis the RING
finger E3 ubiquitin ligases influence the RPM1- &ES2-dependent HR ahaks-
of-function alleles oPubl17 encoding for an U box E3 ligase, are impaireRiR54

mediated resistance (Yaegal, 2006).

1.3 Barley leaf stripe disease

Barley Hordeum spontaneunteaf stripe disease is caused by the seed-tréesimi
hemibiotrophic fungusPyrenophora gramineganamorphDrechslera graminea
that causes a monocyclic strictly seed borne deserish a teleomorph that is rarely
seen in nature. The fungus survives as myceliuttihénpericarp, the hull and the
seed coat, but not in the embryo. Infection stdusng germination when the
mycelium, living on the pericarp of infected seepsnetrates the coleorhiza and,
from there, colonizes the plant starting from tleetrtips. Fungal hyphae grow
intercellularly from the coleorhiza to the scutetiiand the roots, or to the scutellar
node, where infection of the plantlet starts. Dgrthis first colonization phase.
gramineabehaves as a biotroph, but without forming apnégsand degrades host
cell walls using hydrolytic enzymes without causoelular necrosis (Haegit al,
2008; Hammoundat al, 1988; Platenkamp, 1976). Once infection spreatisthe
young leaves, growth switches to a necrotrophisehvath the production of a host-
specific glycosyl toxin (Bulgarelliteal., 2010; Haegi and Porta-Puglia, 1995) that
causes initially small, chlorotic, elongate yellospots which develop into
longitudinal dark brown necrotic stripes that exteéne full length of the leaf sheath
and blade, between leaf veins. Lesions usually esoal leading to leaf death
followed by splitting and fraying of the leaves.o8gs produced on the infected
leaves spread to infect nearby plant spikes (Figy.Biselli € al., 2010; Bulgarelliet
al., 2010; Valeet al, 2003).
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Fig. 1.7Life cycle of Pyrenophora gramine&Cereal disease ancyclopedia-HGCA).

Infection of seeds can occur at any stage of dewedmt, from before head
emergence through to soft dough stage, and sympttagse visible at the first leaf
stage, although more often they appear at th6™leaf stages. Infected plants are
often stunted and head may become twisted, bligbtddil to emerge at all. Grain
shrivelling and discolouration occurs where sympare severe (Vakt al, 2003).
The disease is particularly acute in Nordic coestr(spring sowing) and in the
Mediterranean’s winter barley districts, becausedktablishment of plant infection
is related to growing conditions of plantlets: ptarkept at high temperatures
(around 25°C) during germination frequently esctpe infection by growing too
fast; while plants kept at temperature below 12%Cind) germination allow more
time for infection and the invading hyphae havedrsethances to growing through
the coleorhiza and the scutellar node (Bissllal, 2010; Platekamp, 1976).

The yield losses due ®. gramineaare correlated to degree of contamination of the
seeds (Porta-Pugliet al.,1986) and although in conventional farming systé¢nes
disease is controlled by chemical seed dressif@dgtbeen calculated that when the
percentage of infected seeds is high (over 30%&d $e2atment is not effective to
obtain acceptable yield, unless the variety hasulastantial level of resistance
(Delogu et al., 1995). Moreover, the most severe yield losses asacated to
organic farming systems which are important in meoyntries (Bisellet al, 2010;
Muelleret al, 2003; Delogtet al, 1995).
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A variation in pathogenicity among different fungablates on the same genetic
material has been reported, and the selective yneedy the pathogen strains on the
host population may explain the existence of défiferresistance genes (Biseliiat.,
2010). Neverthless, at the moment only tRalg (Resistance toDrechleslera
gramineg genes,Rdgla and Rdg2a are known. These genes cause hyphal
degeneration in the basal part of the coleorhizekpaevent stripe symptoms from
appearing on leaves of young or old plants (Bultjae¢ al, 2004).Rdglaconfers
resistance td®. gramineaisolate Dg5 and has been mapped to the long arm of
chromosome 2H, using a segregating population septed by 103Recombinant
InbredLines (RILs) of the cross L94 (susceptible) X Vadssictant) and 194 RILs
of the cross Arta (susceptible) M. spontaneumtl1-1 (resistant) (Bisellet al,
2010). To date, this gene has not been clonedatRidglasyntenic interval with
the rice chromosome arm 4L was identified. Althotigls region did not reveal any
sequences strictly belonging to tNes-LRRgenes, three genes coding for RLPK
(Receptortike ProteinKinase) and a gene coding for a NB domain, weretiitish
together with a homolog of the barley powdery midesistance genkllo. Three
(out of five) homologs of these genes were mappethe Rdglaregion in barley
and themlo homolog map position was tightly associated whith QTLs LOD score
peak in both populations (Bisedt al, 2010).

1.3.1 The barley Rdg2a locus

The barleyRdg2agene is a mono-mendelian dominat gene identifogdtte first
time in the French winter six-rowed barley cultiidrbautand confers immunity to
at least three differenP. gramineamonoconidian isolates, including the most
widespread and virulent Italian isolddg?2, but it is overcome by isolateg5 (Tab.
1.2; Biselliet al, 2010; Bulgarelli eal., 2010; Gattet al, 1992).
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Leaf stripe isolate

Dgl Dg2 Dg4 Dg5 Dgl0 Dgl2 Dgl9 Dg2]
Barley genotype

NIL3876Rdg2a 92 0 68 95 40 8 0 60
Mircordg2a 34 95 80 95 89 59 56 97

Percentage of plants with leaf stripe symptoms

Tab. 1.2 Effectiveness of the leaf stripe resistance gedg2a NearlsogenicLines (NILs) with
effective Rdg2g9 and non-effective rflg2a) alleles at theRdg2alocus were evaluated for
resistance to nine differeP. gramineemonoconidial isolates (Bulgarellt al., 2010)

Rdg2ais located distal on the short arm of barley crosame 1 (7H) and is linked
to the marker MWG2018 (Taccomt al, 2001). To mine theRdg2a diffusion
among resistant barley genotypes, the allelic caitipa at the MWG2018 locus of
19 resistant/susceptible barley cultivars and 1&lely accessions (originating from
very different barley cultivation districts and beding to theBarley Core

Collection (BCC), http://barley.ipk-gatersleben.devere analysed (Arrwet al,

2003b). Only in five resistant varieties the sam&/@R018 allele of Thibaut was
found; the observation that four of them (Rebelgruna Nijo, Galleon and
Acuario) showed the same pattern of resistancensig@&olatesDg2 and Dg5 of
Thibaut raises the possibility that resistance daf Istripe in these genotypes is
governed by the same resistance gene. These csltregaresent very different
barley genetic backgrounds: Thibaut and Rebelle Faench six-rowed winter
cultivars, while the two-rowed cvs. Acuario, Harudgo and Galleon derived from
Chile, Japan and Australia, respectively. Thesélirigs suggest thaRdg2ais
widespread in different regions around the world @ carried by both six-rowed
and two-rowed genotypes (Arat al, 2003b).

Due to the resistance conferredRgg2ato the isolatdg2, this gene has been used
since years to improve leaf stripe resistance irlepabreeding programs of the
Italian public institutions. Moreover, the availdlyi of the linked marker
MWG2018 allowed a successfully applications of MABIolecular markers-
AssistedSelection) forRdg2a(Arru et al, 2003b; Franciat al, 2005; Valéet al,
2005).

Despite the importance of genetic resistance td kape, the molecular

mechanisms underlyingP.gramineabarley interactions are not completely
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understood. In young barley roots of Thibaut, a bermof PR genes, encoding for
thaumatin-like proteins, thionins, peroxidase, (8 blucanase as well &bosome
InactivatingProteins (RIPs) were found to have altered expressioresponse to
infection. However, no clear differences were foundthe induction kinetics of
these PR genes comparing compati®egfamineaDg5 vs. ThibautRdg2g and
incompatible P.gramineaDg2 vs. ThibautRdg2g interactions. This suggests a
generic defence role in the host response for thgsees, most likely a
PAMPs/MAMPs-mediated response, rather thanRamene-mediated resistance
(Vale et al, 1994; 1995).

P. gramineasolateDg2 expressing the 3-glucuronidase (GUS) reporter sad to
follow the penetration of the pathogen inside geating barley seeds and the
colonization of host tissues. Histochemical analyshowed that in susceptible
cultivars the fungus invades the entire embryo #re coleoptiles (Fig. 1.8B),
whereas in resistant cultivars it is restrictethi scutellar node and the basal region
of provascular tissue (Fig. 1.8A; Haeegi al, 2008; Aragona and Porta-Puglia,
1999).

Fig. 1.8 Sections of barley embryos challengedrbgraminea DgZGUS observed under bright
field illumination. A Resistant variety in which the colonization of thagus (blue coloration) is
restricted to the scutellar nod®.Susceptible variety in which the fungus by-pass sbutellar
node and diffuses in the scutellum. Sa=Shoot afs@sscutellum; Sn=scutellar node. The
sections were taken at the same time point affection.

Interensingtly, Haegi and co-workers (2007) fouhdttRdg2aimmune response
was associated with cell wall reinforcement througttumulation of phenolic
compounds and enhanced transcription of genesviestah ROS production and
detoxification/protection, without an apparent liaoed PCD.

To investigate the molecular basis of tRdg2abased resistance, a high resolution
genetic map of th&kdg2alocus was constructed using a F2 population 00,4
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plants, derived from the cross between the vaselihibautRdg2a and Mirco-
rdg2a This map comprised several markers developed $yngusequences
conserved among plant disease resistance gRassiancé&seneAnalogues-RGAS)
(Leister et al, 1999) and molecular markers developed by usirg dimteny
relationship between barley and rice in the genamgion of theRdg2alocus. The
markers developed from rice sequences allowed dation of theRdg2asyntenic
interval to a contig of 115 kbp in rice chromosotéFig. 1.9; Bulgarelliet al,
2004).
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Fig. 1.9 Consecutive stages of high-resolution mapping @aRitig2alocus.A The first map was
constructed using a population of 218 F2 plantsrikéla ABG704 and ScOPQ9 were used to
screen a population of 1,400 F2 plants, and thdtheg 93 recombinants were utilized to generate
the second magB{. The two barley genetic maps are not drawn ttes@&GAs inB are shown in
bold. C Three CAPS markers derived from rice ESTs (BV0781B¥078153, BV078160)
enabled alignment to a rice physical contig of 888,kb comprising three PAC clones and one
BAC clone. Arrows betweem and C indicate the position of homologues present ire.ric
Question marks indicate loci which mapped to posgiunlinked toRdg2ain barley. Genetic
distances (cM) as well as number of recombinanteded for specific intervals on the high
resolution map are shown. Physical scale in ricendécated on the right €. Distances for
markers proximal of ScCOPQ9 were obtained usingdBeecombinants, although the observed
recombination frequency was halved to correct fqueeted positive interference arising from
selected recombination in the ABG704-ScOPQ?9 inte(faulgarelli et al, 2004).

Analysis of the rice sequence failed to reveal aygne with similarity to

characterized resistance genes, supporting ettieenypothesis thd®dg2aencodes
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for a novel type of resistance protein or thatdarice synteny is disrupted in this
region (Bulgarelliet al, 2004).

To specifically identify thdRdg2agene, more molecular markers at Reig2alocus
were developed using an available Morex BAC librdrgaf stripe isolatdg?2 is
virulent on cv. Morex, indicating that this variedpes not carry a functionRldg2a
allele, but the isolation of recessive allelesRofjenes and markers using a Morex
BAC libraries was previously efficient for the iatibn of functional alleles at the
Mla locus in barley (Haltermast al, 2001; Zhouet al, 2001; Weiet al, 1999).
Screening of the library with a probe derived frome CAPS marker MWG851,
allowed the identification of BAC clones 146G2042:4 and 608H20 that were
subjected to end sequencing. The 146G20 and 608ldp@s were also sequenced
through a low-pass (0.3-fold) shotgun method ama midditional CAPS, dCAPS or
RFLP markers were identified (Fig. 1.10A; Bulgareit al, 2010). Two of these
(146.60-1-2 and 146.9-5-6) showed complete linkageh Rdg2ain the high-
resolution mapping population of 1,400 F2 plaansl were tested on the three BAC
clones, allowing the markers to be located to eastof the contig (Fig. 1.10B). The
estimated size of the 146G20 insert was about b0 Markers 146.1F-1R and
146.4F-3R mapped 0.32 cM apatrt, indicating a gertetphysical ratio of about 440
kb per cM in thisRdgZ2ainterval (Bulgarelliet al, 2010).

To clone the region containing thlidg2agene, a cosmid library of Thibaut was
constructed and screened using markers 146.9-546688.32-3-4 (Fig. 1.10A),
leading to the identification of the clones 95-3+&1 17-1-1. Analyses of these two
clones with other PCR markers from the region iathid that they spanned the
Rdg2ainterval bounded by the closest flanking genetarkars (Fig. 1.10C). The
two cosmid inserts, overlapping for 5.9 kb, wergqusnced, providing a contiguous
sequence of 72,630 bp. BLASTX analyses showedtthatregion contains three
genes similar to plarR genes encoding NB-LRR proteins (AC: HM124452). Aut
Predgeneset tool of RICEGAAS softwargtg://ricegaas.dna.affrc.go.jpbakataet

al., 2002) was used to predict these genes that wamedNbs1l-Rdg2aNbs2-
Rdg2aandNbs3-Rdg24Fig. 1.10C; Bulgarellet al, 2010).
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Rdg2a 146.4F-3R
146.39-1-2 146.60-1-2 146-40RFLP NBS
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Fig. 1.10 Genetic and physical maps of tRaEg2alocus. A Genetic map oRdg2a Crossovers
identified in the 1,400 Fplants from a cross between Thibaut (resistant) lirco (susceptible)
(Bulgarelli & al., 2004) cultivars are shown at the top (CO). Ogtanh is indicated by Tel (telomere)
and Cen (centromereg Contig of Morex BAC clonesC Thibaut cosmid contig and genes at the
Rdg2alocus. Transcription direction of the genes adicated by arrows (Bulgare#it al, 2010).

Genomic DNAs of cvs. Thibaut, Morex, Golden Prom{aesusceptible variety),
Mirco and its resistanNear IsogenicLine NIL3876 were digested with BamHI.
Following this, DNAs were screened with probes #mefor each of theRdg2a
genes in Southern blot analyses. Only one fragmeabout 50 kpb was detected in
the resistant Thibaut and NIL3876 (Fig. 1.11), greement with the 52 kbp
fragment size predicted from the sequence assefflidy 1.10C). On the other
hand, in susceptible genotypes, either three fraggn@lirco and Golden Promise)
or a single fragment of about 20 kpb (Morex) werenfd (Fig. 1.11), suggesting the
presence of significative rearrangements and itiqogar, one or more deletions at
the Morexrdg2alocus (Bulgarelliet al, 2010).

34



1. Introduction

(a) s (b) 3 (0
-] g =}
s g 5
i ﬁ & - !E - £a I“E -9
= = = =
E=% 2 L& i®og k HEEE
2 B 2 & = 2 = = & = 2 = =2 = B
- -~ = - = £ = = 3 — F A= -
48 kb —
48 kb— W 20 kb— 48 kb—
20 kb = S 10 kb— 20 kb T —
10 kb bt 10 kb— > 4 b <
6 kb =
6 kb — 6 kb
4 kb=
4 kb - -
o - = akb ) .
— 3.5 kb
3.5 kb — s A& o kb
2.5 kb —fi®
& L -

Fig. 1.11 Southern blot analyses of thdg2agenes using specific probes for the three genes
(Nbs1-Rdg24a), Nbs2-Rdg24b) andNbs3-Rdg24c)) and BamHI digested genomic DNA from
cvs. Thihbaut (resistant), Morex (susceptible), d&al Promise (susceptible), Mirco (susceptible)
and its resista NIL, NIL3876.

In the present work, the identification and funotibcharacterization of thedg2a

gene were carried out. The analysis of the trapisstructure of the threRdg2a

candidates allowed the exclusion of thbs3-Rdg2agene, encoding for truncated
proteins. The sequencing &fbsl-rdg2aand Nbs2-rdg2ain the susceptible cv.

Mirco revealed significative rearrangements in théative promoter regions of
these genes that, most likely, abolished theirseaption. Rearrangements are also
present in the hypothetiRdg2alocus of cv. Morex, which showed two deletions
that eliminated most of the Mordétbs1-Rdg2acoding sequence and generated an
hybrid gene between thgbsl-Rdg2gutative promoter regioplus 5’ end of the
gene with theNbs2-Rdg2acoding sequence. Real-time PCRs showed Nl -
Rdg2aexpression does not vary in presencePofgramineaisolate Dg2, while
Nbs2-Rdg2dranscript level increased in the first stageshaf infection; however
the aboundance of the mRNA of this gene is lowantthat of theNbs1l-Rdg2a
transcript. Most interestingly, when the susceptilsriety Golden Promise was
transformed with the two candidates, under therobmf their native promoters,
only transgenic plants carryingbsl1l-Rdg2awere completely resistant to isolate
Dg2, thus confirming that this gene Rdg2a TUNEL hystological analyses,
conducting on section of barley embryos, demoredrdhat theRdg2amediated

resistance does not involve HR at the level ofdtdd cells.
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2. Materials and methods

2.1 Barley leaf stripe causal agenPyrenophora graminea

In this study, two highly virulent isolates of thmrley leaf stripe causal agent
Pyrenophora gramineaDg2 and Dg5, were used. In particulaDg2 is the most
virulent isolate of a previously described collentiof monoconidial isolates (Gatti
et al, 1992). Fungi were grown on Petri dishes on PPAtdto DextroseAgar)
medium (Liofilchem, Teramo, Italy) at 19°C for 1@y$ in the dark, then stored at
4°C.

2.2 Plant materials
cv. Thibaut barley variety carrying the resistance g&ug2aand fully resistant to
Pyrenophora gramineasolate Dg2, but susceptible to isolateg5 (Arru et al,

2003).
cvs. Mirco and Golden Promisbkarley varieties without a functional allele biet

Rdg2agene and fully susceptible Bx gramineasolatesDg2 andDg5 (Arru et al,
2003).

cv. Morex barley variety partially susceptible Ro gramineasolatesDg2 and fully
susceptible to isolategs (Arru et al, 2003).

NIL 3876 near isogenic line in Mirco genetic backgroundhegated by an initial
cross between Thibaut and Mirco followed by sixKmaosses with cv. Mirco and
simultaneous selection for leaf stripe resistantac¢oni et al, 2001); this line
contains a functional allele of tiRdg2agene and is fully resistant #. graminea
isolateDg2, but susceptible tBg5.

Transgenic linestransgenic barley lines carryifgbs1-Rdg2glines T6) orNbs2-

Rdg2a(lines T7) from cv. Thibaut. These plants wereegated byAgrobacterium
tumefaciensmediated transformation of immature embryos dédrivem Hordeum
vulgaressp.vulgare (barley) cv. Golden Promise as described by Ritdl. (2004).
The presence of the transformed DNA fragmentsgrpléints was checked by PCR

with gene-specific primer pairs.;Torogenies were bred through self-pollination of
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To plants. The transgene copy number was evaluate8doyhern hybridization

analysis (Bulgarellet al, 2010).
cvs. Rebelle, Proctor, Alf and Onickarley varieties resistant Byrenophora

gramineaisolatesDg2 andDg5 (Arru et al, 2003).

cv. Diadem barley variety fully resistant t®@yrenophora gramineasolate Dg2
(Arru et al, 2003).

cvs. Nudinka and Jaidolparley varieties highly susceptible to both Byeenophora

gramineaisolates (Arruet al, 2003).

cvs. Haruna Nijo, Galleon and Acuartmarley varieties carrying the resistance gene

Rdg2aand fully resistant t&yrenophora gramine&olateDg2, but susceptible to
isolateDg5 (Arru et al, 2003).
cvs. Rika, Bulbul, Triumph, Imber, Optic, Ansis, t&8ie, Bonus, Ketos, Grete,

Franka, Marado and Federdbarley varieties whose resistance level towards

Pyrenophora gramines unknown.

2.3 Infection of the seeds with the leaf stripe itates

Seeds were surface-sterilized in 70% ethanol fas 8Ad then in 5% sodium
hypochlorite for 20min; seeds were then extensivielsed in distilled water prior to
inoculation with different leaf stripe isolates mgi the ‘sandwich’ technique
(Pecchioniet al, 1996).

2.4 Analysis of theRdg2a candidates

Using a map-based cloning approach, thigcleotideBinding, LeucineRich
Repeat (NB-LRR) encoding genes were identified atRdg2alocus; these genes
were named adlbsl-Rdg2aNbs2-Rdg2aand Nbs3-Rdg2a The first two genes
were characterized during a previous PhD thesis (Pa.1, Introduction; Bulgarelli
et al, 2010). In the present work, a structural charaagon of the third member
(Nbs3-Rdg2pnof the gene family and a functional characterarabf the other two

genes were performed.
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2.4.1 Sequencing dNbs3-Rdg2a cDNA from NIL3876

2.4.1.1 Reverse Transcription-PCR and Rapid Amplification of cDNA Ends
(RACE)

Rapid Amplification of cDNA Ends (RACE) was performed using the GeneRacer kit
(Invitrogen, Carlsbad, CA USA) using 250ng of DNa@NA-free™ Kit, Ambion)
treated poly(A)RNA extracted from NIL3876 embryom¢ulated for 7 days with
leaf stripe isolatedDg2 and from embryos grown for 7 days on sterile moblsdr
paper (control), according to Baldt al. (1999). To obtain the 5’ and 3’ ends of
Nbs3-Rdg2acDNA, 2 rounds of PCR were performed using the ifjpeprimers
(Gene Racer 5 primer, GeneRacer 5 nested printgneRacer 3’ primer,
GeneRacer 3’ nested primer) supplied by the kid, specific primers for the gene
(Tab. 2.1).

cDNA sequences internal to RACE products were obthiby amplification of
overlapping fragments, executing nested PCRs ggthe specific primers (Tab.
2.1) and PlatinuffiPfx DNA Polymerase (Invitrogen).

Fragment Primers combination Sequence
5 fragment GeneRacer 5’ primer CGACTGGAGCACGAGGACACCTGA
Nbs3_11 TCAGGCATGTCACATCTTCCACTTAC
GeneRacer 5’ nested primer GGACACTGACATGGACTGAAGGAGT
A
Nbs3_12 CTTCTGTTCTTGCTGGTCCAACAGTTT
Internal fragment | Nbs3_33 GCTGAGGAGATGAGCGAGAAGAAGT
C
Nbs3_21 TGCAACTGTCGGCAGTCTATGAGC
Nbs3_33 GCTGAGGAGATGAGCGAGAAGAAGT
C
Nbs3_35 CCAAGATACCTAGCAGACCTCACTGA
C
Internal fragment 11 Nbs3_36 AAGAGAGAACAATGGATTTAACACG
GAA
Nbs3_25 GTTGTCAGGTTATCCATCCTCTGTAAG
AG
Nbs3_36 AAGAGAGAACAATGGATTTAACACG
GAA
Nbs3_26 GAGATGCCGAGAGCCATATTACAGG
GAT
Internal fragment Ill | Nbs3_44 GTCTGATAGCCCGAAATGCAAGAGTA
TCCC
Nbs3 2 GCATCGTCTTACCAACTCCGGGCAAT
ATTT
Nbs3_30 CTCTTACAGAGGATGGATAACCTGAC
AAC
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Nbs3 4 TTCAGGCTCCTGCAGTGCAGCA
Internal fragment IV | Nbs3_1 TGGATCGCCTCCGCGTTCTGTATG
Nbs3_45 GGCTTCTTTTGCATTCTCCCCACTCT
Nbs3_37 AGGGGTCTCCGTGTGCTGCACTGC
Nbs3_ 23 CGCAACTTCTGGCAATCCATGAGC
Internal fragment V Nbs3_39 GCTCATGGATTGCCAGAAGTTGCG
Nbs3_40 GGGTTTCCTCCTCCTCCTCATATGATG
AAG
Nbs3_39 GCTCATGGATTGCCAGAAGTTGCG
Nbs3 41 CCCTTCAGGTAGTCACAATTTCTGAT
Internal fragment VI | Nbs3_32 GTTACCAAGCCTGGAGATGTGGGCAG
AA
Nbs3_13 CCTAATGCGTTTACGTGGAACAGAGG
AGA
Nbs3_43 GATGTGGGCAGAAAATAGTATGGGA
GAG
Nbs3_13 CCTAATGCGTTTACGTGGAACAGAGG
AGA
Internal fragment VII| Nbs4 2 CACTTCATCATATGAGGAGGAGGAGG
A
Nbs4_3 CAACTCCGGGCACTCACTTATGCTT
Nbs4_1 CTCTGAGGGAATTATGGATTTGGAA
Nbs4_3 CAACTCCGGGCACTCACTTATGCTT
3’ fragment Nbs3 43 GATGTGGGCAGAAAATAGTATGGGA
GAG
GeneRacer 3’ primer GCTGTCAACGATACGCTACGTAACG
Nbs3_42 AGCATAGTTGGAGCTCACAGTACTGC

GeneRacer 3’ nested primer CGCTACGTAACGGCATGACAGTG

AGTC

Tab. 2.1Primers used to obtain 5’ end, internal fragments 3 end of théNbs3-Rdg2aDNA.

The conditions for the first and the second rounfd3CR were:

Platinun® Pfx DNA Polymerase
Pfx Amplification Buffer

Pfx Enhancer Buffer

dNTP mixture

MgSOy

Primer mix

Template DNA

Autoclaved, distilled water

1U
1X
1.5X
30nM each
Mm
0.3 uM each
4n
to gD
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The program of the touchdown PCR was:

94°C 2’

94°C 30" )

60°C 35” > 6 cycles
68°C 1’ per kb

94°C 30" )

58°C 35” > 6 cycles

68°C 1’ per kb)

94°C 30" )

55°C 35” > 26 cycles
68°C 1’ per kb)

68°C 10

4°C 0

RACE products were purified from 1% agarose gehgishe Wizarl SV Gel and
PCR Clean-Up System (Promega) and cloned into ¢ne Blunt TOPO PCR vector
(Invitrogen). After the transformation of One Sh@OP10 Chemically Competent
E. coli (Invitrogen) cells, the selection with Ampicillend plasmid purification by
the Wizar@® Plus SV Minipreps DNA Purification System (Promega),ledst two
independent clones for each PCR product were segden

2.4.1.2 Sequencing procedures

Clones were sequenced using the Big Dye Terminédr Kit (Applied Biosystem,
Foster City, CA USA) and ABI3130 Sequencer (ApplRidsystem, Foster City,
CA USA). 250ng of Miniprep were utilized for eackaction. Each clone was
sequenced by the use of M13 faIGFAAAACGACGGCCAGT) and M13 rev (-29)
(CAGGAAACAGCTATGACC) primers and, for the longest internal fragmeptsners
overlapping internal sequences of the PCR prodiadh.(2.2).

Fragment Primer Sequence

Internal fragment 11 Nbs3 33 GCTGAGGAGATGAGCGAGAABGKSTC

Internal fragment IV | Nbs3 4 TTCAGGCTCCTGCAGTGCAGCA

Internal fragment V Nbs3 55 ATGCGTCGGCGAGCACCTTGCCG
Cos 189 | ACTCGGACGTACTTATTTATGTCT

Internal fragment VII| Nbs4 1 CTCTGAGGGAATTATGGATTT&AA

Tab. 2.2Primers used to sequence the longest internal #atsofNbs3-Rdg2aDNA.
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Sequencing outputs were analyzed by the Sequerdgiatysis Software v5.2 with
KB Basecaller Software v1.2 (Applied Biosystem, teo€ity, CA USA).
To assemble the sequences Vector NTI 9 softwaxétridgen, Carlsbad, CA USA)

was used.

2.4.2 Sequencing ofNbsl-rdg2za and Nbs2-rdg2a alleles in the

susceptible cultivar Mirco

Fragments oNbs1-rdg2aand Nbs2-rdg2awere amplified from cv. Mirco genomic
DNA, using Nbs1 and Nbs2specific primers, designed from cv. Thibaut geromi
sequences of the two genes (Tab. 2.3).

Gene Fragment Primer Sequence
combination
Nbsl-rdg2a | Fragment | Nbsl 17 CACCGCATCATGAAGAGAACTGATACAGGH
D2_19 CCTTGCCGGCCACGCCGCGCACTAG
Fragmentll | D2_16 CTGTTCTTGTACATGCTGCAGCTTCC
D2_17 TCGCAACTTCCGGCAATCCATTAG
Fragment Il | D2_13 GTTGCTACAGGTATCGGCATCACTAAGAGC
D2_15 GGAACAGAGGAGAGCAAGTGGAAGTAC
Fragment IV| Nbsl 15 CAGAACTGCCGCAGTGTAGTAGC
Nbsl_ 19 GGTACCATCGATTCATGACGTTAGCAT
Nbs2-rdg2a | Fragment | Nbs2_6 CACCGCAGAAGAATGCCTACAAAACCCTG/
GTCC
Nbs2_29 CAAGGTAAGGATTGAGGAGAGC
Fragment |l | Nbs2_34 GGGCGGCGACGAACAAGCAGCAGTAT
Nbs2_16 TTCAACTTGTAACAGTCTATGAGC
Fragment Ill | Nbs2_15 GCATTGCATTGCTCCCGCTCCCCTTCTCEA
Nbs2_22 GTGATCCGGACGATCCGGAGCTTCCG
Fragment IV| Nbs2_23 TGTTGCCTCTGGACGCCCAGCAAACC
Nbs2_5 CGGGCAGCCACGTATGCTAAAGG
FragmentV | Nbs2 2 GGAGATTCAGGTCTGCCGCAGAGTG
Nbs2_33 CAAGCAAGAGTCTAGCGCGTGAGG

Tab. 2.3 Primers used to amplify subsequent fragmentiNla$1-rdg2aand Nbs2-rdg2ain cv.

Mirco.

PCR reactions were conducted using the followirggqmol:

Genomic DNA from Mirco leaves 40 ng

GoTad Flexi Buffer 1X

MgCl, 2mM

DMSO 5%

dNTP 0.2 mM each
Primer mix 0.3 mM each
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GoTad DNA Polymerase 05U
Sterile distilled HO 0 20 pl
and the following programme:

94°C 2

94°C 40"

60°C 50” 35 cycles

72°C 1’ per kb

72°C 10°

4°C e

After purification from 1% agarose gel using thezZ@fif® SV Gel and PCR Clean-
Up System (Promega), PCR products were directlyesgzed using 2,5 ng each 100
bp of DNA. The same primers utilized for PCR reawsi (Tab. 2.3) and primers

overlapping internal sequences (Tab. 2.4) were f@meskquencing.

Gene Fragment Primer Sequence
Nbsl-rdg2a | Fragment | Nbsl 1 CTTCACCGCGCTTACACAGTGCCA
D2_11 CCTTACCAACGCCCAAATTTGTCG
D2_20 CGATGAAGAGCAAAACCAGAGG
Nbsl 11 1 17| GTGCTATTTCTGGTTTTCAA
Nbsl 12 1 17| GGGGTACAGTTGCAAATAAA
Nbsl 13 1 17| GAGAGGCTACATCTCAGATCTT
Mircol_22 GAAAGTAAGTAAATAGAAGGGG
Mircol_18 AGGAAGATAACAAGGTTGTT
Mircol_19 GCAAAAATGCCACCTGGCTC
Mircol_20 TTCCTTTTGCTTTTCCATTTACGTG
Mircol_21 ACTAGACTGCCCCTGTTCGTG
Nbsl 14 1 17| GAACACGAGAAAATTGGATA
Fragment 1l | Nbsl1l_9 ATTGGTCACATGTCGAAGCAAGCAAGTCG
C
Nbsl 11 GTAACATCGGGGATAAAGATGGAGGC
Nbsl 20 CACCCTGTTCTTGTACATGCTGCAGCTTCC
Nbsl 20Davide| TTCCCTTCCAAAGATCTGGGTAGTT
Nbsl 21 CTATTACACGTGGCAATGCGG
Nbsl 3 CAAATAAACCAAGTTGCAGGGGCC
Nbsl 2 GGCCAACACAATGCTCTTAGTGATGCCGA
T
D2 5 GGAAATGACAACTGAATAAGAGGGCC
Nbsl 4 CAGGCGACAGGTGTTTGTAGCTTA
Nbsl 2 GGCCAACACAATGCTCTTAGTGATGCCGA
T
Fragment Il | Cos189 AGCTTTACAAACCGACGGTT
Nbsl 12 TCATCAGATCTCGCACGAACCGA
D2 8s2 AGAAATATCACAATGGATGAGAA
Nbsl 7 CCTCGGATGTTTAGCAGTTTGGA
D2 2 CACCTTCTCTGCATCGTCTTTGC
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Fragment IV | D2_2 CACCTTCTCTGCATCGTCTTTGC
D2_15 GGAACAGAGGAGAGCAAGTGGAAGTAC
Nbsl_8 AGACTCACGCGTATGCCGATTCA
Nbsl_6 GTCAGGTAAGGAGACTCACGCGT
D2_9 CCATTGGTTATCACCTAATTTGTAT
Nbs2-rdg2a | Fragment | Nbs2_30 TGAGGGTAGGCACACTGCACAC
Nbs2_31 GAGATAATCAAAGGTGCGCCTCC
Fragment 1l | Nbs2_36 CAACTTTGGGGCTTCGTTGAGGTG
Nbs2_14 CACCTGTTTCCTGGCTCAATAGGAAGAC
Nbs2_35 TCGACGAGTGCTTCTGCGGCCT
Nbs2_19 CGGCCTCTATAATGCAGACCCTTGGAA
Nbs2_12 GGCTTCGACTTGTGACAACAATGACG
Nbs2_11 GCTAGCTTATGGGTTCCAAGGGTCTG
Nbs2_18 CATATAGCAATGGTAAAGAGCAGG
Fragment 11l | Nbs2_25 GTAATGTGGAAGAAGTGCTTCAATAT
Nbs2_26 CGAAAAGTTGGAGATATGTGGGTATAT
Fragment IV| Nbs2_24 CAGCTTGATCGGAAGCTCCGGATCG
FragmentV | Nbs2_5 CGGGCAGCCACGTATGCTAAAGG
Nbs2_10 TCTAACAGTCTTTACGTGGGACAGA
Nbs2_32 AGTTTAGCAACTGCTCCTTGTAACCGCC

Tab. 2.4Primers used for the sequencing of Mifdbs1-rdg2aandNbs2-rdg2a

The accession number assignedNtis1-rdg2aand Nbs2-rdg2aare HM124453 and
HM124454, respectively.

2.4.3 Screening by PCR-based molecular markers toekify co-

segregation of promoter rearrangements with thdrdg2a locus

To verify whether the differences between the primmoegions of ThibauNbs1-
Rdg2a versuMirco nbsl1-rdg2aand ThibautNbs2-Rdg2aersusMirco Nbs2-rdg2a
cosegregated with the resistant phenotype, a sogesing PCR-based molecular
markers was performed on genomic DNA extracted fomsi Thibaut and Mirco
and from rare recombinants (231, 355, 407, 581, 608, 741, 765, 844, 923, 1155
and 1845) identified in a high resolution mappimgpylation, represented by 2.800
gametes and derived from a cross between the twotgees. Primers overlapping
sequences in the promoter regionsNifs1-Rdg2aand Nbs2-Rdg2awere utilized
(Tab. 2.5).
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Gene Primer Sequence

Nbs1-Rdg2a] Nbsl_8 AGACTCACGCGTATGCCGATTCA
Nbsl_15| CAGAACTGCCGCAGTGTAGTAGC

Nbs2-Rdg2a] Nbs2_6 CACCGCAGAAGAATGCCTACAAAACCCTGAGTCC
Nbs2_29 | CAAGGTAAGGATTGAGGAGAGC

Tab. 2.5 Primers used for the screening using PCR-basedcoiatemarkers of the population
derived from a cross between Thibaut and Mirco, verify co-segregation of promoter
rearrangements with tiedg2alocus.

PCRs were performed as described in Par. 2.4.2rendmplicons were loaded on

1% agarose gel.

2.4.4 Expression analysis of thRdg2a candidates

2.4.4.1 Semiquantitative RT-PCR

The assessment bibs1-Rdg2andNbs2-Rdg2aene expression level was obtained
in a two-stepReverse Transcription PCR (RT-PCR) process. Total RNA was
extracted using TRIZO. Reagent (Life Technologies), according to manifeats
instructions, from barley embryos of Mirco and N87% at 7 and 14 dad#@ysafter
infection) withPyrenophora gramine&olateDg2 and after growth on sterile moist
filter paper (control) at the same time points.ald&&NA was also axtracted from
non-inoculated leaves of 7 days old barley seedliofgcv. Mirco and NIL3876.
After the analysis of the RNAs with the 2100 Biolgmar (Agilent), the
quantification using spectrophotometer and treatnvéith DNasel (DNAfree™
Kit, Ambion), 400 ng of each RNA were used for thiial RT reaction with the
Superscript 1l reverse trascriptase kit (Invitrog&arisbad, CA USA). For the
second PCR reaction, 4 ng of first strand cDNAsaingified by using fluorometer
Qubit (Invitrogen, Carlsbad, CA USA), were usedtasplates. Each experiment
was performed in triplicate. To enable the discniation between the twBdg2a
candidates and other NB-LRR encoding genes, th&®®R-primers were designed
on two different regions of the LRR domains whegeesal mismatches among the
two genes allowed gene-specific amplification floe two genotypes. To confirm
specific amplification, the amplicons were thenussted using the same primers
utilized in PCR reactions (Tab. 2.6) and followitige protocol described in Par.
2.4.2. BarleyActin (AY145451.1) was used as positive RT-PCR contbalrley
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Actin primer fw: ATGTGGCCATCCAGGCAGTGCTTT barley Actin primer rev:
TGGTCTCATGGATTCCAGCAGCTTC(. PCRs were performed with:

MgCl, 2 mM

dNTP 0.2 mM each
Primer mix 0.3 mM each
DMSO 5%

Go Tad DNA Polymerase (Promega) 05U

Go Ta§ DNA Polymerase Buffer 1X

cDNA template 4 ng

Sterile, distilled water to 20ul

The PCR program was:

94°C 2'

94°C 40" | 24 cycles féctinand 30

60°C 50" ~ cycles for the other twerggs
72°C 2'

72°C 10

4°C ©

Primers used are listed in Tab. 2.6.

Line Gene Primers Sequence

NIL3876 | Nbs1-Rdg2a| Nbsl_25 | GATGAGCCTACAGATGTGGAAGAAGTGC
Nbsl_26 | GCTAAACATCCGAGGCTCTCCTACACTA
Nbsl_27 | TTTCATCATCCGAGGAGAAAACCCTTCCGC
Nbsl_28 | GCCGATTCACTTTGGGATGCCTATTCTCTC
Nbs2-Rdg2a| Nbs2_3 TTTGTTATCTCCTTCAGAATCATGGGAG
Nbs2_4 GAAGCACTTCTTCCACATTACAGGCC
Nbs2_2 GGAGATTCAGGTCTGCCGCAGAGTG
Nbs2_5 CGGGCAGCCACGTATGCTAAAGG

Mirco Nbsl-Rdg2a| Nbsl 3 m| TGATTTGGGGCTGCCGAAGTCTGGT
D2_7 TTTGTCAGGTAAGGAGACTCACGC
Nbsl_3 m| TGATTTGGGGCTGCCGAAGTCTGGT
Nbsl_6 GTCAGGTAAGGAGACTCACGCGT
Nbs2-Rdg2a| Nbs2_2 _m| GACGATTGATAACTGCCGCAGTGTA
Nbs2_5 CGGGCAGCCACGTATGCTAAAGG
Nbs2_7_m| TGGGTGGAGGACTGCATGAGCCTAA
Nbs2_5 CGGGCAGCCACGTATGCTAAAGG

Tab. 2.6Primers used for the semiquantitative RT-PCRS\fos1-Rdg2andNbs2-Rdg2an the cv.
Mirco and in NIL3876.

PCR products were loaded on 1% agarose gel.
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2.4.4.2quantitative RT-PCR (qRT-PCR)

To examine whether thbs1-Rdg2aand Nbs2-Rdg2aranscription levels change
during the infection, a two-stequantitative (Q)RT-PCR was performed. Total RNA
was extracted by the use of TRIZDIReagent (Life Technologies) from barley
embryos of NIL3876 at 7, 14, 18, 22 and 28 dai Wiinenophora graminegolate
Dg2 and from embryos grown on sterile moist filter @afcontrol) at the same time
points. cDNAs were synthesized as described inP4r4.1.

gRT-PCRs were performed in a real time PCR theayeler (7300 Real Time PCR
System, Applied Biosystem) with:

cDNA nd

Sybr GreenER gPCR SuperMix for ABI PRISM (Invitrogye 10 pl
Primers mix Qi1 each
Sterile, distilled water to @b
Cycling conditions were:

50°C 2’

95°C 10’

95°C 15”> 40 cygsl

60°C 1

The primers utilized were as for semiquantitativeelRCR (Tab. 2.6). Barlejctin
(AY145451.1) was used as the housekeeping nornbaligbarleyActin primer fw:
ATGTGGCCATCCAGGCAGTGCTTT barley Actin primer rev:
TGGTCTCATGGATTCCAGCAGCTTC(. Two biological replicates with eight technical
replicates each were performed. Melting curve aislyas done after PCR to
evaluate the presence of non-specific PCR proguasor primer dimers. gRT-PCR
data were plotted asRn fluorescence signal versus cycle number. The 38
absolute quantification software (Applied Biosys}eralculates thé\Rn using the
equationARn = (Rn+) — (Rn-), where Rn+ is the fluorescerigea of the baseline
emission during cycles 6 to 13. An arbitrary thaddhwas set at midpoint of the log
ARnN versus the cycle number at wich #tfen crosses the threshold (Ct). The Ct was
used to calculate thieold Change (FC) in each infected sample with respetteo
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expression level detected in corresponding sanmpt®mntrol conditions at the same
time point (baseline) with the following formula:
AACt = (Ct target — Ct actin)infected sample — (Cgea— Ctactin)uninfected sample

2.5 Analysis of transgenic plants

2.5.1 Production of transgenic plants

To generate constructs for transformation, DNA inagts of about 6 Kbp
containing the coding sequence of the candidategenth their native 5 and 3’
regulatory sequences, were PCR amplified usingiBhusF Tag DNA Polymerase
(New England Biolabs) from cosmid 95-9-8Ihs1-Rdg2p and cosmid 17-1-1
(Nbs2-Rdg2p derived from the cv. Thibaut. Amplification pnacts were subcloned
in pDONR201 (Invitrogen) and then transfer in thategvay Agrobacterium
tumefaciendinary vector pWBVec8 (Invitrogen). These condsusere validated
by comparing the insert sequences with those ofctreesponding regions in the
cosmid clones. Transgenic barley lines were geeeéryA. tumefaciensnediated
transformation of immature embryos derived from the Golden Promise as
described by Bieret al. (2004). The presence of the transformed DNA fragsia
the Ty plants was checked by PCR assay with gene spexcifieer pairs (Tab. 2.6).
T1 progenies were bred through self-pollination o# ffy plants. A total of 30
independent lines were generated for each of tleettansgenes. 10 indepent lines
for each transgene (1/S1-T6, 4/S1-T6, 7/S1-T6, -9/§116/S1-T6, 17/S1-T6,
19/S1-T6, 25/S1-T6, 31/S1-T6 and 32/S1-T6Ndws1-Rdg2aand 41/S1-T7, 42/S1-
T7, 46/S1-T7, 54/S1-T7, 56/S1-T7, 57/S1-T7, 60/31-62/S1-T7, 64/S1-T7 and
71/S1-T7 forNbs2-Rdg2p Thibaut, Golden Promise, Mirco, NIL3876 and time
15/S1-T6 (with the empty vector) were infected withgramineaisolatesDg2 and
Dg5 using the ‘sandwich’ technique (Pecchiehal, 1996;Par. 2.3).

a7



2. Materials and methods

2.5.2 Analysis of T progenies of transgenic plants

After infection with Dg2, DNA from leaves of 197 resistant and 10 susceptible
transgenic plants foNbs1-Rdg2aand 84 susceptible transgenic plants Nirs2-
Rdg2awas extracted by the Wizard Magnetic 96 DNA PBydtem (Promega). The
presence or the absence of the transgenes wad bgsRCR with the same protocol

described in Par. 2.4.3. PCR products were sintidreated on 1% agarose gel.

2.5.3 Expression analysis of the transgenes in progenies

To verify whether the transgenes are transcribegesmstant or susceptible plants,
semi-quantitative RT-PCRs were performed. Total Rihvn leaves of resistant and
susceptible plants was extracted by the use of ORfZ Reagent (Life
Technologies). RT-PCRs were conducted as descitb&ahr. 2.4.4.1. The primer
pairs were the same utilized to observe the presenthe absence of the genes in
transformed genomes (Tab. 2.5). Moreover, to veahgy presence of the fungus in
infected tissues, specific primers fBr graminea Ubiquitin(FC555903 — primer
forward: GACAGCACGTCTCATCTTCG primer reverseTCATATCCTCGTCCACGACA
and P. graminea GTPase activator(FC555890 — primer forward:
CTCATAAGCCCGAGCACTTG primer reverseATACCAAGGTACGGCTGCTQ were also

used. PCR products were loaded on 1% agarose gel.

2.5.4 Southern blot analysis

Genomic DNA was extracted from leaves of the trangglines 8/S1-T6, 7/S1-T6,
4/S1-T6, 16/S1-T6, 25/S1-T6, 32/S1-T6 and from d¥sbaut and Golden Promise
using the CTAB Cetyl trimethyl ammoniumbromide) method (Doyle and Doyle,
1990).

8 ug of DNA were digested for 8 hours by 4 U/udeobRI1 (Fermentas) and further
8 ug were digested by 4 U/ug of Kpnl (Promega). tie sets of digested DNAS
were loaded on 0.8% agarose gel, transferred titiyedg charge nylon filters using
SSC 20X (Sambrooé&t al, 1989) and fixed at 80°C for 2 hours.

A specificprobe was obtained by PCR from the LRR region\iifs1-Rdg2ausing
primers D2 _13 GTTGCTACAGGTATCGGCATCACTAAGAGG and Nbsl 10
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(GCTGCAACCATCAATCATCAGATCTCGQ

(GTTGCTACAGGTATCGGCATCACTAAGAGCATTGTGTTGGCCCTCTTATTAGTTGTCAT
TTCCAAGGCCATAAATGCAAAACATTTACGGTATCTTGACCTCTCTGGGTAGACATTGT
TAGATTGCCAGATTCAATATGGGTGTTGTATAACCTGCAAACACTGAGGCAATGGATT
GCCGGAAGTTGCGACAGTTACCAGAAGACATGGCAAGATTAAGAAAGCTCATCCATCTT
TACCTTTCTGGCTGTGAGAGTCTCAAAAGTATGTCTCCAAACTTTGGTCTGTGAACAAC
CTTCACATATTAACAACATTTGTTGTGGGTTCCGGAGATGGCCTTGGAATAAGCAGCTC
AAAGATTTGCAAAACCTTAGCAATAGGTTGGAAATATTGAATATGGACAAG ATAAAGAG
TGGGGAGAATGCAAAAGAAGCCAATCTCAGTCAGAAGCAAAATCTAAGTGAGTTGTTGT
TCTCTTGGGGCCAAAAAATAGATGATGAGCCTACAGATGTGGAAGAAGTGATCAGGGC
TTAGAACCTCATAGTAATATCCAAAAACTGGAGATACGTGGATATCATGGCCTAGAAAT
ATCACAATGGATGAGAAAGCCTCAGATGTTTGACTGCTTGAGAGAACTCGAATGTTTG
GCTGCCCAAAATGCAAGAGTATCCCTGTAATATGGTTCTCGGTCTCTCTABGATTTTGG
TCTTACAGAGCATGGATAACCTGACAACATTATGTAGTAACCTTGGTGTGARAGCTGGA
GGAAGCATTACCCCTCTGCAACTTTTCCCAAATTTGAAGAAGTTGTGTTTATTAAGTTA
CCAAGCCTGGAGATATGGGCAGAAAATAGTGTAGGAGAGCCTCGGATGTTAGCAGTTT
GGAAAAACTCGAAATTTCCGACTGCCCAAGATGCAAGAGTATACCTGCAGTATGGTTTT
CGGTCTCTCTTGAGTTTTTGGTCTTACGGAAAATGGATAACCTGACAACATATGTAATA
ACCTTGATGTGGAAGCTGGAGGATGCATTACCCCTATGCAGATTTTCCCASGTTGAAG
AAGATGAGGTTGATTGAGTTACCAAGCCTGGAGATGTGGGCAGAAAATAGTATGGGAG
AGCCTAGTTGTGATAACCTGGTAACATTCCCGATGCTTGAAGAGCTAGAGA CAAAAAT
TGCCCCAAGCTTGCAAGTATTCCAGCGATTCCCGTTGTCAGCGAGTTGAGNTAGTTGGA
GTTCACAGTACTGCAGTCGGTTCAGTTTTTATGAGCATCCGTTTGGGCTCIGSGCCATTTC
TCGTCAGGTTAAGTCTTGGGTCTCTAGAAGACATACCCATGTTGCCTCTABCGCCCAGC
AAAACCAAAGTGAAAGACCTCTTGAAAAGCTTGAGAGTTTGACTCTGGAAGGGCCCAAC
AGCTTGATCAGAAGCTCTGGATTGTCCGGATCACAACTTATGGTTTGGAAAGTTTTCGG

TTCGTGCGAGATCTGATGATTGATGGTTGCAGQ. 80 ng of the probe were labelled
with a-**P-dCTP using the DNA Polymerase Large (Klenow) Fragt (Promega).
Marked probe was then purified on Sephadex coluf@ambroolet al, 1989).

The filter was pre-hybridized over night at 65°C1& ml of Hybridization Buffer
(0.5 M Sodium phosphate, pH 7.2, 7% SDS, 1 mM EDIBA, mg/ml denatured
Harring sperm DNA). Hybridization was performedubating over night at 65°C
the filter in 15 ml of new Hybridization Buffer Witthe denatured-*’P-dCTP
labelled probe. The filter was washed to mediunmgéncy (Sambrooktel., 1989)
and subjected to autoradiography using the Biom&x(Kbdak) system.
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2.61n situ analyses

2.6.1 Sectioning of the embryos

Embryos of NIL3876 grown at 14, 22 and 26 dai irggnce ofPyrenophora
gramineaisolate Dg2 and, at the same time points, on sterile mois¢rfipaper
(control), were extracted from grains and immedyafized by incubation in freshly
prepared FAE (50% ethanol, 5% acetic acid and JIatthaldehyde inPhosphate
Buffer Saline (PBS) (130 mM NaCl, 7 mM NdPO, and 3 mM NakPQy)) with
vacuum for 20 minutes and then were incubated w R&E for 12 hours. The fixed
material was placed in 70% ethanol and stored@t 4°

After dehydratation using increasing concentratioin ethanol, embryos were
embedded in Paraplast Plus (Sigma Aldrich) andntated to obtain longitudinal
sections. The embedded embryos were stored at 4°C.

10 um thick longitudinal sections, obtained using anmoticme LEITZ 1512, were
put on Polysin" Microscope Slides (Biooptica) and store at 4°C.

Paraplast was removed from sections by the useisibé¢thoice Clearing Agent
(Sigma Aldrich) and sections were rehydratated wiigitcreasing concentration of
ethanol in 0.85% NaCl.

2.6.2 Terminal deoxynucleotidil tranferase-mediated dTP Nick

and Labelling (TUNEL) and Autofluorescence assays

Sections of the embryos were permeabilized byrreat in 100 mM Tris/HCI, 50
mM EDTA, pH 8 with 20 pgll of recombinant Proteinase K PCR grade (Roche) for
45 min at 37°C.

After washing twice in PBS (Par. 2.6.1) for 1 msegctions were incubated with the
TUNEL reaction mix (Label Solution with fluorescemoniugated dUTP and
Enzyme Solution with Terminal transferase) for artd 30 min at 37°C, according
to theln SituCell Death Detection Kit, Fluorescein (Roche).

Two negative controls were performed without Temhitransferase and two
positive controls (one with an inoculated embrya ame with a control embryo)
were carried out by incubation in 20 mM Tris/HCly@ MgCl,, pH 8 with 5 U/ml
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DNasel (Sigma), for 3 min at 25°C before the treattrwith the TUNEL reaction
mix.

After the washing in PBS, samples were observedc vaih Olympus BX51
microscope fitted with the following configuratioexcitation at 451-490 nm and
emission at 491-540 nm for fluorescein and exadtaft 335-380 nm and emission
at >420 nm for autofluorescence. Images were recbtody an Olympus DP50

microscope digital camera system.

2.6.3 4’,6-Diamidino-2-phelindole clorihydrate (DAR) staining

To verify the presence of the nuclei in the cdiisttdid not show a positive TUNEL
signal, sections were incubated in 1% (w/v) 4’,@bDidino-2-phelindole
clorihydrate (DAPI) in PBS pH 7 (Par. 2.6.1) for 20n at room temperature in the
dark and were observed with an Olympus BX51 miapeditted with excitation at
335-380 nm and emission at >420 nm. Images wemded by an Olympus DP50
microscope digital camera system.

2.6.4 Calcofluor staining

To visualizePyrenophora gramine@ the infected tissues, sections were incubated
in 0.01% Calcofluor (Sigma Aldrich) in PBS pH 7 (Pa.6.1) for 30 min at room
temperature and were observed with an Olympus BX&droscope fitted with
excitation at 335-380 nm and emission at >420 mmages were recorded by an

Olympus DP50 microscope digital camera system.

2.7 Analysis of the hypotheticalRdg2a locus in cultivar

Morex

2.7.1 Screening by PCR-based molecular markers

Steuernageekt al. (2009) sequenced 91 barcoded, pooled, gene corgaihorex
BACs using the 454-GS-FLX sequencer and assembied sequences under
interative change of parameters using the Newld#ware (Roche). In particular,
they obtained, from BAC HVVMRXALLhA425023 c2, a 223 bp contig that,
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when compared to ThibatRdg2alocus by the use of Vector NTI 9 (Invitrogen),
showed a hypothetical gene homolog Nbsl/Nbs2-Rdg2aThe comparative

analyses revealed also that some regions of ThRdg®alocus are quite conserved
in Morex, even if in the last cultivar several dielas were observed with respect to
the resistant haplotype. Based on these obsergatiowverify the assembling, PCR-
based molecular markers were developed with seymralers that annealed at
sequences within or flanking the deleted regiorasb(12.7; Fig. 3.18(a); Par. 3.7,

Results).

Primer Sequence Expected amplicon dimensions
combination Thibaut Morex
CR1 TCTGAACGGGCGGGCTTATCTGAG 5360bp 1064bp
CR2 CAGGAGGAGAAGCTGGAGAACAAG

NCR1 GAAGACGGCGCAGGAAGGATCGG 471bp /
CR2 CAGGAGGAGAAGCTGGAGAACAAG

CR3 GCTTACACAGTGCCAATGCTAAGC 14872bp 1179bp
CR4 ATGGGCAATACCTGCACCTTCTTC

CR3 GCTTACACAGTGCCAATGCTAAGC 1183bp /
NCR2 TGATGGGCAGCACCTGCACCCTCCG

Nbs2_30 TGAGGGTAGGCACACTGCACAC 1927bp /
CR5 AGCTTATGGGTTCCAAGGGACTGC

Tab. 2.7 Primer combinations used for the PCR-based moleaulrkers screening of Morex
hypotheticalRdg2alocus and designed on the base of Thibaut sequdieedimensions of the
corrispectivi PCR amplicons in the two genpes are also report (Fig. 3.18(a); Par. 3. Results.

Furthermore, primers specific for Morex sequencesvutilized (Tab. 2.8).

Primer combination Sequence

Morex5fw TCACCGGGCTTACACAGTGC
Morex7rev AAGTCGTCGAGCACGTTGTCAGC
Morex9fw TTCTCTGAGGGAATTATGGATTTGG
Morex1lrev TGATGATTACTTGTGGACAACAG
Morex13fw AAACTTAGAATCCGGACAGGC
Morex18rev ATGTATGATTGCACTCTTTTCCC

Tab. 2.8 Primer combinations used for the PCR-based moleaukrkers screening of Morex
hypotheticaRdg2alocus and specific for Morex sequer

PCRs were performed on Thibaut genomic DNA andhenMorex BAC 146G20,
belonging to the Morex BAC library utilized for tii&dg2apositional cloning (Par.
1.3.1, Introduction). This BAC, on the basis of P@Rd sequence analyses,
demonstrated to overlap to the BAC 425023 procebgesteuernageltal. (2009).

PCR conditions were the same described in Par2 2vith the exclusion of the
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annealing time that was of 2’ in these last expents. PCR products were loaded
on a 1% agarose gel.

Finally, to determine whether a homolog gene ob@hiNbs3-Rdg2as present in
the MorexRdg?2alocus, several PCRs, using primer combinationsiipdor this
gene(Tab. 2.9), were performed as described in Par2Z3! annealing) with both
Thibaut genomic DNA (control) and Morex BAC 146G20.

Primer combination Sequence

Nbs3_47 GCAGCCTTGACGCGCGAGAGACCAT
Nbs3_12 CTTCTGTTCTTGCTGGTCCAACAGTTT
Nbs3_46 CTTCTCTCCATTTTCCCAACAACCGC
Nbs3_11 TCAGGCATGTCACATCTTCCACTTAC
Nbs3_33 GCTGAGGAGATGAGCGAGAAGAAGTC
Nbs3_11 TCAGGCATGTCACATCTTCCACTTAC
Nbs3_36 AAGAGAGAACAATGGATTTAACACGGAA
Nbs3_27 CGGGCTATCAGACATTTTGAGTTCTC
Nbs3_29 AGAGATGTGGAAGAAGTGCTTCAGTGCT
Nbs3_49 CTGATCAAGCCGTTGAGCCCTTT

Tab. 2.9Primer combinations used to verify whether Morertiea a homolog gene of Thibaut
Nbs:-Rdg2e.

Amplified PCR products (Nbs3 29+Nbs3 49 and Nbs3MN$3 11) from Morex
were purified from 1% agarose gel by the WiZa@V Gel and PCR Clean-Up
System (Promega) and directly sequenced usingg2each 100 bp of DNA and the
same primers utilized for PCR reactions (Tab. 2%¢guencing outputs were
analyzed by the Sequencing Analysis Software v5tR WB Basecaller Software
v1.2 (Applied Biosystem, Foster City, CA USA) anere compared to Thibaut
Nbs1-Rdg2aNbs2-Rdg2a, Nbs3-Rdgzmd to Morex contidgy the use of Vector
NTI 9 software (Invitrogen, Carlsbad, CA USA).

2.7.2 Sequencing of Morex BAC146G20
The region comprised between the Morex 26,223 hpg-lmontig and the amplicon

obtained by the primer combination morex13fw+NbsBwhs sequenced by primer
walking on the amplicons and directly on the Mo®&AC using 1 pug of BAC
146G20 as template. The protocol is described in P&.2. Primers used for
sequencing are reported in Tab. 2.10.
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Primer Sequence

Morexwalkingfwl CACGATGCAGAGAAGGTGGG
Morexwalkingfw?2 TGGGGAGTATTTCCACTTGCTC
Morexwalkingrevl CGTCAAGGCTGCTTGGTTTG
Morexwalkingrev2 TGCAGATCTCTCACGCGTCAAGG

Morexwalkingfwbac5 | TGACAAAGGGGTCCAGCAACA

Morexwalkingfwbac6 | ATTTCCAGTTGAAGATGTGGCACT

Morexwalkingrevs TGCAAGGAAGCATTCGCTCA

Morexwalkingreve CCACAATAATAAACCAAGCC

Morexwalkingfwbac7 | GCCTGTGGTGTCCCGCCAA

Morexwalkingfwbac8 | AGCACGTTAGGCTACGGCTCA

Tab. 2.10Primer used for the primer walking on Morex BAC G&).

2.7.3 Expression analysis in cultivar Morex

A two-step RT-PCR was performed to analyze theesgon of th&kdg2ahomolog
gene in cv. Morex. RNA was extracted by the us€RIZOL® from barley embryos
grown at 7, 14 and 22 dai witPyrenophora gramineg&olateDg2 and at the same
time points after growth on sterile moist filter pga (control). RNA was also
extracted from leaves of 14 days old seedlingsctefe with the fungus and from
control leaves. RT-PCRs were conducted as desciibBdr. 2.4.4.1. Primers used
were specific for the Morex gene (nbs1-1-rBGTTCCTGGCCATTTCTTGCTGAGN
Nbs1-2-mOCTGCATCGTGTTCCCAACTCCGG

To complete the expression analysis, a quantitd&VePCR was performed using
the same RNA utilized for the RT-PCRs and followihg protocol described in Par.
2.4.4.2. Primers, specific for the Morex gene, werejected by Primer Express
software (Applied Biosystem) and were:

rtmorexfw5 CAAATGTCAAAGGCTGAATCG

rtmorexrevs CAAAGTGCGGAGGTATGTTG

2.8 Analysis of different barley varieties

2.8.1 PCR-based molecular markers analysis of diffent barley

varieties

Different barley cultivars (Rika, Bulbul, Triumphmber, Optic, Ansis, Gitane,
Bonus, Ketos, Grete, Franka, Marado and Federalje wested for their

susceptibility/resistance t&. gramineaisolatesDg2 or Dg5 by the use of the
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sandwich technique (Pecchioat al, 1996; Par. 2.3). Cvs. Thibaut, Mirco and
Golden Promise were also tested as controls. Alysieaf the haplotype (Thibaut,
Morex and other un-identified haplotypes) was pened throught a PCR-based
molecular markers screening in the above menti@wétd/ars and in other varieties
already characterized for their response to legfestnfection with isolate®g2 and
Dg5 (Rebelle, Onice, Proctor, Alf, Diadem, Haruna Nigalleon, Jaidor, Nudinka,
Passport and Acuario) (Arret al, 2003; Par. 2.2). The Wizard Magnetic 96 DNA
Plant System (Promega) was utilized for the extvacbf genomic DNA from the
leaves of these cultivars and from Thibaut and Mdeaves (controls). PCRs were
performed as described in Par. 2.7.1, using theegaimer combinations utilized to
verify the assembling of the Morex 26,223 bp-longtgg (Tab. 2.7).

2.8.2 Sequencing oRdg2a in cultivars Rebelle, Haruna Nijo and
Galleon

Rdg2aalleles were amplified by PCR using the genomic DbfAcvs. Rebelle,
Haruna Nijo and GalleomNbsZXspecific primers obtained from ThibaWbs1-Rdg2a

genomic sequence (Tab. 2.11) and Go®T&NA Polymerase (Promega) were
utilized following the protocol described in Par4 2.

Fragment Primer Sequence
combination
Fragment | Nbsl_17 CACCGCATCATGAAGAGAACTGATACAGGA
D2_19 CCTTGCCGGCCACGCCGCGCACTAG
Fragment 1l | Nbsl_14 TACTTGGTTTGGAGCTAGGAGACG
Nbsl_ 10 GCTGCAACCATCAATCATCAGATCTCGC
Fragment lll| D2_10 GTGTAGGAGAGCCTCGGATGTTT
Nbsl_ 19 GGTACCATCGATTCATGACGTTAGCAT

Tab. 2.11Primers used to amplify subsequent fragmenRdgf2ain cvs. Rebelle, Haruna Nijo and
Galleor.

Primers used to sequence the fragments in the tifeears are listed in Tab. 2.12.

Barley variety | Fragment | Primer Sequence

Rebelle I Nbsl_1 CTTCACCGCGCTTACACAGTGCCA
D2_12 ATTGAGAGGCCGCCAGTAGGTACC
D2_1 CGCCAGTAGGTACCTACCAGTCAATAT

I Nbsl_9 ATTGGTCACATGTCGAAGCAAGCAAGTCG
Nbsl_4 CAGGCGACAGGTGTTTGTAGCTTA
Nbsl_21| GGCGTAACGGTGCACATTATC
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Nbsl_ 20| CACCCTGTTCTTGTACATGCTGCAGCTTCC
D2_6 GACGTGCTTTGGAAGATAACAAGG

D2_8s2 AGAAATATCACAATGGATGAGAA

Nbsl_7 CCTCGGATGTTTAGCAGTTTGGA

Nbsl_12 | TCATCAGATCTCGCACGAACCGA

UTR_R1 | TTGCTTGCTTCGACATGTGACC

UTR_R2 | GATGTTGCCGCTCCTCCCTACG

Nbsl_11| GTAACATCGGGGATAAAGATGGAGGC
D2_16s3| GCACATACTGAAGTTAAGCT

Nbsl_34| AAATCCTTGTGTGATCCTGAAGGAA
Nbsl_2 GGCCAACACAATGCTCTTAGTGATGCCGAT
Nbsl_26 | GCTAAACATCCGAGGCTCTCCTACACTA
D2_17 TCGCAACTTCCGGCAATCCATTAG

D2_8sl1 AAACCTTAGCAATAGGTTGGA

Nbsl_25| GATGAGCCTACAGATGTGGAAGAAGTGC
I Nbsl_15 | CAGAACTGCCGCAGTGTAGTAGC

D2_14 TATGCCGATTCACTTTGGGATGCCTATTC
D2_15 GGAACAGAGGAGAGCAAGTGGAAGTAC

D2 _2 CACCTTCTCTGCATCGTCTTTGC

Nbsl_12 | TCATCAGATCTCGCACGAACCGA

D2_13 GTTGCTACAGGTATCGGCATCACTAAGAGC
D2_8sl1 AAACCTTAGCAATAGGTTGGA

D2_8s2 AGAAATATCACAATGGATGAGAA

Nbsl_25| GATGAGCCTACAGATGTGGAAGAAGTGC
Nbsl_5 TAGTGTAGGAGAGCCTCGGATGTT

Nbsl_7 CCTCGGATGTTTAGCAGTTTGGA

Nbsl_35| GGCAGTCGGAAATTTCGAGTTTTTCC
Nbsl_36 | GGAAAAACTCGAAATTTCCGACTGCC
Nbsl_10| GCTGCAACCATCAATCATCAGATCTCGC

Haruna Nijo I D2_11 CCTTACCAACGCCCAAATTTGTCG

D2 1 CGCCAGTAGGTACCTACCAGTCAATAT
D2_18 TTTCCCATACCAAGCAGAGCCTTCGA

I Nbsl_4 CAGGCGACAGGTGTTTGTAGCTTA

Nbsl 11| GTAACATCGGGGATAAAGATGGAGGC
Nbsl 21| GGCGTAACGGTGCACATTATC

D2_13 GTTGCTACAGGTATCGGCATCACTAAGAGC
D2_16s3| GCACATACTGAAGTTAAGCT

Nbsl_34| AAATCCTTGTGTGATCCTGAAGGAA
Nbsl_2 GGCCAACACAATGCTCTTAGTGATGCCGAT
D2 5 GGAAATGACAACTGAATAAGAGGGCC
D2_17 TCGCAACTTCCGGCAATCCATTAG

UTR_R2 | GATGTTGCCGCTCCTCCCTACG

Nbsl 20| CACCCTGTTCTTGTACATGCTGCAGCTTCC
D2_8s2 AGAAATATCACAATGGATGAGAA

Cos179 TTGGGCAGCCAAACATTTCGA

Nbsl_5 TAGTGTAGGAGAGCCTCGGATGTT

D2_10 GTGTAGGAGAGCCTCGGATGTTT

Nbsl_7 CCTCGGATGTTTAGCAGTTTGGA

Nbsl_25| GATGAGCCTACAGATGTGGAAGAAGTGC
Nbsl_26 | GCTAAACATCCGAGGCTCTCCTACACTA
Nbsl_35| GGCAGTCGGAAATTTCGAGTTTTTCC
Nbsl_12 | TCATCAGATCTCGCACGAACCGA

D2_6 GACGTGCTTTGGAAGATAACAAGG

D2_16 CTGTTCTTGTACATGCTGCAGCTTCC
D2_19 CCTTGCCGGCCACGCCGCGCACTAG
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I Nbsl_15 | CAGAACTGCCGCAGTGTAGTAGC
Nbsl_16 | AGCTGAGGAGTCTCTATGTGAGCG

D2_9 CCATTGGTTATCACCTAATTTGTAT

D2 7 TTTGTCAGGTAAGGAGACTCACGC

D2_14 TATGCCGATTCACTTTGGGATGCCTATTC
D2_15 GGAACAGAGGAGAGCAAGTGGAAGTAC

Galleon I Nbsl_1 CTTCACCGCGCTTACACAGTGCCA

D2_6 GACGTGCTTTGGAAGATAACAAGG

D2_11 CCTTACCAACGCCCAAATTTGTCG

D2_3 TTTCTTAGCTGTGCAAAACATCC

Nbsl_14 | TACTTGGTTTGGAGCTAGGAGACG

I D2_6 GACGTGCTTTGGAAGATAACAAGG

D2_16 CTGTTCTTGTACATGCTGCAGCTTCC
D2_19 CCTTGCCGGCCACGCCGCGCACTAG
UTR_R2 | GATGTTGCCGCTCCTCCCTACG

Nbsl_ 20| CACCCTGTTCTTGTACATGCTGCAGCTTCC
Nbsl_23| CTTATCATCTTCCCTTCCAA

Nbsl 31| CCGCTGATCCTGCTGGTCCAGCAGCAA
D2_16s2| CGAACTATTGCAAAAGAAAC

Nbsl_9 ATTGGTCACATGTCGAAGCAAGCAAGTCGC
UTR_R1 | TTGCTTGCTTCGACATGTGACC

Nbsl_21| GGCGTAACGGTGCACATTATC

Nbsl_22 | CGGTGCACATTATCGAGGCG

Nbsl_11| GTAACATCGGGGATAAAGATGGAGGC
Nbsl_4 CAGGCGACAGGTGTTTGTAGCTTA
Nbsl_34 | AAATCCTTGTGTGATCCTGAAGGAA
Nbsl_2 GGCCAACACAATGCTCTTAGTGATGCCGAT
D2_13 GTTGCTACAGGTATCGGCATCACTAAGAGC
D2_17 TCGCAACTTCCGGCAATCCATTAG

Nbsl_25| GATGAGCCTACAGATGTGGAAGAAGTGC
D2_8s2 AGAAATATCACAATGGATGAGAA

Cos179 TTGGGCAGCCAAACATTTCGA

D2_10 GTGTAGGAGAGCCTCGGATGTTT

Nbsl_26 | GCTAAACATCCGAGGCTCTCCTACACTA
Nbsl_7 CCTCGGATGTTTAGCAGTTTGGA

Nbsl_36 | GGAAAAACTCGAAATTTCCGACTGCC

Nbsl 35| GGCAGTCGGAAATTTCGAGTTTTTCC
Nbsl_12 | TCATCAGATCTCGCACGAACCGA

I Nbsl_15 | GATGAGCCTACAGATGTGGAAGAAGTGC
Nbsl_16 | AGCTGAGGAGTCTCTATGTGAGCG

Tab. 2.12Primers used for the sequencingRufg2ain cvs. Rebelle, Haruna Nijo and Galleon.

2.8.3 Expression analysis dRdg2a in cultivars Rebelle, Haruna Nijo
and Galleon

Total RNA was extracted from leaves of cvs. Rebellaruna Nijo and Galleon by
the use of TRIZOE Reagent (Life Technologies) and was treated by d@Na
(Ambion). cDNAs were synthesized, as described an. R.4.4.1, and RT-PCRs
were performed with the same primer combinatiofized for ThibautNbs1-Rdg2a
(Tab. 2.6).
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3.Results

3.1 Sequencing oNbs3-Rdg2a cDNA from NIL3876

A previous RiceGAASHttp://ricegaas.dna.affrc.go.jfbakateet al, 2002) analysis

of the Nbs3-Rgd2agenomic sequence in the resistant cv. Thibautgdelli et al,
2010) predicted that this gene consists of founexmnd three introns of 167 bp, 792
bp and 56 bp, positioned 2,075 bp, 3,442 bp an@64bp downstream the start
codon, respectively. To investigate whether thes®ms were subjected to splicing
or to alternative splicing during infection, a RAQEapid Amplification of cDNA
Ends) analysis and semiquantitative RT-PCRs werfomeed to obtain full length
cDNA of Nbs3-Rdg2aPoly(A)RNA extracted from NIL3876 (Par. 2.2; Mals and
methods) embryos inoculated for 7 days with leapstisolateDg2 and from 7 days
old embryos grown in absence of the fungus (conaand primer pairs generating
overlapping fragments along the entire coding seceieof Nbs3-Rdg2awere
utilized. Amplification products were then cloned into the@®lunt TOPO PCR
vector (Invitrogen) for sequencing. Amplicons tdat not show any difference with
respect to the genomic sequence were processedsarthbled by Vector NTI10
software (Invitrogen, Carlsbad, CA USA).

None of the predicted introns was found to be eglim both control and inoculated
embryo tissues, leading to the introduction of stodons in the mRNA sequence.
This analysis revealed instead the presence oé ihteons: the first is 305 bp long,
located within the 5’UTR, 332 bp upstream the stadton and subjected to splicing;
the second is a 44 bp-long intron spliced out ity anthird (4/12) of the RACE
clones analyzed and located at 105 bp after the;AA&sthird is positionated within
the 3'UTR, at 6,416 bp after the ATG, just aftee 8top codon; it is 70 bp long and
is subjected to splicing. In particular, splicing tbe 44 bp intron results in the
generation of a stop codon after the splicing sieije retaining of this intron, due
to alternative splicing pattern, generates a stogoo in the first not spliced
predicted intron at position 2,388 bp with resgecthe start codon (Fig. 3.1), thus
producing a truncated protein with only three LR
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(305) (44) (70)
A 1
Nbs3-Rdg2a -j—:_
AUG UGA
() (111
(305) (70)
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AUG
(2175)
(1)

Fig. 3.1 Schematic diagram of the two transcript typesItegufrom alternative splicing pattern of

ThibautNbs3-Rdg2aSolid bars indicate the transcribed regions,sliargled upwards indicate the
positions of spliced introns and lines under thédsbar indicate the positions of not spliced
predicted introns. Sizes of the real and predigtadns, the positions of ATG, TGA and stop codon
TAA are indicated in brackets (Bulgareet al, 2010).

Based on these resultdlbs3-Rdg2awas excluded form th&dg2a candidates

because it probably encodes severely truncatedurartional proteins.

3.2 Sequencing ofNbsl-rdg2a and Nbs2-rdg2a in cultivar

Mirco

To highlight differences between Thibaut and Miadleles for theNbs1-Rdg2and
Nbs2-Rdg2agenes, sequencing of Mirco alleles was carried Querlapping
fragments belonging to the coding region, 5 andTR and putative upstream
regulatory regions of the two genes were amplifieidectly sequenced and
assembled using Vector NTI10 software (Invitrogéarlsbad, CA USA).

Mirco Nbsl-rdg2acoding region (accession number HM124453) showeb &f
sequence identity with respect to Thibablbsl-Rdg2a (accession number
HM124452). Several frameshift sites resulting impstcodons together with
nonsense mutations were identified. Moreover, tleatjve promoter showed
different rearrangements and, in particular, twanmasertions of 436 bp and 854
bp, respectively (Fig. 3.2A). The first insertios positioned 459 bp upstream the
start codon and 96 bp upstream the transcriptiart site, after a putative TATA-
box element (this last is located 494 bp upstreaen ATG); while the second
insertion is within the putative transcribed regié® bp upstream the start codon.
No homologies with repeat sequences were identifietthe two insertions, but in
the longer, flanking sequences represented by twerted repeats of 138 bp each

were found
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(GAGAAAATTGGATATTTGCCACTTTAAACATCTGGTTTCGCAGAACTGCCA  CTCTC
AAGATGGGCTTCGCAAAAATGCCACCTGGCTCGTGGACACCTTGATTACCA TGCCA
TTTTCCCTCTTTTATTGATTTTCCTT TTGCTTTTCCATTTACGTGCACCTAAAAGGACTA
GACTGCCCCTGTTCGTGCCGAAGCCCCTTCTTGCCTGCTCGTCACTCTCBTTCTCACCG
CCGCAACTCGCCCTTGCATGCTCGCCGTCACAGCTCACCTCTGCTCCGQFCCCACACT
TGCGCTCGCTGCTGCAGCTCGTCAGGCGACGTGCTGAAGGAGTGGCGGAGSGGCACG
AACACAGGCATCAGTGATGCAACAACGGCAATAGCTGGACCCTGTTGTACGTCTTGGA
GGAAGGAGAACAATGTACGTGCAGGTAGTGAAGATAGATTTTGGCAGCGTGAGGCGG
TCGACGGCGATGGCGCCCGGGGAATCGGCAGCGCAGCGGAGTTCAGGAGIACAGTG
GCCACGTACAGGAGATCAGATTCGGCGATGTCTAGGCGATCCTAGGCAATAGTGACTG
CGCGGTGTTCTTTGTTGTTGTTGTATTGGCTAGCTACCCGTGCGTCTGTABTTAGATCA
GGTACGTGTACACATCCAAGGGTAGTGTGGTCTATTCAGGTGCATCTAAAGCAAAAGC
AAGGAAAATCAATAAAAGAGGAAAAATGGCATGGTAATCAAGGTGTCCACA  AGCCA
GGTGGCATTTTTGTGAAGCCCATCTTGAGAGTGGCATTTCTGCGAAGCCAG ATGTT

TAAAATGGCAAATATCCAATTTTCTC (inverted repeats are in bold)).

Mirco Nbs2-rdg2acoding region (accession number HM124454) show&d 9f
sequence identity with tHébs2-Rdg2allele (accession number HM124452) and no
stop codons were identified within the coding segpee Interestingly, sequencing of
the putative promoter region revealed a 347 bptideléen the Mirco haplotype with
respect to Thibaut at 145 bp upstream the trartgmmigtart site (Fig. 3.2B). BLAST
search of the deleted sequence in Thidiceae Repat Sequence (TREP) database
(http://wheat.pw.usda.gov/ITMI/Repegtsévealed 88% of sequence identity to the

Stowawaytype of Miniature Inverted TransposableElement (MITE) sequence.
MITE elements are often associated with genesap species (Choulet al, 2010;
Wicket et al, 2006; Saboet al, 2005; Wesseet al. 1995). Two direct repeats of
41 bp each
(CATTTTCCCAACAACCGCACAAACCCAAACCAAGCAGCCTT CACACGAGAGAGATC
ATTTTCCCAACAACCGCACAAACCCAAACCAAGCAGCCTT; inverted repeats are in
bold) were additionally found in Mirco, while onlgne of these repeats is
maintained in Thibaut and terminates just upstréaartranscription start site at 470
bp from the ATG (Fig. 3.2B).
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A
NbsI-Rdg2a Thibaut 439 -363TSS 650
[ ATG
[ ATG
Nbsl-rdg2a Mirco
= 854 bp
<~
I 436 bp |
B 442 TSS
Nbs2-Rdg2a Thibaut -936 -589 421 0
I MITE | - ATG
:;”"-’- 0
[ 1] JATG
Nbs2-rdg2a Mirco -564 -511 415

Fig. 3.2Structural differences between Thibaut and Mirdeles ofNbs1-Rdg2andNbs2-Rdg2a

in the putative promoter regions. Positions of itisa/deletions relative to the start codon are
shown. Filled sections indicate inverted repeats@nt in an insertion in the Mird¢bsl-rdg2a
gene A). TheNbs2-Rdg2allele comparison illustrates variation for a Mlirsertion and a 41 bp
direct repeat (open sectiond})( The TranscriptionSart Stes (TSS) for the two genes in the
resistant genotype are indicated (Bulgaiet al, 2010)

To verify whether the Mirco sequences are truelesdleprimers were chosen
overlapping flanking regions of the insertions, rs1-rdg2a and the deletion, for
Nbs2-rdg2a and the obtained markers were used to verifyegpegation of the
insertion/deletion polymorphisms with thd&kdg2a locus in selected rare
recombinants identified from a high resolution genenapping population (2,800
F1 gametes). The In/Del markers (Nbsl 14+Nbsl 19Nim&P_6+Nbs2_29; Fig.
3.3A) co-segregated with thiRdg2alocus (Fig. 3.3B and C), demonstrating that the
Mirco sequences represent true alleleblio$1-Rdg2andNbs2-Rdg2a
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Fig. 3.3 Demonstration that the sequenced Miitbsl-rdg2aand Nbs2-rdg2agenes represent
alleles of the respective Thibaut gendgarkers Nbsl 14+Nbsl 19 and Nbs2_6+Nbs2_29,

- developed using insertion/deletion polymorphisms tie putative regulatory regionsA)
cosegregated with thedg2alocus in 12 rare recombinants for tRelg2aregion that had been
identified in the high resolution mapping populati@®). Recombination points are illustrated in
C (Bulgarelliet al, 2010)

Fig. 3.4 summarizes the DNA sequence homologiesdest paralogs and alleles at

theRdg2alocus in cvs. Thibaut and Mirco.
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Gene Nbsi1-Rdg2a Nbs2-Rdg2a Nbs3-Rdg2a
D ins/Sections | A B C D E A B C D E F G
Nbs2-Rdg2a | A 51.0 |
B 76.0 |
C 83.8
D . 779
Nbs3-Rdg2a | A 511 93.2
B 73.3 94.4
(¢] 89.0 88.0
D 744 88.2
H 92.5
I | 89.5
Nbsi-rdg2a | A 88.0 45.0
E 92.0 82.0
Nbs2-rdg2a | A 420 93.0
E 80.0 | 94.0

Fig. 3.4DNA sequence homologies between paralogs and abg¢ldheRdg2aleaf stripe resistance
locus. Diagrams above define the domains compdfedcent identities were determined once
major insertions/deletion differences had been reddqBulgarelliet al, 2010).

3.3 Expression analysis of th&dg2a candidates

To examine the genotype- and tissue-dependent ssipre patterns of thilbsl-
Rdg2a and Nbs2-Rdg2agenes, gene-specific semiquantitative RT-PCRs were
carried out using two different primer combinatidos each candidate. cDNA were
synthesized starting from DNasel treated RNA isalafrom NIL3876 and Mirco
embryos grown in the presenceRf gramineaisolateDg2 at 7 and 14lays after

inoculation (dai) and in control conditions (nongntated) at the same time-points,
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as well as from non-inoculated NIL3876 and Mircaves. SinceNbs-LRRgenes
are quite conserved, the two different primer papgcific for the different genes in
the two genotypes, were designed in the more spemifd less conserved LRR
encoding domain (Fig. 3.4(a)). Barlégctin gene was used as the reference gene.
After amplification the identity of the ampliconsa&/checked by sequencing.

The two genes were found to be transcribed onthhénembryos tissues and leaves
of the resistant cultivar (Fig. 3.4(b)).

17 28
17 (3319)  (3705)
| 25 16 L -
(a) fi (2208) (2595)
|
NbsI-Rdg2a ﬁlé
AUG UGA
(1) (3699)
X 5
(305) 3 4 (3164) (3402)
I.‘, (1673} (2296) = -+
I -
Nbs2-Rdg2a i—*ﬁ
AUG UAG
[§ 8] (347T)
(b) Embryos Leaves
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C"\ \"\\?‘,\b ad (;\ \\? \!nb\hb
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Nbsl-Rdg2a 25-26
NbsI-Rdg2a 27-28
Nbs2-Rdg2a 3-4

Nbs2-Rdg2a 2-5

Actin

Fig. 3.4 (a)Schematic representation of tNes1-Rdg2andNbs2-Rdg2dranscripts. Solid bars
indicate the transcribed regions and lines anglpdiands indicate the positions of introns,
whose sizes are shown. Open reading frames amatedi by start and stop codons. Arrows and
numbers in branckets represent the positions ofptfimers used for semiquantitative and
quantitative RT-PCRs, referring to Thibaut hapletyfb) RT-PCR analysis of th&dg2a
candidates in cv. Mirco and NIL3876 embryos undemtimol conditions and after inoculation
with P. gramineaisolateDg2 at two time-points (7 and 14 dai) and in leaveués. BarleyActin
gene was used as an internal control. (Bulgaethil, 2010)

Furthermore, quantitative RT-PCRs in control amtulated embryos at five time-
points (7, 14, 18, 22 and 26 dai) were conductete @rimer combination for each
gene was chosen for the analysis (Nbsl 27+Nbsl a28Nbsl-Rdg2aand
Nbs2 2+Nbs2 5 folNbs2-Rdg2p (Fig. 3.4(a)); these primer combinations were
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located close to the putative poly-A site of the M2 and generated amplicon
lengths of about 100 bp. The analysis was carrigdusing plant materials of two
independent biological replicates and eight tecmeplicates for each of them. The
results were expressed as relative transcriptioeawh gene, normalized to the
expression of barleyActin, compared to the expression of the same gene in
unchallenged conditions.

Following leaf stripe inoculation, the expressidnNbs2-Rdg2ancreased 2.6-3.4
times from 7 to 18 dai and then declined towardlével of uninoculated embryos
by 22 dai. In contrast, no substantial change®imegxpression as a response to leaf
stripe infection were observed fdbs1-Rdg24Fig. 3.5).

<> Nbs1-Rdg2a
O Nbs2-Rdg2a

14dai 18dai i 28dai

log2 FC
=

Fig. 3.5 Quantitative RT-PCR at 7, 14, 18, 22 and 26 daitfar two candidates in NIL3876
embryos. Values are expressed as I6gil Changes (FC) of transcript levels in the inoculated
samples with respect to the transcript levels imaculated barley embryos. Error bars represent
SD (Standard Deviation) across all RT-PCR replicates (eight fache of two independent
inoculations) (Bulgarellet al, 2010).
A comparison between the expression levels of wedenes was also performed
and it was verified that thiebs2-Rdg2aranscript was found to be 2 to 16 times less
abundant than that dfibs1-Rdg2adepending on the time-point and inoculation

treatment (data not shown).

3.4 Identification of the Rdg2a gene

Genomic clones of the coding sequences under thieot®f their native promoters
and terminators were generated for the fRag2acandidates Nbsl1l-Rdg2aand
Nbs2-Rdg2p and used to transform the leaf stripe susceptialdey cv. Golden

Promise. A total of 30 independent lines were gateer for each transgene and T
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seeds, derived fromglplants examinated by PCR for the presence ofrdresgene
(Bulgarelliet al, 2010), were tested for resistance against tHatesig2 andDg5

in triplicate experiments, using the sandwich teghe (Pecchionet al, 1996).
Transgenic lines for thebs1-Rdg2ajene were segregating for resistance to isolate
Dg2 and were fully susceptible to isolag5, towards which théRdg2agene is
ineffective (Tab. 3.1). Moreover, to verify whethibe resistance co-segregates with
the ThibautNbs1-Rdg2allele, PCR analyses were performed on genomic DNA
resistant and susceptible plants belonging to tlwesgenic line 16/S1-T6. Primer
pairs generating amplicons of different sizes i@ tbsistant cv. Thibaut and in the
susceptible cv. Golden Promise genomic backgrowete used. All the resistant
transgenic plants showed the presence of the Thiakele (in addition to the
Golden Promise allele), while susceptible plantpl#iad the Golden Promise allele
only (Fig. 3.6(a)). Moreover, the expression of bhit Nbs1-Rdg2&or resistant
plants was verified by RT-PCR using gene-specifitmprs and cDNAs derived
from DNasel-treated RNAs extracted from the leavkethese plants (Fig. 3.6(a)).
The same analysis was conducted eriries transformed witiNbs2-Rdg2aand all

of them were fully susceptible to both the leaipgtrisolates (Tab. 3.1). The overall
escape rate of 5% among the null segregants walsistmthe value observed in the
susceptible control varieties (data not shown). FORs showed that this gene is
also transcribed in these plants (Fig. 3.6(b)).

These results led to the conclusion tRas1-Rdg2as theRdg2agene as it confers

the same resistance specificity.
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Isolate Dg2 Isolate Dg5
Constructs/barley cvs. Lines® No. plants® No. res. plants® No. plants No. res. plants
NbsT-Rdg2a 1/51-Té 19 19 15 o
4/51-T6 21 20 13 o
7/51-Té 24 24 1 4]
8/51-T6 23 22 5 0
16/51-T6 19 1% 12 o
17/51-Té 15 14 8 [}
19/51-T6 7 5 9 (4]
25/51-T6 19 19 12 (s}
31/51-Te 13 13: 5 0
32/51-Te 19 18 14 0
Nbs2-Rdg2a 41/51-T7 23 1 17 0
42/51-T7 19 1 16 o
46/51-T7 16 0 9 4]
54/51-T7 21 0 4 0
56/51-T7 17 1 5 o
57/51-T7 26 0 12 0
60/51-T7 20 2 16 (4]
62/51-T7 16 0 18 0
64/51-T7 17 0 7 0
71/51-17 24 0 16 0
Thibaut (Rdg2a) 40° 38 6 0
NIL3876 (Rdg2a) 35 34 25 o
Mirco (rdg2a) 35 0 19 1]
Golden Promise (rdg2a) 35 2 9 0
15/51-T6 (empty vector) 36 1 15 0
*Made by transforming the susceptible barley cv. Golden Promise with the Rdg2a candidates Nbsi-Rdg2a or Nbs2-Rdg2a. Only those plants containing a transgene copy
are incdluded; null segregants are excluded.
BMumber of transgenic T, plants without leaf stipe symptoms. Data were pooled from three independent experiments each comprising 5 or more plants per line.
“Total number of plants tested as controls.

Tab 3.1 Complementation test of leaf stripe susceptibilityhe barley cv. Golden Promise (Bulgarelli
et al, 2010).
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16/S1-T6

Rdg?a allele
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60/S1-T7
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Fig. 3.6 (a) Segregating T seeds of the transgenic line 16/S1-T6, carrying Nisl-Rdg2a
transgene, were inoculated wifh. gramineaisolate Dg2 and the plants were analyzed for
resistant/susceptible phenotype and byRaly2a STS marker allele. The same lines were also
analyzed for transgene expression using RT-PCRs rdsistant cvlhibautand the susceptible cv.
Golden Promisare shown as controls (Bulgaradtial, 2010).(b) The same analysis conducted on
T, seed<of the transgenic line 60/-T7 in which theNbsz-Rdg2agene was introducte

Fig. 3.7 shows a Southern blot analysis carriedusutg genomic DNAs extracted
from severalDg2-resistantS1-T6 lines, carrying thé&lbsl1l-Rdg2atransgene, and
hybridized with a probe specific for Thibattbs1-Rdg2a Thibaut and Golden

Promise genomic DNAs were used as references.hallttansgenic lines showed
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the Golden Promise pattern with an addition of Tinbaut hybridizing fragment,
thus confirming the presence of the transgene.aiqular, line 8 showed more
intense signals with respect to Thibaut and linl@sdd 32 had signals about three
times stronger than Thibaut. Probably these lireageta higher copy number of the
transgene with respect to Thibaut, but more aceusstalyses are necessary to
evaluate the exact copy-number.

EcoRl Fpnl

TGP4 7 8163233 TGP4 7 8163233

e " S | L 1 4

. _ '--z-
' R —
S i — - weagess

Fig. 3.7 Southern blot analyses of several resistant S1/aétp carrying theNbsl-Rdg2a
transgene. Genomic DNAs were digested by EcoRIKpmd. The probe was specific for the gene
and was obtained from Thibalhibs1-Rdg2a&y PCR. The corrispective numbers of the lines are
reported. Thibaut (T) and Golden Promise (GP) wesed as reference controls.
The Rdg2agene confers resistance by arresting fungal grawtie scutellar node
and basal region of the provascular tissues okepagmbryos (Haeget al, 2006).
RT-PCR analyses using RNA extracted from the leasfesome resistant and
susceptible 16/S1-T6 plants grown in the absenc®.oframinea(control) and
inoculated with isolat®g2 andDg5 were performed. Primer pairs were specific for
fungal Ubiquitin and GTPase activatoand ThibaulNbs1-Rdg2aBarleyActin was
used as the reference gene. 16/SIR@§2aplants infected witlbg2 (16/S1-T6-P5-
Rdg2aDg?2) showed no leaf stripe symptoms and no fungal inyoein the leaves,
as demonstrated by the absence of transcriptsufogal Ubiquitin and GTPase

activator genes. Typical leaf stripe symptoms and fungalstepts were instead
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present in leaves of compatible interactions (16Vf6Xdg2a plants infected with
isolatesDg2 and Dg5 (16/S1-T6-P2-dg2aDg2 and 16/S1-T6-P8g2aDg5) and
16/S1-T6Rdg2aplants infected witlbg5 (16/S1-T6-PeRdg2aDgb)) (Fig. 3.8).

o
02
S
W M
b/
Q
o
o Fig. 3.8 RT-PCR analyses of the fungal
Uhbiquizin Ubiquitin and GTPase activatorgenes
GTPase activator | @Nd Of the ThibauRdg2agene in six
different 16/S1-T6 plants (P1 to P6)
Rdg2a segregating for theRg2a transgene.
BarleyActin gene was used as an internal
Actin control. The DNA extracted from the
same plants was tested for the presence
Bl of the Rdg2a allele at anRdg2a STS
graallele marker (Bulgarellet al, 2010).

These findings further confirm thilbs1-Rdg2aepresents thRdg2agene.

3.5 The RDG2A protein

The predicted RDG2A protein consists of 1,232 anaonms and has an estimated
molecular weight of 139.73 KDa. It contains all tenserved NB domain motifs of
the NB-LRR proteins defined by Meyees al. (1999; 2003), including the P-loop,
RNBS-A, GLPL, RNBS-D and MHD domains, the latter which is duplicated
(Fig. 3.9). A COILS analysis revealed the presenfca potentialCoiled-Coil (CC)
domain between amino acids 25 and 60, indicatirg BRDG2A belongs to the
group of the CC-NB-LRR protein family (Meyeet al, 1999). The LRR region
contains 22 imperfect repeats with a few repeatsvsty good agreements with the
consensus motif LXXLXLXX(C/N/T)/xXLxXLxXLP for cyf@asmic LRRs (Fig. 3.9)
(Jones and Jones, 1997).
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1
MAESLLLPLVRGVAGKAADALVETVTRMCGLDDDRQTLERHLLAVECKLV

NAEEMSETNRYVESWMKELKSVAYLADDVLDDFQYEALRRESKIGKSTTR (CC domain
KALSYITRHSPLLFRFEMSRKLKNVLKKINKLVKEMNT FGLESSVRREE
150
RQHPWRQTHSKLDETTQIFGREDDKEVVVKLLLDQQDQRRVQVLPII GMG
GLGETTLAKMVYNDQGVEQHFELKMWHCVSDNFDAIALLKSIIELATNGS
CDLPGSIELLQKKLEQVIGQKRFMLVLDODVWNEDERKWGDVLKPLLCSVG
GPGSVILVTCRSKQVASIMCTVTPHELVFLNEEDSWELFSDKAF SNGVEE
QAELVSIGRRIVNKCCGGLPLALKTMGGLLSSKQKVQEWKAIEESNIGDED NBS domain
GGKYEVMHILKLSYKHLSPEMKQCFAFCAVFPKDYEMEKDRLIQLWMANG
FIQHKGTMDLVQKGELIFDELVWRSFLODKKVAVRFTSYRGNKIYETIVC
KMHDLMHDLAKDVTDECAS IEEVTQQKTLLKDVCHMQVSKTELEQISGLC
KGRTILRTLLVPSGSHKDFKELLQVSASLRALCWPSYSVVISKAINAKH
599

LRYLDLSGSDIVRLPDSIWVLYN

LQTLRLMDCRKLRQLPEDMARLRK

LIHLYLSGCESLKSMSPNFGL

LNNLHILTTFVVGTGDGLGIEQLKD
LONLSNRLEILNMDKIKSGENAKEANLSQKQN
LSELLFSWGQKIDDEPTDVEEV

LOGLEPHSNIQKLE IRGYHGLEISQWMRKPQMFDC
LRELEMFGCPKCKSIPVIWFSVS
LEILVLQSMDNLTTLCSNLGVEAGGSITPLQLFPN
LKKLCLIKLPSLEIWAENSVGEPRMFSS
LEKLEISDCPRCKSIPAVWFSVS LRR domain
LEFLVLRKMDNLTTLCNNLDVEAGGCITPMQIFPRLKKMR
LIELPSLEMWAENSMGEPSCDNLVTFPM
LEELEIKNCPKLASIPAIPVVSE

LRIVGVHSTAVGSVFMSIRLGSWPF
LVRLSLGSLEDIPMLPLDAQQONQSERPLEK
LESLTLEGPNSLIRSSGLSGSQLMVWKCFRF
VRDLMIDGCSNLVRWPTVELWCMDR
LCILCITNCDYLKGNISSSEEKTLPLS
LEHLTIQNCRSVVALPSNLGKLAK

LRSLYVSDCRSLKVLPDGMCGLTS

LRELE IWGCPGMEEFPHGLLERLP

1191
ALEYCSIHLCPELQRRCREGGEYFHLLSSVPRKYFERIGIFPK CT

Fig. 3.9The RDG2A protein domains. The predicted CC domainndeulined. Motifs conserved
in the NB region of the NB-LRR proteins are in blaad are (in order): P-loop, RNBS-A, Kinase
2, RNBS-C, GLPL, RNBS-D and MHD. Amino acids comfing to the cytoplasmic LRR
consensus LXXLXLxx(C/N/T)/xxLxxLxxLP are in red. Gdenotes the RDG2A C-terminal region
(Bulgarelliet al, 2010).

Fig. 3.10 illustrates a phylogenetic tree obtainsmhg RDG2A and the most similar

sequences present in tiNational Center for BiotechnologylInformation (NCBI)

database. Searching was conducted using BLASTpsefaences were aligned by

ClustalX and the alignment was visualized by GereOte tree was created using
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the Phylip software with the Neighbor-joining algbm and visualized by
Treeview. RDG2A was most similar (47-52%) over whole length to five rice
resistance-like proteins (BAD08990, EEE69085, EEZ83 BAD0894, and
BAF24312) encoded by genes clustered in a 2.97 idbn of rice chromosome 8
(nt. 25,872,241 to 28,845,527 of AP008214), whmat collinear with the barley
Rdg2ainterval (Bulgarelliet al, 2004). Similarities with known barley resistance
proteins (MLA1, MLA6 and MLA12 powdery mildew retace proteins) are
restricted to the conserved motifs of the NB dom@ow level of identity,

approximately 16%) (Fig. 3.10).

- At RPM1

—— Hv MLAI1
100

—— Hv MLAI2
\—— Hv MLAG6

————— Gm RPS1-K-1
99.5

o
L Len2c

5 RGA-B149-BLB

824 ‘ 100 Sta RGA-T118-TAR

Sh RGA3-BLB

95.3
H7.2 St RGA-SH10-TUB
53.3
72.7 1w Sh RPI-BLBI

Sp RPI-PTA1

Ta PM3B
Os BAF24312

Os BAD08984
100 34.2

Os BAD08990

47.0
100]

Os EEC83970
Os EEE69085

wol Hyv RDG2A

Hy NBS2-Rdg2a

Fig. 3.10 Neighbor-joining phylogenetic tree including RDG2#imilar resistance proteins and
resistance gene analog products. Numbers on brancldécate bootstrap percentages; while
prefixes indicate species origin. The thalianaRPM1 protein (Q39214) was used as outgroup.
Shown are the riceQryza sativd disease resistance-like proteins BAF24312, BADBIG9
BADO08990, EEC83970 and EEE69085, the PM3 wheat poyvanildew resistance protein,
products of theS. Bulbocastaneurnlight resistance genpi-blbl and its paralogueRga3-blh
andRpi-blbl, predicted products of tiRGA_B149.blb, RGA_T118-té38. tarijensg, RGA_SH10-
tub (S. tuberosuinand Rpi-ptal (S. papitg, the 12 and 12C-1 proteins encoded by the tomato
(Lycopersicon esculentym?2 resistance locus t&usarium wilt, the soybean Glycine max
Phytophthoraroot rot resistance protein RPS-L-K-1, and thddyafH. vulgare powdery mildew
resistance proteins MLAL1, MLA6 and MLA12 (Bulgaradt al, 2010).

Comparison of the RDG2A (protein ID ADK47521) anBXNRDG2A (protein ID
ADK47522) sequences using ClustalW, showed thattwee proteins are 73.5%
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identical, and differences include a deletion afeéconsecutive LRRs in NB2-
RDG2A (Fig. 3.11). Similarity is higher in the CEgion than in the NB and LRR
domains (92.6% versus 73-74%), and the proportibmom-conservative amino
acids substitutions is lower in the NB domain (D8472%) than in the LRR
domain (57/71=80%). Similarly, the ratio of non-eyymous Ka) to synonymous
(Ks) nucleotide substitutions betweBRilg2a Nbs2-Rdg2andNbs3-Rdg2glongest
ORF) is 0.99, 2.13 and 2.63 for the CC, NB and Liegons, respectively. Within
the LRR domain, non-conservative substitutionsad@ut twice as frequent in tite
strandB-turn xxLxLxx motifs (solvent-exposed residues fen by aliphatic
residues (Jones and Jones, 1997)) (boxed Fig. tham)elsewhere (25/133=18.8%
versus 32/373=8.5%).

These comparisons indicate tiRdlg2aand its paralogues have been subjected to
diversifying selection in the LRR-coding region,necsting with the fact that the
LRR domain is an important determinant for resistagpecificity (Bulgarellet al,
2010; DeYoung, 2006).
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Fig. 3.11Alignment of the deduced LRR domain sequences d6R®and NB2-RDG2A.

Substitution differences are boxed; those in greygreen represent conservative and non-

conservative substitutions (as defined by Clustai§pectively. The regions of the LRRs
that correspond to thestrandp-turn motif xxLxLxx are framed and the Leucine her
aliphatic) residues that form the structural bacldof the LRR units in RDG2A are in red

(Bulgarelliet al, 2010).
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Transiently expression in barley cv. Golden Pronesé epidermal cells of RDG2A
and NB2-RDG2A fused with th&ellow FluorescentProtein (YFP) at their N-
terminal showed that the two proteins are localizedthe nucleus and in the
cytoplasmatic strands, even if they don’t have pregicted transmembrane domain

or any signal peptide sequence (Fig. 3.12) (Bulgaetal, 2010).

RDG2A:YFP NB2-RDG2A:YFP

Fig. 3.12Sub-cellular localization of the RDG2A and NB2-RD&@roteins. Barley cv. Golden
Promise epidermal cells were transiently transfafméth constructs expressing RDG2A:YFP
and NB2-RDG2A:YFP fusion proteins(a) and (d) respectively), driven by the maize
Polyubiquitingene promotei(g) control construct expressing YFP alone with theespnomoter.
Fluorescence signals were visualized using confasalr scanning microscopgaj, (d) and(qg)).
Bright field images (), (e) and (h)) and merged imagegc], (f) and(i)) are shown. Scale bar
represent 50 um (Bulgaredt al, 2010).

3.6 Rdg2a-mediated resistance does not involved

programmed cell death

Redg2amediated resistance terminates fungal growth, raculated embryos,
through the reinforcement of cell wall by the acalation of phenolic compounds
with the appearance of cell wall-associated hoktacg¢ofluorescence at the junction
of the scutellum and the scutellar node (Haegi al, 2008). Whole-cell
autofluorescence is regarded as an indicatoHygersensitiveResponse (HR) in
race-specific resistance of barley leaf epidermallscto powdery mildew
(Huckelhovenet al, 1999; Gorget al, 1993) but it was only occasionally (one or
two cells per embryo section) observed in barleybms expressingRdg2a
resistance. To analyse whether this resistancdviesdiR and s&rogrammedCell
Death (PCD), we conducted a TUNEIe¢(minal DeoxynuclotidylTransferase-
mediated & TP Nick andLabelling) test on serial sections of NIL38Rag2abarley
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embryos. This method enables the detection of #e®H groups generated by
DNA strand breaks occurring at the first stage migpammed cell death. Embryos
inoculated withP. gramineaisolate Dg2 for 14, 22 and 26 days and control
embryos, grown in the absence of the fungus at#imee time-points, were treated
with TUNEL reaction and examined under UV light. t8iluorescence was also
investigated using a different epifluorescenceefiiltTo verify the presence of the
fungus in inoculated embryos, sections were in@dat Calcofluor staining.

In non-inoculated embryos, no autofluorescence etserved (Fig. 3.13(a) to (c)),
while inoculated embryos showed autofluorescencethat scutellar node and
provascular tissues (Fig. 3.13(g) to (i)).

Clalcofluor staining and bright field observatioresealed the presence of fungal
mycelium in the autofluorescent regions (Fig. 3s)}3and (t), respectively),
indicating that autofluorescence is a genuine defeassociated marker.

The TUNEL analysis revealed some nuclear DNA fragiateon (bright green
fluorescent nuclei) in the coleoptiles and in a f&lis at the scutellar node of both
control (Fig. 3.13(d) to (f)) and inoculated (Fig.13(j)) to (I) and (m) to (0))
embryos. There was no difference in TUNEL signalha junction of the scutellum
and scutellar node between inoculated and contrddrgos and the presence of
positive nuclei was only occasionally (one/two muciver 500 cells) (Fig. 3.13(d) to
M, () to (I) and (m) to (0)). Following the trement of control and inoculated
embryos with DNasel (positive control), all nuclai all embryo tissues showed
positive signals both in the presence and absettee dungus (Fig. 3.13(p) to (r)).
As expected, no signals were observed in sections \vhich
deoxynucleotidyltransferase enzyme was omitteddimeg control; data not shown).

This observations suggested that the analysis wiaKectively.
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14 dai

22 dai

26 dai
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Fig. 3.13Histological analyses of NIL387Rdg2abarley embryoga) to (c) Autofluorescence of
sections of control embryos grown for 14 (a), 22 @nd 26 (c) days in the absence Rof
graminea (d) to (f) TUNEL analysis of sections in (a) to (€Q) to (i) Autofluorescence of
sections of embryos inoculated with leaf stripdaseDg?2 for 14 (g), 22 (h) and 26 (i) day§) to

(I) TUNEL test of sections in (g) to (ifm) to (o) Magnified views of the red boxes in (j) to (I)
and (g) to (i).(s) and (t) Magnified views of the small red box in (i) staghevith calcofluor
observed under UV light (s) or under bright fiefy arrows indicate the intercellularly growiiy
graminea mycelium. (u) and (v) Magnified views of the small red box in (c) stainwith
calcofluor observerved under UV light (u) or undeight field (v). (p) and (q) Respectively,
sections of control and inoculated embryos at 26 tleated with DNasel and subjected to
TUNEL analysis(r) Magnified view of the red box in (q). Scale bagpnesent 200 um (a) to (1),
50 um (m) to (o) and 25 um (s) to (t). co=cole@stil pt=provascular tissue, sa=shoot apex,
sh=scutellar node (Bulgaredt al, 2010).

Staining with 4'6-diamino-2-phenylindole dihydroohide (DAPI), indicated the
presence of undamaged nuclei in all the sectiodsraparticular in autofluorescent
regions (Fig. 3.14), confirming that the absenc& UNEL signal was not due to the

absence of the nucleus in cells.

22 dai [§

Fig. 3.14  DAPI
staining of embryo
sections analyzed for
autofluorescence  and
by TUNEL test in Fig.
313. (@ to ()
correspond to section in
Fig. 3.13(a) and (d), (b)
and (e), (c) and (f), (9)
and (j), (h) and (k), (i)
and (), respectively
(Bulgarelli et al,
2010).
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The observation that there were no significant edéhces in TUNEL signals
between inoculated and control embryos demonsttitas the Rdg2amediated

resistance does not involve PCD.

3.7 Analysis of therdg2a locus in barley cultivar

Morex

Steuernagekt al. (2009) conducted ade novo454 sequencing of 91 barcoded,
pooled BACs from barley cv. Morex and assembled6s223 bp-long contig
belonging to the HVVMRXALLhA425023_c2 BAC (mwg7_
HVVMRXALLhA425023 c2 contig; supplementary matesgplFig. 3.15(a) shows
the comparison between this contig and the Thiba2i645 bp-long contig
(accession number HM124452), performed using thASBL (blast2seq) algorithm
(http://blast.ncbi.nim.nih.gov/Blast.ggi In the two genotypes several regions

showed a high level of sequence similarity but alsarrangements consisting in
deletions at the level of Morex sequence (Fig. @J)5

The correct assembly of the mwg7_ _HVVMRXALLhA425022 contig was
verified using a PCR-based molecular markers arsalygh different primers that
annealed to sequences within the deleted regiorfiamking them (Fig. 3.15(a))
(primer combinations and expected amplicon dimerssere listed in Tab. 2.7, Par.
2.7.1, Materials and methods) and comparing thaltee®btained from Thibaut
genomic DNA with the a Morex BAC (146G20). On thessis of PCR analyses, the
Morex BAC 146G20 was demonstrated to overlap withithe
mwg7_HVVMRAXALLhA425023 c2 BAC sequence (data ndtown). All the
primer combinations gave the expected resultsrmgeof size and sequence of the
amplicons (Fig. 3.15(b)), thus confirming that #esembling of the Morex contig
was correct. This analysis was also carried outMmrex genomic DNA and
provided the same results as those obtained fdB A& 146G20 (data not shown).
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UKD Py
| —— ]
() CR2 NCR2 Nbs2_30
Thibaut 72645 bp
g0 32 24
Morex 26223 bp contig mwg? HVVMRXALLhA425023 c2
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Fig. 3.15 (a)Comparison between the Morex 26,223 bp contig (mwiyAVMRXALLhA425023 ¢2) and the Thibaut 72,645 bmtig. All genes are indicated and
the percentages of identity among Morex and Thilsuithenic regions are reported. Arrows represeatpositions of the primers used for the PCR-based
molecular markers analysefh) PCR-base molecular markers analysis carried oufTleibaut genomic DNA (T) and Morex BAC 146G20 (M)rirRers

combinations utilized are reported above the gel. 80
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By considering the highest level of similarity amaformative polymorphisms
highlighted from multiple alignement of the codisgquences (Fig. 3.16), Morex
sequence for theRdg2a allele is apparently derived from Rdg2ahomolog
sequence, for the putative regulatory region arel fitst 555 bp of the coding
seqguence (a region that encompass the CC domaihG#hdp encoding for the NB
domain); while from the base 562 until the endha transcribed region (including
the rest of the NB domain and the LRR domain emgpdiequences) the derivation
is from aNbs2-Rdg2d&omolog sequence (Fig. 3.17). Nbs2-Rdg2aa deletion of
201 bp with respect tBdg2ais observed from position 2,397 bp to position98,5
bp of Rdg2a This resulted in the lacking of three LRR unitstlze level of the

encoded protein. Such deletion is also presentarekRdg2aallele.

1 50 95

Rdg2a (1) ATGGCAGAGTCACTCCTTCTCCCTCTAGT GCGCGECGT GEGCOBGCCAAGGOT GCAGAT GCACTT GT CGAGACGGT GACCCGCATGT GTGECCT
Mor ex- Rdg2a (1) ATGGCAGAGICACTCCTTCTCCCTCTAGT GCGCGEOGT GGCTGGCAAGGCT GCAGAT GCACTT GT CGAGACGGT GACCCGCATGT GTGGECCT
Nbs2- Rdg2a (1) ATGGCAGAGICACTCCTTCTCCCTCTAGT GCGCGEOGT GGCTCGCAAGGCCGCAGAAGCACT CGTCGAGACGGT GACCCGCATGI GTGGECCT

96 146 191
Rdg2a (96) CGACGACGACCGTCAAACGCT CGAACGGCATCTACTAGCCGT CGAGT GCAAGCT GGT CAACGCT GAGGAGAT GAGCGAGACAAATCGCTATG
Mor ex- Rdg2a (96) CGACGACGACCGTCAAACGCT CGAACGGCATCTACTAGCCGT CGAGT GCAAGCT GGT CAACGCT GAGGAGAT GAGCGAGACAAATCGCTATG
Nbs2- Rdg2a (96) CGACGACGACCGCCAAACGCTCGAACGGCATCTACTAGCCGT CGAGT GCAAGCT GGCCAACGCT GAGGAGAT GAGCGAGACAAATCGCTATG

192 242 287
Rdg2a (192) TCAAGAGCTGGATGAAGGAGCT CAAGT CCGT CGCCTACCT GGOCGACGACGT GCTCGACGACT TCCAGT AT GAGGCACT GCGCCGTGAGTCA
Morex- Rdg2a  (188) TCAAGAGETGGATGAAGGAGCT CAAGT CCGT CGCCTACCAGGCT GACAACGT GCTCGACGACT TCCAGT ATGAGGCACT GCGCCGEGAATCA
Nbs2- Rdg2a (188) TCAAGAGGT GGATGAAGGAACT CAAGT CCGT CGCCTACCAGGOCGACGACGT GCTCGACGACT TCCAGT AT GAGGCGCTGCGCCGECAGTCT

288 338 383
Rdg2a (288) AAGATTGGCAAGTCCACTACCCGAAAGGCACT CAGCTACAT CACGCGCCACAGCCCGCTGCTCTTCOGT TTTGAAATGAGCAGGAAACT CAA
Morex- Rdg2a  (288) AAGATTGGCAAGICCACTACCCGAAAGGCACT CAGCTACATCACGCGCCACAGCCCGCTGCTCTTCCGT TTTGAAATGAGCAGGAAACTCAA
Nbs2- Rdg2a (288) AAGATTGGCAAGTCCACTACCCGAAAGGCACT CAGCTACATCACGCGCCACAGCCCGCTGCTCTTCCGT TTTGAAATGAGCAGGAAACTCAA

384 434 479
Rdg2a (384) GAACGTCCTTAAGAAGAT CAATAAGT TGGT TAAGGAGAT GAACACGT TTGGCCTGGAGAGT TCTGT COBT AGGGAGEAGCGGCAACATCCTT
Morex- Rdg2a  (384) GAGCGICCTCAAGAAGATCAGTAAGT TGGT TGAAGAGATGAACAGGT TTGGCCT GGAGAGT TCTGT COGT AGGGAGGAGCAACAACATCCTT
Nbs2- Rdg2a (384) GAACGTCCTTAAGAAGATCAATAAGT TGGT TGAGGAGAT GAACAAGT TTGGCCTGGAGAAT TCTGT CCATAGGGAGAAGCAACAACATCCTT

480 530 595
Rdg2a (480) GGCGGCAGACGCACTCAAAACT GGACGAAACTACCCAGAT CTTTGGAAGEGAAGAT GATAAGGAAGT GGT GGT GAAGTTGCT GCTGGACCAG
Morex- Rdg2a  (480) GCCGGCAGACGCACT CAAAACT GGACGAGACTACCCAGATCTTTGGAAGBGAAGAT GATAAGEAGGT GGT GGT GAAGTTECTGCTGGACCAG
Nbs2- Rdg2a (480) GCCGGCAGACGCACT CAAAACT GGACGACTGTACCAAAATCT TTGGAAGAGAT GATGATAAGACEGT GGT GGT GAAGCAACT GCTGGACCAG

551 601 646
Rdg2a (596) CAGGATCAGCGGAGGGT GCAGGT GCTGCCCATEAT TGGGATGGEGAGGT CTTGGCAAGACGACT CTTGCTAAGATGGT CTATAATGACCAAGG
Morex- Rdg2a  (596) CAGGATCAGAAGAAGGT GCAGGTATTGCCCATAT TTGGGATGGGTGGT CTTGGCAAGACGACT CTTGCAAAGATGGTGTATAATGACCAAGA
Nbs2- Rdg2a (596) CAAGATCAGAAGAAGGT GCAGGTAT TGCCCATCT T TGGGAT GEGTGGT CTTGGECAAGACGACT CTTGCAAAGATGGTETATAATGACCAAGA

647 697 742
Rdg2a (647) GGTCGAGCAACATTTCOGAGT TGAAGAT GTGGCACT GCGT GT CAGACAACT TTGATGCCATTGCTET TTTGAAATCCATCATTGAGT TGCCTA
Morex- Rdg2a  (647) GGTCCAGCAACATTTCGAGT TGAAGT TGT GGCACTGCGT GTCAGACAACT TTGATGCCATTECTETTTTGAAATCCATCATTGAGT TGECTG
Nbs2- Rdg2a (647) GGTCCAGCAACATTTCCAGT TGAAGATGT GGCACTGCGT GTCAGACAACT TTGATGCCATTECTATTTTGAAATCCATCATTGAGT TGGCTA

743 793 838
Rdg2a (743) CAAATGGAAGTTGTGACCTGCCTGGCAGCAT CGAACTATTGCAAAAGAAACT TGAGCAAGT CATTGGCCAAAAAAGGT TCATGCTCGTGCTT
Morex- Rdg2a  (743) CAAATGGAAGT TGTAACATGCCT GACACGATTGAGCTGT TGCAAAAGCGACT TGAGCAAGT CATTGGCCAAAACAGGT TTATGCTCGTGCTT
Nbs2- Rdg2a (743) CAAATGGAAGT TGTAACATGCCTGACACGATTGAGCTGT TGCAAAAGEGACT TGAGCAAGT CATTGGCCAAAACAGGT TTATGCTCGTGCTT

839 889 934
Rdg2a (839) GATGATGTATGGAATGAAGAT GAGAGGAAGT GGBGGGATGT CCTGAAGCCACTATTGT GT TCTGT TGGT GGACCAGGAAGTGTTATATTGGT
Morex- Rdg2a  (839) GATGATGTATGGAATGAAGATGAGAGGAAGT GGGAGGAT GTCCTGAAGCCTCTTCTGTGT TCTGT TGGT GGACCAGGAAGEGTCATTGTTGT
Nbs2- Rdg2a (839) GATGATGTATGGAATGAAGAT GAGAGGAAGT GGGAGGATGT CCTGAAGCCTCTITTGT GT TCTGT TGGT GGACCAGGAAGEGTCATTGTTGT

935 985 1030
Rdg2a (935) CACATETCGAAGCAAGCAAGIICGCCTCGATAATGT GCACCGT TACGCCCCAT GAGCTAGTAT TTCTGAATGAGGAAGAT TCATGGGAATTGT
Morex- Rdg2a  (935) CACAACTCGAAGCCAGAAAGTGGCCT CTATAATGCAGACCET TEEAACCCATAAGCTAGCATET CTGAAT GAACAAGAT TCATGEEAATTGT
Nbs2- Rdg2a (935) CACAAGTCGAAGCCAGAAAGOGGCCTCTATAAT GCAGACCCT TGGAACCCATAAGCTAGEATGT CTGAATGAACAAGATTCATGGEAATTGT

1031 1081 1126
Rdg2a (1031) TTTCAGACAAAGCGTTTAGCAATGGTGTAGAG- - - GAGCAAGCAGAGT TGGT CAGCAT CGGAAGGCGTATTGT CAACAAAT GOGGEECEGT TG

Morex- Rdg2a  (1031) TTGCACAGAAAGCATATAGCAAT GGTAAAGAGCAGGAGCAAGCAGAGT TGGTCAGCATTGGCAAACGTATTATCAACAAATGCAGGGGEGT TG
Nbs2- Rdg2a  (1031) TTGCACAGAAAGCATATAGCAAT GGTAAAGAGCAGGAGCAAGCAGAGT TGGT CAGCATT GECAAACGTAT TATCAACAAATGCAGGEGGTTG
1127 1177 1222

Rdg2a (1125) CCTCTTGCTCTCAAGACAATGEGT GGATTGCTGAGT TCAAAGCAAAAGGT ACAGGAAT GGAAGGCCAT CGAAGAAAGTAACAT CGGGGATAA
Morex- Rdg2a  (1127) CCTCTTGCTCTCAAGACAATGEGCGGAT TGCTAAGT TCATATCAGCAAGT ACAAGAAT GGAAGGCCATCGAAGAAAGT AATATAAGGGATAC
Nbs2- Rdg2a  (1127) CCTCTTGCTCTCAAGACAATGAGCGGATTGCTAAGT TCATATCAGCAAGT ACAAGAAT GGAAGGCCATCGAAGAAAGTAATATAAGGGATAC
1223 1273 1318

Rdg2a (1221) AGATGGAGGCAAATATGAGGT CATGCACATACTGAAGT TAAGCTACAAACACCT GTCGOCT GAAATGAAGCAATGT TTTGCATTCTGT GCAG
Morex- Rdg2a  (1223) TGITAGAGGEAAAGAT GAGATCATGTCTATTCTAAAGT TGAGCTATACACACCTAT CATCTGAAATGAAGCAATGT TTTGCATTCTTAGCAG
Nbs2- Rdg2a  (1223) TGITAGAGGGAAAGATGAGATCATGICTATTCTGAAGT TGAGCTATACACACCTATCATCTGAAATGAAGCAATGI TTTGCATTCTTAGCAG
1319 1369 1414

Rdg2a (1317) TTTTTCCCAAGGATTATGAGATGGAGAAGGATAGGT TGATCCAACTAT GGATGGCAAATGCCTTTATTCAACACAAGGGAACAATGGATTTA
Morex- Rdg2a  (1319) TTTTCCCCAAGGACTATGIGATGGACAAGGACAAGT TGATCCAACTATGGATGGCAAATGGT TTTATTCAAGAGAAGGGAACGATGGATTTG
Nbs2- Rdg2a (1319) TTTTCCCCAAGGACTATGIGATGGACAAGGACAAGT TGATCCAACTATGGATGGCAAATGGI TTTATTCAAGAGAAGGGAACGATGGATTTG
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3. Results

1415 1465 1510
Rdg2a (1413) GTACAGAAAGGAGAATTAA GATGAGT TGGT TTGGAGGT CCT TCCTCCAAGATAAGAAAGT GGCAGT CAGATTTACTAGCTATCGT GG
Morex- Rdg2a  (1415) ATACTCAGAGGAGAATTCA GATGAGT TGGT TTGGAGGT CCT TCCTCCAAGATGAGAAAGT GGTAGTAAAATATGCTGGCAAGTTTGG
Nbs2- Rdg2a  (1415) ATACTCAGAGGAGAATTCA GATGAGT TGGT TTGGAGGT CCT TCCTCCAAGATGAGAAAGT GGTAGTAAAATATGCTGGCAAGTTTGG

1510 1560 1605
Rdg2a (1508) TAACAAAATATATGAGACAATTGTATGTAAAATGCATGATTTAATGCATGATCTAGCAAAAGAT GT CACAGATGAATGIGCAAGTATAGAAG
Morex- Rdg2a  (1510) TAACACAAAATATGAGACAGT TCTATGTAAAATGCATGACT TAATGCAT GATCTTGCAAAAGAT GT CACAGAT GAATGCGCAAGTATAGAAG
Nbs2- Rdg2a  (1510) TAACACAAAATATGAGACAGT TCTATGTAAAATGCATGACTTAATGCATGATCTTGCAAAAGAT GT CACAGAT GAATGIIGCAAGTATAGAAG

1605 1655 1700
Rdg2a (1603) AAGTGACTCAGCAGAAAACATTGT TAAAAGATGT TTGT CACATGCAAGT GT CAAAGACT GAAT T GGAACAAAT CAGT GGGT TATGCAAAGEC
Morex- Rdg2a  (1605) AATTGICTCAGCATAAAGCAT TATCAAAAGETATTTGT CACAT GCAAAT GTCAAAGECT GAAT TEGAACGAAT CAGT GGGT TATGCAAAGGC
Nbs2- Rdg2a  (1605) AATTGICTCAGCATAAAGCATTATCAAAAGGTATTTGT CACATGCAAATGT CAAAGECTGAATTCGAACGAAT CAGTGGGTTATGCAAAGGC

1701 1751 1796
Rdg2a (1698) AGAACAATCCTACGCACTTTGITAGTITCCTTCAG - - - - - === === === oo oo oo e e oo oo oo - - GATCACACAAGGA AAAGA
Morex- Rdg2a  (1701) AGAACATACCTCCGCACTTTGITATCTCCTTCAGAATCATGGGAGGA AACTATGAGT TTCCAAGCAGAT CACACAAGGATATTAAGGA
Nbs2- Rdg2a  (1701) AGAACATACCTCCGCACTTTGITATCTCCTTCAGAATCATGGGAGGA AACTATGAGT TTCCAAGCAGATCACACAAGGATATTAAGGA

1797 1847 1892
Rdg2a (1759) GTTGCTACAGGTATCGGCATCACTAAGAGCATTGIGITG - - - - GC- CCTCTTATTCAGI TGT CATTTCCAAGGCCATAAATGCAAAACATT
Morex- Rdg2a  (1797) GITGCAACATGTATTTGCOGT CAGTAAGAGCAT TGCAT TGETCCCGCTCCCCT TCTCCAAT TGT CAT T TGCAAGGCCATAAAT GCAAAACATT
Nbs2- Rdg2a  (1797) GTTGCAACATGTATTTGOGT CAGTAAGAGCATTGCAT TGETCCCGCTCOCCT TCTCCAAT TGT CATTTGCAAGGCCATAAATGCAAAACATT

1893 1943 1988
Rdg2a (1849) TACGGTATCTTGACCTCTCTGGGT CAGACATTGT TAGAT TGCCAGATTCAATATGGGTGT TGTATAACCT GCAAACACT GAGGCTAATGGAT
Morex- Rdg2a  (1893) TACGGTATCTTGACCTCTCAAAGT CTGACATCGT TAGET TGCCAGATTCAATATGTATGT TGTATAACCT GCAAACACTGAGGCTCATAGAC
Nbs2- Rdg2a  (1893) TACGGTATCTTGACCTCTCAAATTCTGACATCGT TAGET TGCCAGATTCAATATGTATGT TGTATAACCT GCAAACACTGAGGCTCATAGAC

1989 2039 2084
Rdg2a (1945) TGCCGGAAGT TGCGACAGT TACCAGAAGACAT GCCAAGAT TAAGAAAGCT CATCCATCTTTACCT TTCTGGCTGT GAGAGT CTCAAAAGTAT
Morex- Rdg2a  (1989) TGOCATGACTTGCAACAGT TACCACAAGACAT GGCAAGAT TEGACAAAGCT CATCEATCTTTACCTTTCTGGITGTGAGAGT CTCAAAAGTAT
Nbs2- Rdg2a  (1989) TGTTACAAGT TGAAACAGT TACCAAAAGACAT GGCAAGACTGAGAAAGCTCATCTATCTTTACCTTTCTGGITGTGAGAGT CTCAAAAGTAT

2085 2135 2180
Rdg2a (2041) GTCTCCAAACTTTGGT CTGCTGAACAACCTTCACATATTAACAACATTTGT TGT GGGTACCGGAGAT GECCT TGGAATAGAGCAGCTCAAAG
Morex- Rdg2a  (2085) GTCTCCAAACTTTGGTCTGCTGAACAACCTTCACATATTAACAACATTTGT TGT GGGTACCGGAGAT GGCCTTGGAATAGAGCAGCTCAAAG
Nbs2- Rdg2a  (2085) GTCTCCAAACTTTGGTCTGCTGAACAACCT TCACATATTAACAACATTTGITGTGGGT TCOGGAGAT GGCCTTGGAATAGAGCAGCTCAAAG

2181 2231 2276
Rdg2a (2137) ATTTGCAAAACCT TAGCAATAGGT TGGAAATAT TGAATAT GGACAAGATAAAGAGT GGEGAGAAT GCAAAAGAAGCCAAT CTCAGTCAGAAG
Morex- Rdg2a  (2181) ACTTGCAAAACCT TAGCAATAGGT TGGAACTAT TGAACTTGEGACAAGAT AAAGAGT GGEBGAGAGT GCAAAAGAAGCCAATICTCAGCCAGAAG
Nbs2- Rdg2a  (2181) ATTTGCAAAACCT TAGCAACAGGTTAGAACTACTGAATTTGAGCAAGATAAAGAGT GGCGAGAATGCAAAAGAAGCCAACCTCAATCAGAAG

2277 2327 2372
Rdg2a (2233) CAAAATCTAAGTGAGTTGTTGT TCTCTTGGGEECCAAAAAATAGATGATGAGCCTACAGA- - - - - - - - TGTGGAAGAAGT GCTTCAGGE
Morex- Rdg2a  (2277) AAAAATCTAAGTGACTTGT TETTCTCTTGGEEECCAAGAAATAGATEATGAGCCTAGAGA- - - - - - - - - - - - TGTGGAAGAAGT GCTTCAGTG
Nbs2- Rdg2a  (2277) CAAAATCTAAGIGAGTTG CTCTTGGGACCAAGAAATAGATAATGAGCCTAGAGAAAT GGCCT GTAATGT GGAAGAAGT GCTTCAATA
2373 2423 2468
Rdg2a (2317) CTTAGAACCTCATAGTAATATCCAAAAACT GGAGATACGT GGATATCATGGCCTAGAAATAT CACAAT GGATGAGAAAGCCTCAGATGTTTG

Morex- Rdg2a  (2361) TTTAGAACCTCACAGTAATATCCAAAAACT GBCGATATGCGGATAT GITGGCTAGAAATAACACAACT GGATGAGAAAGCCTCAGATGTTTG
Nbs2- Rdg2a  (2373) TTTAGAACCTCCTAGTAATATCGAAAAGT TGGAGATATGIGGGTATATTGGCCTAGAAAT GTCACAATGGATGAGAAAGCCACAGTTGTTTA
2469 2519 2564
Rdg2a (2413) ACTGCTTGAGAGAACTCGAAATGT TTGGCT GCCCAAAAT GCAAGAGTATCCCTGTAATATGGT TCTCGGTCTCTCTAGAGATTTTGGTCTTA
Morex- RAg2a  (2457) AT G - - - - - - - - - o s m s m e e oo e e o e e e e
NDS2- Rdg2a  (2469) AT - - - - - - - - = - - - o m o oo oo

2565 2615 2660
Rdg2a (2509) CAGAGCATGGATAACCTGACAACATTATGTAGTAACCT TGGTGT GGAAGCT GGAGGAAGCATTACCCCTCTGCAACT TTTCCCAAATTTGAA
MOF eX- RAQ28  (2462) - - - - - - - - o oo s oo
NDS2- RAQ2@  (2474) - - - - - - oo oo oo oo

2661 2711 2756
Rdg2a (2605) GAAGTITGTGTTTGATTAAGT TACCAAGCCT GGAGATAT GGGCAGAAAATAGT GTAGGAGAGCCT CGGATGT TTAGCAGT TTGGAAAAACTCG

Mor ex- Rdg2a  (2462)
Nbs2- Rdg2a (2474)

2757 2807 2852
Rdg2a (2701) AAATTTCOGACTGCCCAAGATGCAAGAGTATACCTEGCAGTATGG CGGTCTCTCTTGAG GGICTTACGGAAAATGGATAACCTG
Morex- Rdg2a  (2475) AAATGITTGGCTGCCCAAAATGCAAGAGTATCCCTCTAATATGGT TCTCGGTCTCTCTAGAGA GGTCTTACAGTGGATGAATAACCTG
Nbs2- Rdg2a  (2487) AAATATCCAACTGCCCAAGATGCAAGAGTATACCTGCAGTATCG CGGTCTCTCTTGAG GTCCTTACGAAACATGGATAACCTG

2853 2903 2948
Rdg2a (2797) ACAACATTATGIAATAACCT TGATGT GGAAGCT GGAGGAT GCATTTACCCCTAT GCAGA CCCAAGGTTGAAGAAGATGAGGTTGATTGA
Morex- Rdg2a (2571) ACTACATTATGCAATAACCTTGATGEGGAAGCCGGAGGAT GCATCACCCCT CTGCGGA CCCAAGGTTGAAGAACATGAGGTTGATTGA
Nbs2- Rdg2a  (2583) ACCACATTATGIAATAACCTTGATGCGGAAGTTGGAGGAT GCATTACCCCTAT GCAGA CCCAAGGTTGAAGAAGATGAGGTTGATTGA

2949 2999 3044
Rdg2a (2893) GTTACCAAGECTGGAGATGT GGGCAGAAAATAGT ATGGGAGAGCCTAGT TGT GATAACCTGGTAACAT TCCCGATGCTTGAAGAGCTAGAGA
Mor ex- Rdg2a  (2667) GTTAGCAAGCCT GGAGAT GTGGGCAGAAAATAGT AT GGGAGAGCCTAGT TGT GATAACCT GGTAACATTTCCAATGCT TGAAGAGCTAAGGA
Nbs2- Rdg2a  (2679) GITACCAAGTCTGGAGGT GTGGGCAGAAAAT GGTAT GGGAGAGCCTAGT TGTGATAACCT GGTAACATTCCCGATGCT TGAAGAGCTAGAGA

3045 3095 3140
Rdg2a (2989) TCAAAAATTGCCCCAAGCTTGCAAGTATTCCAGCGATTCCCGT TGT CAGOGAGT TGAGAATAGT TGGAGT TCACAGTACTGCAGTCGGTTCA
Morex- Rdg2a  (2763) TCATAGATTGCCCCAAGCT TGCAAGTATTCCAGCGATCCCCGT TGTCAGCAAGT TGAGCATAGT TGGAGT TCACGGT TGTGCAGTCGGT TCA
Nbs2- Rdg2a  (2775) TCAAAAATTGCCCCAAGCTTGCAAGTATTCCAGCGATTICCCGT TGTCAGCGAGT TGAGAATAGT TGGAGT TCACAGTACT GCAGTCGGT TCA

3141 3191 3236
Rdg2a (3085) G ATGAGCATCCGT TTGGGCT CCTGGCCAT TTCTCGTCAGGT TAAGT CTTGGGT CTCTAGAAGACATACCCATGI TGCCTCTAGACEC
Morex- Rdg2a (2859) G ATGTGTATCCGT TTGGGI TCCTGGCCATTTCTTGCTGAGT TAACT CTTGGGT CTCTAAAAGACATACCCATGTI TGCCTCTAGACCC
Nbs2- Rdg2a  (2871) G ATGAGCATCCGT TTGGGI TCCTGGECCATTTCTCGTCAGGT TAACT CTTGGGT CTCTAGAAGACATACCCATGI TGCCTCTGGACEC

3237 3287 3332
Rdg2a (3181) CCAGCAAAACCAAAGTGAAAGACCTCTTGAAAAGCTTGAGAGT TTGACT CTEGAAGGGCCCAACAGCT TGATCAGAAGCTETGGATTGTCCG
Morex- Rdg2a  (2955) CCAGCAAAGCCAAAGTCAAAGACCT CTTGAAAAGCT TGAGAGT TTGACTCTGATAGGGCCCAACAGCT TGATCAGAAGCT TEGGATITIGTCCG
Nbs2- Rdg2a  (2967) CCAGCAAACCCAAAGTCAAAGACCT CTTGAAAAGCT TGAGAGT TTGATCCTAAAAGGGCCCAACAGCT TGATCGGAAGCTECGEATCGTCCG

3333 3383 3433
Rdg2a (3277) GATCACAACTTATGGTTTGGAAATG] CGGT TCGTGCGAGAT CTGATGATTGATGGI TGCAGCAAT CTTGT CCGCTGECCAACAGT GGAG
Mor ex- Rdg2a  (3051) AATCACAACTTATGGT TTGGAAATG CGGT TCGTGAGAAAT CTGAAGATATAT GG TGCAGCAAT CTTGT CCGCTGECCAACAGAGGAG
Nbs2- Rdg2a  (3063) GATCACAACTTATTGITTGGAAATG CGGT TCGTGAGAAAT CTGAAGATATAT GGCTGCAGCAAT CTTGT CCGCTGGCCAACAGAGGAG

3434 3484 3529
Rdg2a (3373) CTCTGGTGCATGGATCGCCTCTGCATTCTGT GTATCACAAATTGT GACTACCT GAAGGGGAACAT TTCATCATCCGAGGAGAAAACCCTTCC
Morex- Rdg2a  (3147) CTCCGGTGCATGGATCGCCTCEGCTTTCTGAGTATCACAAATTGT GACAACCT GGAGGGGAAAAAT TCATCGT CTGAGGAGBAAACCCTTCC
Nbs2- Rdg2a  (3159) CTCCGGTGCATGGATCGCCTCCGCGT TCTGCGTATCAGGAATTGT GACAACCT GGAGGGGAACACT TCATCGT CTGAGGAGEAAACCCTTCC

3530 3580 3625
Rdg2a (3469) GCTGICCCTGGAGCATTTGACGATTCAGAACT GCCGCAGIGTAGT AGCACTGCCT TCGAACCT TGGGAAACT GGCCAAGCTGAGGAGT CTCT
Morex- Rdg2a  (3243) GCTGTCCCTGGAGGGT TTGACGATCGGAAACT GCCGCAGIGTAGT AGCACT GCCT TGGAACCT TGGAAAT CTTGCCAAGCTGAGGEGTCTCA
Nbs2- Rdg2a  (3255) GCTGTCCCTGGAGEATTTGGAGATTCAGGT CTGCCGCAGAGT GGTAGCACTGCCTTEGAACCT TGGAAATICTTIGCCAAGCT GAGEEGTCTCG

3626 3676 3721
Rdg2a (3565) ATGTGAGCGACTGCAGGAGCCT GAAAGTIGCTGCCT GATGGGAT GTGTGGCCT CACTTCTCTGAGGGAAT TGGAGAT TTGGEGGT TGTECAGGT
Morex- Rdg2a  (3339) ATGTGAGTTACT GCAGGAGCCT GAAAGT GCTGCCT GATGGGAT GT GT GGCCT CACT TCTCTGAGGGAAT TATCGGAT TTGEAAT TGTCCAAGT
Nbs2- Rdg2a  (3351) GIGI'GAGETGCTGCAGGAGCCTGAAAGCGCT GCCTGATGGGATGT GTGGCCTCACT TCTCTGAGGGAAT TATGGAT TCATGGT TGTTCAGGT
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3. Results

3722 3772 3817
ATGEAGGAAT TCCCGCATGGT CTCCTGGAGCGGT TGCCAGCECT CGAATACT GTAGCATCCAT CTCTGCCCGGAGT TGCAAAGACGATGCAG
ATGAAGAAAT TCCCGCATGGT CTCCTAGAGCGGT TGCCAGCT CTCGAACACTTGAGCATACATGACT GCCCGGAGT TGBGAACACGATGCAG
ATGEAGEGAATTCCCGCATGGT CTCCTGGAGCGGT TGCCAGCECT CGAAT CCTITTAGCATACGT GGCT GCCCGGAGT TGBEAAGACGATGCGG
3818 3868 3897
AGAAGGTGGGGAGTACT TCCACTTGCTCTCCTCTGT TCCACGTAAATACTTTGAGAGAATAGGCATCCCAAAGT GA
AGAAGGTGGGGAGTATTTCCACT TGCTCTCCT CTGTCCCACGT AAAGACAT TTCGOGATGA- - - - - - - - - - - - - - -
AGAAGGTGGGGAGTATTTCCACTTGCTCTCCTCTGTCCCACGTAAAGACTGTTAG: - - - - - - === === === - - - -

Fig. 3.16 Alignment between the three genes: ThibRdg2a ThibautNbs2-Rdg2and Morex
rdg2a Regions conserved in all genes are highlightegeltow; regions conserved in only two
genes are highlighted in light blue.

[| CC encoding

I NEencoding D
I LRR encading c
A B
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ATG TGA
D
C
A B — —
I T T 1
ATG TGA
D
C
A B —
I T T 1
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Genes Rdg2a Nbs2-Rdg2a
Domain sections A B C D A B C D
Morexrdg2a A 97 nd
B 96 95
C 86 99
D 78 90

Fig. 3.17DNA sequence similarities between Morelg2aand ThibauRdg2aandNbs2-Rdg2a
Diagrams above define the domains compared. Pagesntof identity are reported. nd=not
determined.

These results support the possibility that MoiRdg2a allele is derived from

unequal crossing-over between ancedidf2aand Nbs2-Rdg2amembers of the

gene family. This crossover led to the eliminatadrpart of theRdg2a the Copia-

like retrotransposone and a portion of the 5’entlllo$2-Rdg2athe reduction of the

members of the gene family and and the generatido the Morex allele, whose
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coding sequence is derived only partially fraRag2a while for the remaining
coding sequence is originated frdbs2-Rdg2dike sequence.

The third member of the gene family (as identified the Thibaut genomic
sequence), namely &#s3-Rdg2adid not match within the available Morex contig
with a significant homology; but because only abd6tKb of the Morex contig
were available in the BAC contig mwg7_HVVMRAXALLhA&%023_c2, it was not
possible to exclude the presence of this gene irekigenomic background.

PCRs using primer combinations specific kys3-Rdg2avere therefore carried out
on Morex BAC 146G20 and an amplicon of about 3 Kimgs obtained using a
forward primer designed at the end of the mwg7_ HWRAXALLhA425023 c2
BAC contig and a reverse primer designed at thendb’ef Nbs3-Rdg2a The
comparison of the amplicon sequence with Thikddbs3-Rdg2ashowed 90% of
sequence identity in the overlapping regions, destrating the presence of an
Nbs3-Rdg2allelein the cv. Morex. The complete sequencing of thesnher of the
gene family in Morex is still in progress.

To analyze the expression of Monglg2a, a two-step reversetranscription PCR was
performed, using gene-specific primer, on DNasehted RNA extracted from
Morex control embryos and frof. gramineasolateDg2 inoculated embryos at 7,
14 and 22 dai. RNA was also axtracted from lea¥eistalays old Morex seedlings
infected with the fungus and from control leavearl8y Actin gene was used as the
reference gene. After amplification the identitytbé amplicons was checked by
sequencing. The gene was found to be transcribdabih embryos tissues and
leaves (Fig. 3.18(a)).

To complete the expression analysis, a quantitd&VePCR was performed using
RNAs obtained from Morex embryos as above. The mx@at was carried out with
three technical replicates for each RNA sample.d@scribed in Par. 3.3, results
were expressed as relative transcription of eacte,geormalized to the expression
of barley Actin, compared to the expression of the same gene d¢hallenged
conditions. Standard deviation was considered tbneleif the differences of
expression among the different conditions weressieally significant. Following
leaf stripe inoculation, in embryo tissues, theregpion of Morexdg2a did not

change until 22 dai; after this time-point the seniption rate in the inoculated
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samples increased approximatively 1.8 times widpeet to control samples (Fig.
3.18(b)). In leaves, the Morexilg2a mRNAs accumulation was not pathogen-

responsive (data not shown).

(a) Embryos Leaves

rdg?a

Actin

(b)
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FC

Morex 7dai Morex 14dai Morex 22dai

Fig. 3.19 (a)RT-PCR analysis of Moresdg2a under control and®. gramineaisolate Dg2
inoculation at three time-points (7, 14 and 22 diaigmbryo and in leaf tissues. Barl@gtin
gene was used as an internal contfi). Quantitative RT-PCR at 7, 14 and 22 dai for Morex-
rdg2a Values are expressed lasld Changes (FC) of transcript levels in the inoculagathples
with respect to the transcript levels in uninocedbbarley embryos. Error bars represgandard
Deviation(SD) across all RT-PCR replicates (three for earhpde).

Preliminary tests to determine whether Mordg2a confers resistance to any
Pyrenophora gramine#olates were carried out by infecting cv. Morexhngeven
different pathogen isolate®g1, Dg2, Dg4, Dg10 Dgl2 Dgl19 andDg29. Morex
resulted to be fully resistant (0% of infected pdnto Dgl9 and Dg29
Nevertheless, it is not possible to ascribe a rertde to Morexrdg2ain resistance
to these isolates without performing complementati@analyses transforming

susceptible plants with this gene.
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3.8 Haplotype analysis of theRdg2a locus in different

barley varieties

Different barley cultivars (Rika, Bulbul, TriumpHhmber, Optic, Ansis, Gitane,
Bonus, Ketos, Grete, Franka, Marado and Federab tested for their resistance to
P. gramineasolatesDg2 or Dg5. Morex, Mirco, Golden Promise and Thibaut were

also tested as controls (Tab. 3.2).

Isolates

Dg2 Dg5
Cultivars % infected plants | % infected plants
Morex 100 100
Mirco 100 100
Golden Promise 73 100
Thibaut 0 100
Ketos 100 100
Gitane 56 87
Triumph 0 92
Rika 28 0
Franka 62,5 100
Grete 100 100
Federal 39 8
Imber 0 0
Ansis 23 21
Bul Bul 25 0
Bonus 73 47
Optic 17 86 Tab 3.2 Infection tests
Marado 95 53 conducted on different barley

cultivars with P. graminea

Jaidor 100 50 isolatesDg2 andDg5.

To analyze the frequency of Thibaut or Morex hagles for theRdg2alocus in
different susceptible and resistant barley germitkgrounds, the above mentioned
and other cultivars, whose restance to the twaisslwas known (Rebelle, Onice,
Proctor, Alf, Diadem, Haruna Nijo, Galleon, Jaidddudinka, Passport and
Acuario), were subjected to a PCR-based molecukakens screening using the

same primer combinations as those described in Fip(a) (Par. 3.7). Tab. 3.3
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summarizes th®. graminearesponse for all the barley varieties considereduAt

al., 2003; Paragraph 2.2, Materials and methods).

Resistance or susceptibility

Cultivars Dg2 Dg5
Morex S S
Mirco S S
Golden Promise S S
Thibaut R S
Ketos S S
Gitane partially S S
Triumph R S
Rika partially R R
Franka partially S S
Grete S S
Federal partially R R
Imber R R
Ansis R R

Bul Bul R R
Bonus partially S R
Optic R S
Rebelle R R
Onice R partially R
Proctor partially R R

Alf R partially R
Diadem R nd
Haruna Nijo R S
Galleon R S
Nudinka S S
Passport R nd
Jaidor S partially S
Acuario R partially S
Marado S partially S

Data are shown in Tab. 3.4.

Tab 3.3 Summary of the responses t8.
gramineaisolatesDg2 and Dg5 of the barley

cultivars analyzed for the haplotype analysis of

Rdg2alocus. nd=not determined.
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Primer combinations
Cultivars Haplotype | CR1+ | NCR1+ | CR3+ | CR3+ | Nbs2 30+
CR2 CR2 CR4 NCR2 CR5
Thibaut / 471bp / 1183bp 1927bp
Morex 1064bp / 1179bp / /

200bp | T | T | M |

 GoldenPromise | 1 [ T ] 200bpl __T] _T] M|

900bp

Tab 3.4 Haplotype analysis for thRdg2alocus in different barley cultivars using polymbip
PCR-based molecular markers. Sizes of the amplicames reported; /=no amplification;
T=Thibaut haplotype; M=Morex haplotypejrcci=varieties resistant to botBg2 and Dg5
isolates;red=varieties susceptible to both the isolat&s;t blue=varieties resistant t®g2 but
susceptible t®g5; =varieties susceptible g2 but resistant t®g5; blu=variety resistant
to Dg2, while response tBg5 is not known.

In the regions amplified by CR1+CR2 and CR3+CR4npri combinations, Thibaut
haplotype is conserved in almost all the varietiegardless of their phenotype for
reaction to leaf stripe. For the NCR1+CR2 genetierival, most cultivars showed a
shorter amplicon with respect to Thibaut and inyotwo cultivars (Imber and
Onice) Morex amplicon was present. Also CR3 and RQiRmers generated, in
some genotypes, a shorter amplicon than Thibaytfanthis marker, only Triumph
conserved Morex haplotype. The last primer commnatiNbs2_30+CR5) provided
Morex haplotype for almost all the cultivars (excémr Optic, Acuario, Galleon,

Rebelle and Haruna Nijo), regardless of their tastsor susceptible behaviour to
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isolatesDg2 or Dg5, thus confirming that probably this gene is natoived in the
resistant response R gramineasolateDg2.

Considering the test performed at all the five ,lacwas possible to identify four
different haplotypes. Interentingly, four genotypessistant to isolatddg2 but
susceptible to isolat®g5 (Optic, Galleon, Haruna Nijo and Acuario) showed a
haplotype highly similar to Thibaut haplotype witte exclusion of a slightly shorter
amplification yielded by the primer combination CGRBCR2. Also Rebelle
genotype demonstrated to belong to this haplotypepy TheRdg2aalleles present
in Rebelle, Galleon and Haruna Nijo were actuaklysen for the re-sequencing
(Supplementary materials). PCRs were performed emomic DNAs of these
varieties usingRdg2aspecific primers that amplified overlapping fragriseof the
gene and designed on Thibaut sequence. Amplicors aveectely sequenced using
the same primers as those used for the amplificatra with additional primers for
sequence walking. ThRdg2aalleles derived from the three genotypes showed a
99% of nucleotide identity compared to the ThibRdg2ain multiple alignments.
Rebelle and ThibalRdg2acoding sequences are 100% identical. Haruna Ngtea
showed nucleotide changes (fre@®GA to GGAC) at the position +402 from the start
codon. GalleorRdg2arevealed to contain two SNPs: G to A at +1915 ah@31
from the ATG and a sequence change (fronaGT to TTAGG) at position +3175.
These nucleotide variations resulted in differenaeghe protein level. Galleon
RDG2A shows an Asparagine, instead of an Aspadid, @and a Lysine, instead of
an Arginine, at positions 639 and 644, respectivelighin the fourth LRR unit.
Moreover, in the fourtheen LRR the Tyrosine-105&l @ahe Cysteine-1059 have
changed in Methionine and Valine. Despite thesegbs are in the LRR units, they
do not belong to the regidhstrandp-turn. In Haruna Nijo RDG2A the Lysine-134
and the Glutamic-135 acid have changed in two Ang. These amino acids are
located between the CC and the NB domains at abOutesidues before the
beginning of the NB domain. Since the conserved &d@ NB domains and the
variable LRR domain are those mainly implicatedtlwe protein function, also
considering that all the changes involve hydrophalinino acids, it is possible that
the observed changes does not affect the RDG2pitscti
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RT-PCR, conducted on cDNA synthesized using DNas=lted RNA extracted

from the leaves of these three barley varietiesysld that theRdg2aalleles are

transcribed in all of them (Fig. 3.20).

Nbsl_2S-Nbsl_26

Nbsl 27-Nbsl 23

X

Fig. 3.20 RT-PCR analysis oRdg2ain the three cvs.
Rebelle, Galleon and Haruna Nijo resistant to teolxg?2.
The same primer combinations utilized for the RTRPIG
NIL3876 (Par. 3.3) were used. Barlégtin gene was the
internal contro
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4.Discussion

4.1 Identification of the Rdg2a resistance gene and

evolution at theRdg2a locus

4.1.1 TheRdg2a function is encoded byNbsl-Rdg2a

As described in Introduction (Par. 1.3.1), Beg2alocus in the resistant cv. Thibaut
was cloned and its sequencing led to the identifinaof three genes coding for CC-
NB-LRR proteins (Accession number HM124452). Thegsemes were called as
Nbs1-Rdg2aNbs2-Rdg2andNbs3-Rdg24Bulgarelliet al, 2010).

Based on these findings, the main question to lkkeaded was: “Which is the
Rdg2agene?”.

To provide an answer, a comparison between thetstes of the three candidates
was first performedNbs1-Rdg2aand Nbs2-Rdg2ashowed similar features: both
were predicted as intronless genes and had codupgesces ranging from 3,477 bp
(Nbs2-Rdg2nto 3,699 bp Nbs1l-Rdg2athat shared 82.1% of nucleotide identity
(Bulgarelli et al, 2010).Nbs3-Rdg2aliffered significantly from the previous two:
the coding sequences was 5,397 bp long and wagim@édo be organized in four
exons of 2,065 bp, 1,209 bp, 471 bp and 1,652 rom Ktart codon to stop codon,
separated from three introns of 167 bp, 792 bp Shdp, respectively. A RACE
analysis of the\bs3-Rdg2anRNAs showed that these putative introns were not
spliced and that this gene carries other threenstrone of 305 bp located in the 5’
UTR, one 70 bp-long in the 3’ UTR and another intod 44 bp located immediately
after the start codon and subjected to alternapleing. This last intron was very
interesting because its splicing causes a franfe-sésulting in termination after the
first 37 aminoacids, while retention leads to teration after the first four and a half
LRR units (Bulgarelli eal., 2010). In both cases, however, it is highly pldbahat
Nbs3-Rdg2aencodes for not functional truncated proteins avaks therefore

excluded as aRdg2acandidate.
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Horvath and co-workers (2002) were not able to #pnphe barleyRpglgene (a
non-NB-LRR gene that confers resistance to rusfliseceon a susceptible variety,
using several primer combinations designed on #mic sequence. In this case,
the susceptible cultivar did not carry tRpgllocus. Nevertheless, it is possible that
the locus is rearranged in the susceptible genstyipsertion/deletion; duplication,
inversion... could be occured), as observed whenstesgi and susceptible
haplotypes for barley resistance lddia (Shenet al, 2003) andrph7 (Scherreret
al., 2005) were compared. Thus, to asses whetherugwegtible cv. Mirco carries
theRdg2alocus and to analyze the differences betweendsistant and susceptible
loci, the two Mirco genes were sequenced using gmsndesigned oNbs1-Rdg2a
andNbs2-Rdg2ayenomic sequences. Both the genes were prestrg susceptible
variety, demonstrating that Mirco carries tRelg2alocus. The main differences
were in the promoter regions: two insertions of 4p6(next to a putative TATA-
box element) and 854 bp, respectively, for Mildbsl-rdg2aand a deletion for
Nbs2-rdg2a at the level of a trasponson MITMifiature Inverted Transposable
Element)-like element. Thé&bs2-Rdg2aand Nbs2-rdg2aalleles gave 93.1% of
identity when compared, apart for the MITE insertio Thibaut. Interestingly, the
PromH programme for prediction of plant promoters
(http://www.softberry.ru/berry.phtml?group=progranssfgroup=promoter&topic=

tssp Solovyev and Shahmuradov, 2003) identified paaénbinding sites for
transcription factors, a TATA-box element and a&ljkpromoter whithin the MITE
(Bulgarelliet al, 2010). Moreover, this insertion/deletion polymagm pattern was
found to co-segregate with thRdg2a locus in the high resolution mapping
population, thus demonstrating tiNthbs2-rdg2arepresents the Mirco allele.

These results prompted the investigation of theresgion of the two genes in the
susceptible genotype. RT-PCR analyses revealed\thelt-Rdg2andNbs2-Rdg2a
are expressed in resistant NIL4876 embryo tissnésl@aves, both in challenged
and unchallenged conditions at 7 and 14 dai, whaesusceptible cv. Mirco did not
show transcription of the genes (Bulgareliial, 2010). Since expression analysis
was carried out with a pair of near isogenic lineswhich theRdg2alocus is the
only difference, these data evidentiate and conttrat this locus is involved in the

resistance responseRo gramineasolateDg2 but again did not allow the exclusion
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of any of the two candidates. A possible explamatar the lack of transcription in
Mirco is that the expression 8f genes imposes high fithess castshe absence of
the disease (Tiaet al, 2003), thus unnecessaR/ genes may become rapidily
inactivated (Michelmoret al, 1998). The rearramgements in the promoter regions
of Mirco genes may be the cause of this inactivatio Mirco. The MITE-like
element may have contributed to the functionalmaf the ThibautNbs2-Rdg2a
allele, owing to the presence of potential bindsitgs for transcription factors, like
TATA-box element. This effect is similar to that thfe Renovatorretrotransposon
insertion for the rice blast resistance géhe Indeed, the 3' LTR oRenovatoy
located just upstream theit gene in the resistant cv. K59, contains a promoter
region that activatesPit transcription (Hyashi and Yoshida, 2009). These
observations are in agreement with first descritped/icClintock (1956) and others
(Chucket al, 2007; Kashkushteal. 2003; Martienssest al, 1990; Massoret al,
1987; Erredeteal., 1980),Transposabl&lements (TES) have the ability to affect the
expression of neighboring genes.

gRT-PCR data revealed that thHebsl-Rdg2atranscription is not pathogen
responsive, while thBbs2-Rdg2dranscripts level increased significantly during th
first stages of infection and was unresponsive »yai. Neverthlesd\bs2-Rdg2a
MRNA was 2 to 16 times less abundant thdrs1-Rdg2dranscript, depending on
time-point and inoculation treatment (Bulgaradti al, 2010). It was therefore not
possible to trace back the fungal-unresponsiveokebibs1-Rdg2dranscription to a
lack of a role in resistancéActually, most of the race-specific plant disease
resistance genes are constitutively expressedeXample, TheAgl5gene, located
in theLr19 locus that confers resistance to leaf rust in whaaiwed no significant
variations in transcript level detected betweencimated and mock-inoculated
leaves (Gennaret al, 2009). Even the mRNA level of the flax rust remmEe gene
L6 did not vary during incompatible host-pathogemiattions (Ayliffeet al, 1999)
and similarly, rice bacterial blight resistance g&t@21, rice blast resistance gene
Pi36 and tomato resistance gemo were not induced by infection with the
incompatible pathogens (Liet al, 2007; Centuret al, 1999; Martinet al, 1993).

The constitutive expression & genes is consistent with the need for a rapid
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response to pathogen attack to which NB-LRR prstemust respond (McHalet
al., 2006; Michelmore, 2000). It should be noted, hasvethat our experimental
protocol would not allow the detection of small lmcalized changes in the
expression of candidates after infection becausé Rfdm whole embryo was
analyzed.

Given the absence of indirect evidences complertientaexperiments of a
susceptible genotype were carried ¢mtvalidate the candidates. The successful
barley Agrobacteriummediated transformation is still linked to the iety Golden
Promise (Shrawatet al, 2007). Fortunately, it was possible to utilizee th
Agroinfiltration method because Golden Promiseusceptible td®. graminea-Dg2
Golden Promise was transformed whibs1-Rdg2aand Nbs2-Rdg2agenes under
control of their native 5’ and 3’ regulatory seques and T plants, derived from the
self-pollination of transformed ¢llines, were tested for resistance to isolddg?
andDg5. Transgenic expression bibs1-Rdg2aonferred a complete resistance to
isolate Dg2 but was ineffective towards isolateg5 (Bulgarelli et al, 2010).
Moreover, in presence of thebsl-Rdg2atransgene the fungdlUbiquitin and
GTPase activatogenes were not expressed in leaves, thus indictiat this gene
arrested fungal growth at the embryo level, kdg2a(Haegiet al, 2008). On the
other hand, T Nbs2-Rdg2aransgenic plants were completely susceptiblecat b
isolates. Based on these observations and by theéhi@ Nbs1-Rdg2aould confer
the same resistance specificity Rdg2a we concluded thaNbsl-Rdg2as the
Rdg2agene and most importantliRdg2ais the first seed-borne resistance genes to
be cloned and characterized. Analysis of near-isieganes indicated that tHedg2a
locus controls partial to strong resistance teast four others isolates of leaf stripe
pathogen (Tab. 1.2, Par. 1.3.1, Introduction; Brdllaet al, 2010), therefore
transgenic plants homoziguos Rdg2aare being tested with different isolatesPof
gramineaand the same analysis will be performed on tramsgalants expressing
this gene constitutively, under control of the nedPolyubiquitin promoter (plants
are in preparation). These analyses will help tafiom whether reallyNbs1-Rdg2a

gives the same resistance patterRdg2a
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At this point the question was: iEbs2-Rdg2ainvolved in resistance against
Pyrenophora graminedoo? Both Nbs1-Rdg2aand Nbs2-Rdg2aencode for very
similar CC-NB-LRR proteins and showed no differengethe motifs recognised as
being conserved across this class of resistandeipsp except for a conservative
amino acid substitution in the CC motif. The mosgindicative variations are
limited in the LRR domain because NB2-RDG2A presdrd deletion of three LRR
units and the comparison of the two proteins showeé®% of identity for this
domain with respect the 83.8% for the NB domafariations between R gene
alleles or paralogues reported to abolish resistdnaction include both single
amino acid substitutions (Bryart al., 2000, Dinesh-Kumaet al, 2000) and the
absence or substitution of a section of the LRR @larencompassing one to several
repeat units (Feullietteal., 2003; Andersoret al, 1997). Feullietet al. (2003)
demonstrated that a non-functional mutant forltt gene (resistance fuccinia
triticina in wheat) did not carry 5 LRR repeats (EKL®). Similar loss of resistance
has been observed in mutants of the flax rustteesisM gene lacking 426 bp
encoding part of the LRR domain (Andersenal, 1997). It should therefore be
considered as a highly probable hypothésad the rearrangements in NB2-RDG2A
LRR domain may have determined the suppressiots dbinction. Another finding
that supports the view that this protein does mdietpart in resistance is the
observation that thlbs2-Rdg2dranscript was 2 to 16 times less abundant that tha
of Rdg2a depending on time-point and inoculation treatm&hts lower expression
may contribute to the inactivity of the protein, @sserved for the potatdbs-LRR
late blight resistance gerieB (Krameret al, 2009) and rice receptor kinase-like
bacterial blight resistance geKXa3 (Caoet al, 2007), whose transcript aboundance
correlates with their resistance activity. To inigate this possibility, cv. Golden
Promise will be transformed withbs2-Rdg2aunder the control of the maize
Polyubiquitin promoter, to overexpress the gene. However, siNbe2-Rdg2a
contains a complete open reading frame and is sgpdein embryo tissues, we
could not exclude a role in resistancePiograminea In order to detect whether
Nbs2-Rdg2as affective against the fungus, transgenic plé@msozygous for this
gene will be screened for resistance to differsolaites.
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In addition, the idea that the adaptive evolutibhRR domains allows for a rapid
generation of altered recognition specificities hasen confirmed by much
evidences (Lehman, 2002). In particular, the highesges of amino acids
replacement changes are shown in the solvent-edpesalues of the LRR domain
(Stahl and Bishop, 2000). This is consistent wité fact that this domain governs
race-specific pathogen recognition and an adagtiatution is in agreement with an
evolutionary arm race in this respect that pathegsimould impose selection to
continually alter recognition specificity (Lehman2002). Moreoever, the
modification of the number of the LRR repeats, maidue to recombination
followed by gene conversion, appears to be an itapbrcontributor toR gene
diversification because the reduction/expansionnesveould change the spatial
distribution of ligand contact point and adjustheit affinity or specificity for
different ligands (Elliset al, 2000).Considering these observations, we could not
exclude thatNbs2-Rdg2glays a role in resistance Ryrenophora graminegust

because it shows the deletion of three LRR repeats.

4.1.2 Evolution at theRdg2a locus

Rdg2aresides in a gene cluster, as does many other NB-&ftoding genes.
(Meyers et al, 2003). This organization might facilitate sequenexchanges
between paralogues and generating new resistaneeifispies (Mondragon-
Palominoet al, 2002; Kuanget al, 2004), as well as expansion and contraction of
gene copy number in the gene family (Leister, 2084 )the Rdg2alocus, paralogs
appear to be the result of relatively recent gamdidations as demonstrated by the
strong DNA sequence identity between the threelfamémbers that, in the case of
Nbs2-Rdg2andNbs3-Rdg2aextends into the 5’ untrascribed region (Buldae
al., 2010). This is consistent with the observatioat f genes, in particular NB-
LRR-encoding genes, have high-levels of inter- emichspecific variation and also
high rates of mutation and recombination (McHatl@l, 2006; Kuanget al, 2004).
Molecular analysis of th€f-2/Cf-5 and Cf-4/Cf-9 loci demonstrated that unequal
crossing-over and/or gene conversion have playddndamental role in their
evolution (Parnisketeal., 1997). The presence of two similar copie€6f is most

likely the result of a recent sequence duplicatidne probably to an unequal
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crossing-over (Dixonteal., 1996).Also Cf-9 and Cf-4 differ by one nucleotide at
their 3'ends and are identical for a further 5.3ddwnstream (Thomasg al., 1997).
The noted variable sequence patches could be dgederither by successive rounds
of reciprocal recombination or by gene conversigenés (Lehmann, 2002). The
unusual structure dfibs3-Rdg2ain which sequences encoding part of the NB and
LRR regions are duplicated, together with the dehedf the region containing three
complete LRR units in NB2-RDG2A, provide furtheraexples of variation in the
Rdg2alocus generated by recombination. Several examalesvailable in which
diversifying selection contributes to sequence ity at R gene loci (Elliset al,
2000), but they are limited fdR genes that encode receptors that directly interact
with pathogen effectors. In the case of & locus of Cladosporium fulvum
resistance inLycopersicum species, a functionaBDC gene was found in
Lycopersicum pimpinellifoliumesulting from an unequal crossing-over between th
Cf9 resistance gene and its paralogue, 812 gene (Kruijt et al, 2004).
Recombination betweeR alleles has been described in the flax rust-restetL
alleles with a mosaic pattern of conserved sequenaoeong alleles (Elligt al,
1999). Moreover, Kuangt al. (2004) proposed also gene conversion as one of the
major mechanism dR genes evolution. In contrast to the baréha alleles, which
were shown to evolve by accumulation of small itgdand point mutations
(Halterman and Wise, 2004; Wei al, 2002), the whed®ma3alleles and their up-
and downstream regions evolved either by gene csiorérecombination or by
single point mutations (Wickeat al, 2007; Yahiaouet al, 2006). The comparison
of the genomic sequences BPWS8Ioci in three speciesAfabidopsis thaliana
Arabidopsis lyrataandBrassica rapa revealed thaRPW8has evolved from recent
gene duplication and subsequent functional divieedibn favoured by diversifying
selection (Xiacet al, 2004). In contrast to these observatidRgiene encoding R
proteins that detect the presence of the pathoffeat@s without a direct contact
are conserved through evolution (Bent and Mack&@72 Dangl and McDowell,
2006). This is the case of tgabidopsisRpm1 Rps2and Rps5loci that act by
indirect guard mechanisms and are characterizddvibyevels of genetic diversity
and the presence of ancient polymorphisms. Thigestg that simple balanced

polymorphisms for functional and non-functionaktds have been maintained over
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long evolutionary time scales and the proteins thet by an indirect guard
mechanism are under conservative selection (Vaiddernet al, 2002;Bergelson

et al., 2001; Stahét al, 1999).

The fact that thdRdg2ais subjected to diversifying selection is consinsteith a
coevolutionary arms race betwerand the correspondirvr genes (Bergelsort e
al., 2001; Stahl and Bishop, 2000). According to thizdel, it may be possible that
small conformational changes in the RDG2A protastare the interaction with
variant version of the avirulence gene product twhatld also be under diversifying
selection, similar to what Dodd=t al. (2004) observed for the flax rusiwrL567
gene and to what happens for the downy mildew AfEE protein, recognized by
the ArabidopsisRRP1 protein (Rehmangt al, 2005). Both genes, indeed, are
characterized by strong positive selection for anaoid variation.

Diversifying selection at thRdg2alocus is also supported by the observation that in
two leaf stripe susceptible genotypes analyzedecdland MorexRdg2ahomolog
sequences are present in syntenic positions. licpkr, in cv. Morex, sequences
sharing more than 93% of identity Relg2awere identified both in coding and non-
coding regions and deletions of intergenic regiansl of members of the gene
family are most likely responsible for the rearramgnts suggested by Sounthern
blot analyses (Fig. 1.11, Par. 1.3.1, Introductioh)is possible that unequal
crossing-overs generated deletions in Morex produa hybrid gene between
Rdg2aand Nbs2-Rdg2aancestors. Whether this gene has a function agamst
isolate of Pyrenophora gramineas under investigation. However, the lack of a
complete allele oNbs1-Rdg2an this Dg2-susceptible genotype further proves that
Nbs1-Rdg2as theRdg2agene. The sequencing of the Mofgks3-Rdg2allele is

currently in progress.

4.1.3 Haplotype analysis at th&dg2a locus

PCR-based molecular marker analyses of differemieypavarieties showed that
Thibaut Rdg2alocus is largely conserved in bofbg2+esistant and susceptible
plants. Main differences are limited in the regmhthe Pro locus, encoding for a
protease, that seems to be re-arranged, with respddibaut, in most genotypes.

Moreover, for a few varieties, a small deletionalso present at the level of the

98



4, Discussion

Rdg2apromoter. The tests performed at five loci wittine Rdg2alocus identified
four different haplotypes. Interestinlgy, four gépes resistant to isolateg2 but
susceptible to isolat®g5 (Optic, Galleon, Haruna Nijo and Acuario) showed
Thibaut haplotype with the exclusion of a slighslyorter amplification yielded by
the primer combination CRBlus NCR2. Also Rebelle genotype demonstrated to
belong to this haplotype group. The sequencinghefRdg2agene in threddg2-
resistant cultivars (Rebelle, Galleon and Harurja)Nvas carried out and revealed a
strong sequence conservation that led to the ssistioé very similar proteins. In the
LRR domain of Galleon RDG2A there are only four mmiacid substitutions that
are located in the fourth and the fourtheenth LRRsubut do not belong to tHe
strandB-turn. Moreover, Haruna Nijo RDG2A shows two amiaocids changes
between the CC and NB domains. As the two varietresfully resistant to isolate
Dg2, these changes may have not influenced the RDG@2#&tibn. One possible
explanation is that the amino acids that resulinftbe nucleotide substitutions have
the same chemical characteristic of those presefhibaut RDG2A. By the fact
that the CC, NB and LRR domains are the most inaportor protein activity, it is
also plausible that the substitutions occurred asitpns that do not have any
functional role in the protein; also, the obserebdnges in Galleon could indicate
that this allele was subjected to diversifying seta. The cloning ofRdg2ais
therefore facilitating allele sequencing from diffet barley genotypes (allele
mining) and expression analyses of homologues fhmth wild and cultivated
barley (Bulgarelliet al, 2010). A similar approach was carried out forctional
Pm3 alleles from both wild tetraploid and landracesboéad wheat, allowing a
significant expansion of whe& genes available against powdery mildew (Bhullar
et al, 2009; Yahiaouiet al, 2009). It would be interesting to performe anhhig
throughput allele mining analysis using the Gendbapture Sure Select Target
Enrichment System (Agilent; Gnirket al, 2009) associated with thblext
GenerationSequencing (NGS), to compaiRdg2a alleles in different (wild and
cultivated) genetic backgrounds; the approach walltv the identification of new
alleles, perhaps with different resistance speatiék, that could be deployed in the
barley resistance breeding. Another important a@rstion is that Rebelle, Galleon

and Haruna Nijo come from far area of the world &nel deep conservation in
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Rdg2asequence strongly demonstrates that this genedespiead and conserved
by both in six-rowed (Thibaut and Rebelle) and wewed (Haruna Nijo and

Galleon) genotypes.

4.2 RDG2A localizes in nucleus and cytoplasm and

confers resistance without programmed cell death

4.2.1 Sub-cellular localization of the RDG2A protai

Fluorescence from transientely expressed RDG2A-isi®n protein was abundant
in the nucleus, despite the fact that it lacks dfL& motif, and was also present in
the cytoplasm, suggesting that resistance funcedmDG2A might relate to one or
both of these locations. In barley, intracellulaldew A (MLA) R proteins function
in the nucleus to confer resistance against thedpogyvmildew fungus. After the
recognition of the fungal avirulence A10 effectgr MLALO, this protein induces
nuclear associations between receptor and the sspref PAMP-triggered basal
defense WRKY1 transcription factor, leading to arelgression of basal defence
mechanisms and effective immunity (Shetral, 2007).WRKY 38 a WRKY lallele,

is up-regulated upoR. gramineasolateDg2 infection (Haegi eal., 2008). It would
be interesting to investigate whether RDG2A inteyawth this transcription factor
and whether this interaction has a role in rescsato the fungus. However, it
should be noted that RDG2A localization was deteeaiiin leaves of uninfected
plants, and that the location of resistance protaight be different in embryo
tissues and during the infection (Bulgareltial, 2010). Localisation studies have
showed, in fact, that NB-LRR proteins were foundbto localized in a variety of
sub-cellular compartements (Rafidia., 2009). Nevertheless, nuclear localisation
has so far been shown only for a few plant NB-LRBtgins and many cloned
genes, like RDG2A, do not carry an obvious NLS mdthe large size of these
proteins would preclude passive diffusion throupke ntuclear pores complexes,
although interaction with other cellular proteingpable of actively entering the
nucleus could results in nuclear localization (Riaét al, 2009). For example, the
Arabidopsis TIR-NB-LRR RRS1-R protein nuclear localization degs on the

100



4, Discussion

presence of the bacterial PopP2 effector, whichesaa functional NLS (Mangelsen
et al, 2008).

To mine the mechanism of action of RDG2A we shauddwer to several questions:
how can the avirulence factor enter into contadhwhe cytoplasmatic RDG2A?
Why should the pathogen “send” an Avr factor indide plant cell and risk being
detected? What happens after the recognition chvirelence factors?

It has been suggested tlkgenes directely or indirectely recognize the Aaatbrs
of pathogens (Dangl and Jones, 2001). Gdllale (2010) hypothesized that the
recognition of the Avr factor by the RVI15(VRZ)rotein, confering resistance
against apple scab and located in the cytosol,acésin two ways: recognizing a
product from the cuticle degradation, which pagbescell wall; or recognizing a
product from the degradation of the cell wall obsérafter infection at the point of
pathogen penetration. In the caseéPgfenophora gramineahe fungus grows only
intercellurly, whitouth forming austoria (Haegi al, 2008; Platenkamp, 1976) and
whithout penetrating the cell wall, thus it is likeghat the avirulance factors are
transported into the host cell across the plasmabrene and RDG2A recognizes
them inside the host cell (Bulgare#t al, 2010). Prediction analyses of protein
domains did not reveal any extracellular LRR repéait RDG2A, but an interaction

between this protein and a transmembrane receatonat be excluded.

4.2.2 RDG2A confers resistance in the absence ofggrammed cell
death

Most of theR genes function involves the induction oHgpersensibleResponce
(HR) throughProgrammedCell Death (PCD) restricted to infected cells (Jones,
2001). For example, tharabidopsisRPS4gene belongs to th&oll/interleukin-1
receptorNucleotideBinding siteLeucineRich Repeat (TIR-NB-LRR) class of plant
resistance geneand confers resistance Rseudomonas syringddggering HR in
leaves through its TIR domafBwiderskiet al, 2009; Zhanget al, 2004). The Cyst
Nematode SPRYSEC protein RBP-1 triggers cell deatrabidopsisby eliciting
Gpa2 and RanGAP2 NB-LRR proteins (Saetal, 2009). To find out whether also
Rdg2ainduces HR, a TUNELTerminal deoxynucleotidyl transferas&/ P Nick
and Labelled) analysis was carried out on longitudinadtisns of infected and
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control embryos of NIL3876 at three different tipeints (14, 22 and 26 dai). The
TUNEL method enables detection of free 3'-OH grogpsaerating by DNA breaks
that occur at the first stage of Programmed CeltBeThe use of this technique in
plants is largely reported (Demidchek al, 2010; Koroleveet al, 2010; Maet al,
2010; Serranet al, 2010; Souzat al, 2010; Casanet al, 2009; Bozhkowt al,
2005; Coffen and Wolpert, 2004; Deusclkeleal., 2004; Dominguezt al, 2002;
Brodersenet al, 2002; Balk and Leaver, 2001; Dickmanal, 2001; Fathet al,
2001; 1999; Schopfeat al, 2001; Asaket al, 2000; Gomeést al, 2000;Koch et al,
2000; Sasabet al, 2000; Xu and Roossinat al, 2000; Groover and Jones, 1999;
Schmidet al, 1999; Tamagnonet al, 1998), but there are only two examples of
TUNEL reaction conducted on longitudinal sectiorisembryos (Giulianiet al,
2002; Fattet al, 2000).

Interestingly, no significative TUNEL differencestiveen infected and controls
embryos were found at the junction of the scutelland scutellar node, where
resistance againg®. gramineatakes place (Haeget al, 2008). Furthermore, in
these tissues the number of cells showing cellhdeais transcurable, even where
the presence of the fungus was identified by Chaloofstaining. This finding was
also supported by the fact that no necrotic tissuresell collapse were observed
under bright views for the embryo regions showingpfuorescence, a marker for
infection (Haeget al, 2008). Autofluorescence, in fact, was detectetth@junction

of the scutellum and scutellar node tissues inrdiséstance response to leaf stripe,
but was confined to the cell walls (Bulgaretial, 2010; Haeget al, 2008). Taken
together, these observations demonstrate Rugf2ainduces resistance withouth
triggering PCD. There are few other examples of INBBR mediated resistance that
does not involve Programmed Cell Death. The baN#gl powdery mildew
resistance gene does not induce HR (B#¢ral, 2004), although th#llal2 allele
exhibits necrotic reactions (Freialdenhowtral, 1994). Even thdrabidopsis RPS4
andRPS6genes confer bacterial resistance in a HR-indipetnaanner (Gassmaat
al., 2005). The same happens for Rregene in potato and it has been proposed that
the lack of HR is probably due to the fact that tbgistance mechanism is so rapid
that prevents the accumulation of the avirulancetofato levels that would

otherwise trigger a more extensive host responsaed&manet al, 1999). In our
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case, HR-associated resistance response wouldlatoaging to the embryo, and
therefore unviable evolutionarly. In addition, HRpdives obligate pathogens of
living host cells required for successfull coloriiaa, but may be favourable to the
hemibiotrophic Pyrenophora gramineawhich obtains nutrients by hydrolytic
degradation of host cell walls (Bulgareltiad., 2010).

Thus, how does thRdg2aresistance take place? It has been observedrilhg2a
resistance is associated with accumulation of camg@gse (most likely phenolic
compounds) determing cell wall localized autoflsmence at the scutellar node and
at the basal regions of provascular tissues inciate embryos (Bulgarelket al,
2010; Haegi e al., 2008). Heagi and co-workers (2008) performed oaigay
analyses and a pathogen-induced up-regulationefcaral genes related to cell wall
modification was observed in the resistant NIL38d6not in the susceptible Mirco.
Among these genes they identified those coding Xglose isomerase and
arabinoxylan arabinofuranohydrolase (AXAH) that exelved in the hydrolysis of
the complex heteroxylan polysaccharides of the anycell wall. Furthermore,
Callose Synthasand Peroxidasegenes were induced in infected NIL3876 only.
Callose forms a major component of papillae depdsiin the inner face of the cell
wall in response to pathogen challenge (Schulze+,e2004) and peroxidases are
involved in lignifications and cross-linking of ph@ics, proteins and carbohydrates
(Moerchbacher, 1992). Also potentially related wll-wall reinforcement is the
production of ROS Reactive Oxygen Species). The authors found that genes
encoding HO,-generating enzymes (germin F and oxalate oxidageinduced at a
high level in the resistant NIL387Bg2. These enzymes are both located in the cell
wall (Conaet al, 2006; Zhotet al, 1998) and can contribute to a local generation of
H,O, for both cross-linking of cell-wall components anmtkfense signalling.
Consisting with a higher production of,® in infected NIL3876 some genes
involved in ROS detoxification protection are exgsed at higher level with respect
to susceptible and non-infected resistant planétorgjing to this class of genes is
the ascorbate peroxidase and cyclopropane fattiysytithase genes whose products
uses S-adenosylmethionine to generate a methyleshgebacross the double bonds
in unsaturated fatty acids, contributing to thetgecton of membranes and other

cellular components from damage by ROS (Anthehwl, 2005). HenceRdg2a
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probably mediates resistance to leaf stripe indu@acretory immune responses,
leading to physical and chemical barriers to inéctin the cell walls and

intercellular spaces of embryo tissues, withogjgering Programmed Cell Death.
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5.Conclusions and perspectives

In this study we were able to clone and charactetie first seed-borne disease
resistance gene: thRdg2agene that confers resistance to the hemi-biotrophic
fungusPyrenophora gramine@the causal agent of barley leaf stripglateDg2. In

a previous analysis, a map-based molecular cloafrifpe Rdg2alocus identified
three putative homologous CC-NB-LRR encoding geres intronless,Nbsl-
Rdg2aandNbs2-Rdg2and one carrying five introndlbs3-Rdg2aRACE analyses
revealed that four of these introns were unprockssel one was subjected to
alternative splicing, leading to the productionstrincated proteins. Thudibs3-
Rdg2awas excluded from acting in the resistance ag#otiteDg2.
NeitherNbs1-Rdg2anor Nbs2-Rdg2are expressed in the susceptible cv. Mirco, but
are transcribed in the embryo and leaf tissuedsofesistaniNear IsogenicLine,
NIL3876. Rearrangements in the promoter region edusy insertion/deletion of
transposable elements may explain the lack of espye of these genes in Mirco.
Complementation analyses using the two genes imdiepdly, under the control of
their native promoter, revealed that onNbsl-Rdg2aleads to the rescue of
resistance, suggesting that this gene isithg2agene.

By the fact thatNbs2-Rdg2aencodes for a protein lacking of three leucind ric
repeats, with respect to RDG2A, and that is sigaiively less transcribed than
Rdg2a we could think that it is not involved iBg2-resistance. However, as it
contains a complete open reading frame and is sgpdein resistant embryos, it
might be involve in resistance against otRegraminedsolates.

Moreover, transgenic plants homozygous Mibsl-Rdg2aand Nbs2-Rdg2aare
under investigation for resistance to differentases of the fungus to confirm if the
first gene confers the same resistance patteRdgRaand whetheNbs2-Rdg2as
effective against any other isolate. To betterdatk our findings and to identify
whether there is a correlation betweBlibs2-Rdg2atranscription level and its
activity, we will performe phenotypic test, usingveralP. gramineaisolates, on
transgenic plants overexpressing the two genegruhd control of the maizeoly-

Ubiquitin promoter region.
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Rdg2aresides in a gene cluster, as does many othertaieses genes and this
organization can promote unequal recombinationyltiag in sequence exchange
between paralogs and generation of recombinant sgeméh new resistance
specificities, as well as expansion/contractiomerfie copy number. Cv. Morex, for
example, carries two deletions that reduced the bewnof genes to two and
generated a hybrid gene betwdaig2andNbs2-Rdg2aThe strong DNA sequence
identity of the three genes at tRelg2alocus, demonstrates that they are the result
of a recent gene duplication. This locus is alsbjexi to diversifying selection,
consinsting with the model in whidR genes co-evolve with pathogen effectors, due
to direct interaction of the gene products. Impattta Rdg2ais highly conserved in
different genetic backgrounds coming from far arehshe world, underling the
importance and the wide spread of this gene.

The majoirity of resistance genes induce programeedbdeath at the Ivevel of
infected cells for contrasting pathogeRslg2a like a small number dR genesjs
an exception becausedbes not triggers a hypersensitive responce tduthgus; it
activates instead the expression of genes invalvdtle strengthening of physical
and chemical barriers to infection in the cell wadind intercellular spaces of the
embryo tissues.

Several questions about the mechanisms through hwRDG2A triggers the
resistance responses need to be answered: whahearenmediate downstream
targets that this protein modulates in order tovate the defense response?

What are the pathogen effectors and the host psesdhat effectors target?

How can knowledge of elicitors, effectors aRdyenes be translated into practical
disease control measures that confer durable diseastance?

It is widely demonstrated that the functionality Bf protein is associated to
chaperone complexes and conformational changes Apodetection that initiates
the signal transductions. It would be interestimg dheck, by protein-protein
interaction assays, which proteins are also inwblve the Rdg2amediated
resistance.

In molecular studies of plant-microbe interactiomsst of the work is carried out on
the host, while little is understood about the pgtn, especially for fungi (Jones
and Dangl; 2006). Thus, the identification of therRDG2A and also of the host
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processes that are corrupted by this protein aretentnis protein is secreted and/or
delivered would be done. Moreover, the possibilty perform a stable
transformation oP. gramineawill give the opportunity to tesh vivo any putative
gene involved in disease establishment/pathogergnéion.

To date, only ThibauRdg2aand VadaRdglaresistant alleles are used in breeding
and provides useful resistance against leaf stipethey are not effective towards
all isolates (Biselliet al, 2010; Bulgarelliet al, 2010; Gattiet al, 1992). The
completely elucidation of the whole barly-gramineainteractions could sustain
the crop improvement by taking in consideration thain factors €.9. genes
encoding for downstream signalling molecules, ttapfon factors; regulatory
sequences/promoter of genes up-regulated in diseasestance, pathogen
effectors...) that act in this pathosysitem in order obtain new practical
applications useful to contrast oth&r gramineaisolates or other seed-borne
diseases. Furthermore, the new rapid and cheapd®setf sequencing based on the
Next Generation Sequencing (NGS) represent a powerfull tool to esitesly
analyze the genomes of crop species. In this vieewyRdg2asequence could be
used as probe in allele mining experiments, throgghome capture associated to
NGS, on wild and cultivated barley varieties totbetinderstand the mechanisms at
the base of the evolution of tidg2alocus and, mainly, to identify further alleles
with different specificity tdP. gramineasolates. Thus, it will be possible to amplify
the range of resistance genes available to breeaer$etter contrast the spread of

virulent isolates.
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Morex mwg7_HVVMRXALLhA425023 c2 contig (28037 bp long)

ACACGACGACGAAGAAGAAGACGCGTCGTCGTCGTTTAGTTTAGTTAGGTAGTATATATATATATATATATATATATATATATATATGGGA
GATTCCCTTTTGGCACGTCTTCTAGACATCGTGGCCCTCTTATGAACAGGGATGCTGACGAGAAGCTAAGCCATGTGGCGCATGTATCAGC
TTGCCCTCTCTTAAAAGGCCAGAACCTGTGGATAGACAGGCCAAAATAACGGCCCATACGTATCAGCCTGTCCTATCGATACGTATACTGA
CCATTACACCTATCTCTCTGCATCCAAGCTGTGGCCTGTGTGTGACCCGAAGTCTTGCGTTTATTGCGTTGCCTTGCTGCCAAGCATTTAGAA
TTTCAAGTCCGGTTTGCATAGACTAGCAAAAAGACCCATGCGTTGCAACGGAAGAAAAAAAATACCACACGTTTTTAATTTTTTTATAATCA
TTTTGATTATTAAAATAATAAGCTAACTAACTAATGTAGTCAGTCCTATCATATTTTGTTGAGAAATCAACCCGTCCATTGTTAATTCCATCAT
GATGAGAAATTGAGCGAGACAAACAAAGCAAAACAAAGAGGCTACGTGAATTGATCAATGGACTATTATCTTATTTCACTCATGAGGTAG
AGAATGTGGGATCAGATGACAAACTGAAGGTGGTGTTCCATTCTTTCTTTCTACAACAATGCAATCTTACATTCAATACATTCATTCATCAGC
AAACAAATTTCCACAAAACAAAATTTCTTGCCGGTGCTTGGCACACGGTTGGAGGCATGGGGAGGGGATCTCACCAGATGATGAGTTCCT
GCCGGAAGAGGGGATACGATGAGGGGAGCAAGGGTTAGACGCCTCTATCTGGCCATAAGGAGTCGCCGTTGCCGCGCCATAACCTCGGA
GTTCCCCGTGTGAGGCATGGAGGCCCGCCTCCACCTGCAAGTACTTCGCTCCGTCGCGCCTTATCCGCGCGCCGCCGCCGTTCTGCATCGA
GCAGACGCATCATCCCAAGTCGCTGTAGCTGTCGGGTTGATTTGATCCAGAAGCTGTGCTCGAGCGCCGAAACGGGGGCAGCAAGCGGG
CAAAGGTACGACCACGGAGGCGGGTGGGTTGAGATCGACAGCAGTGGTGGTTGAGGTCGGCCGCGGCGGCGACTGGTGTGGCAGTGGC
CTGGGCACAGACCAGGGTGGACCAGAGTCGACACGATGCGCTCGAGCGCCGCAACGGGGGCATTGAGCGGGGAGAGGTACAGCCGCG
GAGGCGGGTGGGTTGAGATCGGCACCGATGGCGGTTGAGGTCGGCCGCGGCGGCGAGTGGTGTGGCGGCGGCCTGGGCACAGGCCAG
GGTAGCCCAGGGTCGACGGGAGGAGACGATGCGTACGAGTATAATTTTTGCAGCGAATCTTTTTTTCCTTTTACGTTGCAGATAAATGATG
GAGCGCAGGTTGAATAACAAAAATTACAGGTTTTTTTTATAAAAATGTCGTGGTGGGTTTTCCGACGGAAGCAATAGCCGCTTTATTATTA
GGTATAGATATAGAAGAGTTTGGTCGACAACAGATGAATGGATCTGCTTCGTATGCACTCTGTAGTCTCTATTATTAAAGGAGGATCTGTC
GTCGTGCTGGTACGACCTCCCTTCTCACTCCCTCCTATCGCCGGAAAAATAGCCACGATCGAACAACCCATGATAGAAAAAAAACGAGGTG
AACACTATCGAAACAACACATGATTGGAAGAAAAAAAAAGAGGTGAACTCAACTCTCCGCATGCAGACCCCCTTGTGATGCTTCCCACTTC
CCCCGATGATAGCCCCCGGACCCGACGGCCTCCACCTCCCAAGCCGCGCCCTCGTCCGTCCTTGAGCCCTGCACCGCTGACATTGCTCGATG
TCGTCTAGGCGTCGCGACGATGAGCGCCACCGCTGGAGCTCCCCGGTCCGTGTCCACCTCTCTCTCTCTCTCTCTCATGCATCTCTTCCTCTT
CTGAACCCTCACGCTCTCTCTTCCCGTGCACTGGAAACGAGAGGACCACACCATGGCCTCGCCCGACCTGCTCCAACCCATGTCGTCCATGG
AGCTTTGCGCCCGGATCTGATCCCCTGCCTCGTCGGATATCTCCCCTTCTGACCGGATCCGGCCAGACCGCCGTTCCTTGTCCCCGACGCGT
CGCCCGTCGCGGATGGTGCCGGGCCTCGTGGGCGTTGCGAAGGGGCACAATTAATTGAGGGTGGGACCACGGGCCGCCGCCAGTCCTCT
CCGGCCTCCTCCGACGTAACATTCTCAATCTCTGCATACTACTCCCGTGTCTGATTTGGATAGAATTGCAGACTCCTCGTCCAACACAAATTA
ATTTGAATGGATTGCAGACCGTGTCAATGGAGTTGCCCACCCAGATTATTGTTGGCTGCTATAAGAAGGGAGGGTCCTCGGCTCGAATCTC
ATCAGGTCAAGTTTGGACGAAAATCCAATGTCGCCACCGAGTTCGTCATGAGTTTAGTCTACTCGTCTTTAACCATATACATTGAGTGGGAT
ATTTTCTACCATGATATTTTCTACGGCATTAGAAACTAGCTATTATAGGTTCATACGTCATATTAGTTGTCAATTTACCAGGCTACACAATAA
TGCTTGAGAGTACTTGAAATAAGTTTTGATAAAAAAAAGAATTCTTTTACTAGGCGTACTTGTCATACGCTACGAGATCTATTGATTCAATG
TCCAGTTGGGGTTGCTGGATGTGCAGACCGCACAGGTTGGGATGGATGTGCTCTCTTTTTGGCACGCCTCCTAAACAATTTGTGGCTCTTTT
GAATTGGAGTGCTTACATGAAGCTAAGCCATGTGGGACAAAAAAAATCTTCTCTGTTGTTTGTTCGTTCGGTTGACATGTGGCATGTGTGT
GGGCTTGCCCTCTCTTAAATATCCAGAACGCTTATACCGTAAGGCTGCCCGTAATGGGAGTATCATAGATAGTATCATGCATGTCAACTAGT
CAATTTCGATGAGGTGTCATAGAATTAAATTTAAAAAAAAGATGGTTGATTATCATATCATAATATCGTATCATATTAAATGTTGTGTTACTA
TGTGTCTTGCATGTCAATAAATAAGCTACTCTACGATACTAACATATGATATTATGCATTACGGATGTGGTATCATACATTAGTATCATATGC
ATGATACTAGTATTTGATACTATCCATTACAACCAGCCTAGTAATGGCTCATACGTGAGTCTAGGACCACATCTTGTTATTACCAGAGCAAA
ACTCATTCGTCGTGTACTAACCAATACACGTATTTGGCTATATATTGTCTACGTATGCGAGTTTAGTCGCCTCTCGATCTCTGAACGGGCGG
GCTTATCTGAGTAGTACGTAATTACTATTTATAATTTTATTTTATATATTAACATCATTTGTGTTGAGTTTTATTCATGTCGGCTAGGGTTCAG
TCTATGGCGTATTAGAAATATATAGGTTTGTCGCCTGCGTAGGAGGAAAACCCCCTTAGAGCATGGTTAATAGTATAGCCAAATGCTGGCT
ATAAGGAGTGCGGACGTTTGGAGCTCGGCCTCCATGGAGGCCGAAATTTTTGAATAATTCAAAATTCAAACTTTTCGGTTTCAAAAAAATC
TGAAAAAAATATGGAAGTAAAGAAGGATGTTATGCGTATGTGTGCAAAAATTTAGGATGAAATACCTTAAAATACGATCTACACAAAAAA
GACAAATTCATGACCTGAAATGATGAATAGTGTCATGTGTAAAAAAGCCTCAGATTTGTCTTTTTTGCACAGCCCTCATTTCAATGTATTTTT
TTCTGAAAATTTACACACATGTGTGTTACACATTCACTTATCCCTGTATTTTTTTTCAGAATTTTTTGAAATGTAAAAATATGAATTTTCATGA
AATTTGAGTTTCAAATTTAAAGGGCTCCATGGAGCTCGGCCTCCAAAAGCAATTTTCGGGCTATAAGCCATCTTATAGCCCACCTTATAGCT
AGCTTGTACAATAGTTAGCTACAAAAGAGTACTACTTTTATCATATATGGCCCACCTTTCATTCTCACAAAGCACCTAGGAGCACGTGTTAG
AGCTGGCTCTTCACGAAGAGTCCGCTTCCCTTTTGTCTCCTCTTCTCTCTCATCCAACTCAGCAAAAATATAGTATTTTAATCCTTACAGTCTG
CTGACTGTATTTTATTATACTTGCTCTTATCATCAAATATCCACCGCAAAGGAGAGTGACTTGGCACCTATATATGTGTGTGTATGTATTTCA
GCAGACAAGCTAGCTATTCATTGTACGTAACTACAGAAAATATGGCTCGCCCTGCTGCAAGCACTGATGGCAGTGCGTTGGCCGTCACGCT
TGTAGGTTGGCTCCTTGTTCTCCAGCTTCTCCTCCTGGCGCCGGCGCCTACCGCCGCGAGGAGGGCGACGAGCGTCAACCAGACGCCCAAC
TTTCTGTCCAGAAAGCCGCCAAGGTCGGGCACCAACGCCCTGCTCAAAAAGGCGCGTCGTCGCAACCGCAACACGGACCTGCTGGGCAGC
GCCGCGGCGGACGACGCCGGCTACGTCGTCCTCTACAACGTCTCCATCGGCGCCACGCCGAACGACGTCTCCGGCGTGGTGGACGTCCTC
AATGATTTCGTCTGGACAACGCAGTGCGTGGCCGCGCCGGTGCGGGTCCAATGCGCCAGCCAGACGTGCCGGAGCCTCCTGGCCAACGAC
ACCATGGACGCCTGCGGCGGCAACCCCAGCGGCGACGATACCTGCAGCTACGTCAACGTGTACGCGCCTGGGAGCAACACCACCGGCTTT
CTCGCCAACGAGACGGTCGCCGTGGGGAGCTTCGTGGGAGCAGCGATATTGGGGTGCAGCGCCGCCAACAGCACGGGACCCCTCGTCGG
CGAGGTCGGCAGCTTCGGCTTCAACAGGGGGGCGCTCTCCCTTGTGTCGCAGCTAAGCGTCAGCAAGTTCTCCTACTACCTCGCCCCCGAC
GAAGCAGGCAGCTCCGACTCCGAGAGCGTTGTGTTACTCGGCGACGCCGCCGTGCCGCAGACCAGGGGCGGCGGCCGCTCAACGCTGCT
GCTCAGGAGCACGGCATTCCCAGACGTCTACTACGTCAAGCTATCCTCCATACAGGTTGATGGACAGGCCCTGAGCGGCATCCCCACTGGG
GCGTTCGACCTTGCTGCCGACGGCAGCTCCGGTGGCGTGGTCATGGGCACGCTGTCCCCCGTCACCCGCCTCCAAGTGGACGCCTACAAC
GCCTTGAGACAAGCACTGGTGAGCAAGATCAACGCGCAAGAGGTGAACGGATCAGCGTTCGCCGGCGGCGTCTTCGACCTGTGCTACGA
CGCGCAGTCCGTGGCGACACTGACGTTCCCAAAGATTACGCTGGTGTTCGACGGCGGGAACGCGCCGGCTACGTTGGAGCTCACGACGGT
GCACTACTTCTTCAAGGACAACGTCACCGGGCTGCAGTGCTTCACCATGCTGCCGATGCCAGTGGGCACACCGTTCGGCTCTGTCCTCGGA
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AGCATGGTGCAGGCTGGCACCAACATGATCTACGACGTCGGCGGCGAGACGCTGACGCTCGAGGAGGGCGCAGCGGCTCCGCCLCCCTC
ACAGGTGGTGTCGCTCATGGCGATAGCCTCCCTGCTCCTTGCTTGGGTGCTACTCTTCTAGCTAGATGATCATCTCCATCGGGTGTACTGTT
CCATCTTGTTCCGTTGTTTTGCCAAAAGAAATATTTCAGCATTGTGGTGTATTCAATATGTCATGTAACTGTGTCTGTAAGATGCTTGTACCT
TTTCTGAAATATATTGCCCCTTTGTAAAATGTTTGCCAATTGGCAAAGGTTCTGAAATTTCATAAATTTTACACAAATTAATAAATCTTCGTCA
ATCTCTAAAAGTATTCCCTGAGTTGCGAAAAAAGGTCCACATTTTTTCATGAATTTAAAAAATGTTTGCGAATTGGCCGTAAAATTTTAAAT
ATGTTTGCAGATTTAATAAAATAAACCGTAATTTTAGAATGTCTTCTCCGATTTCAAAATGTGTTCTTGAAATTGGAAAATTGTTCCCAAATT
ATAAAAATATTCTAATATTCCAAAAAACATGATCATCAATTCAAAAAATTACAAGAACAGCAAATAAAAACTGTGAAACAGGAAAAACACA
CAAAATGAAAAGAAAAAGGTCCAGAAAAGGTTCTAGAACCTTCGCAAAGCAGGTGGCACATGCGAACTCCTCGGGTGTGTGTGTCTGGTC
TTCCATCCCCATGGCTAGGGCATATCCAATAGTTGTAAGATACTTCCTCATCGCTGATTTCTGATCATTACACCTAATATCTCAGATGAAGTG
ACATAAGTAGAATAAATGAGAGAGCAATGTTATATCTTCACTAACCATACTGTTCAATGCCTCTTGCTGACAATATATTGGCTTTGCAAATT
GGGTCGCGCAAAATTATCTCTTGTCAAGATCACCTCGCCGCACAAAAACAGAGAAAGATCTTAATGCTTAGAGGCATTGAACATCCAATTG
TGATGTAACTTCCACTGAAACTCATAAGACCTTGTGAATGCTAGACGAGGCCCAACTCTGTCCATTTGGAAATAACCCTGAAGAAGGTTGC
AGACCGTAAGTAGAACACTCTCTAGTATGATGTTCTTCTTTTACTCGCATTATCTGCTCTACCTTACCGCATTTATAACTTACACAATGCTTCT
TAAGTTTCCTCCAGCTATACTTTTGTGCTGCAGCCATTTATCTTACTCAAGTCTGATCTCTGGTTTCAATTAGTCTTCGAGTTGTAGCCAACAG
AGAAAGAAAAGTTAAGTATGAAAGAAAATATGTTGTACATATGGCAAAACAAAAATATGATACGGATTACCAGGTCAGCATGCCACGCCT
CCCATCTAGTACGCCATAGAATGGGTGACTGATCGAAAACAATGTCTTCAGCTCTTGACTATTCCTTCCGAACCATTAGTGACCCAAATGAG
AACAAGTCTTCGCAGTAGGAAAATGATGTCCTATCTACAAGCTGGAAAATGATGCATGCGGCCTAGGGTTCAACATTATTTGGTTGGAGTC
ATTTGTGATGATGGTATATGCAACTGTTTGTGTGATCAAGTTGTCACATAAACTTAAAGCTCAACTTCGATATTGATGACTCAATATTTATTG
AGTGAGAAGGAAGTGTTGTCGACCTATGCGACATTTCCACACGAATATACCAAACCTCAGTTTTTCCATGTTTTTTTCTTCCACTATCTTCTTC
TCCAAGCAAAATGTCTCCTTTCACAATTATTTGGAGTAAGTGAATAATGAGACACCATCTACACTTGATGCTCTAAAGATGGTTATTAAACA
TAGAAAAATATACTTCACCGCATGCTATGATGACTGAAAAGAATAGTTACATATGTAGGTAAAACAGAGAATTTGGAAGTATACGGAATCA
TGAAATTATAAGAATATTCAACAACAGAGAAACACCATAGACAAATTCCTATAACGAATGATGAAGTACCCGTGTCCTGAGGGGGCTTCAA
GGGCGAATTTATTCGCCAACTCGCAAAGCTCATGAACTGTTGCGGGGTTACCCACACTGTGACGGTTCTAATAGAGAAAAGTCATTGTGCC
CTGTGGAGCCTGAGTTGGGGTCCGCCAAGGGCGTATGTTGTTGATGTCCCTCTGATTTTTCTTGAGATCTGCCTCTCCACAGTCGCAACAAC
AGTCCAACTTCATTCTTTTCAAAATATAAGTCATTTTAGATATTTCAATATGGACTACATACGGAACAAAATGGCTGAATCTACATTTTAAAA
TACGTTCATACATATTCGTATGTAATTCATATTAAAATCTCTAAAAAGACTTATATTAAAAACAGAGGAAGTAGTTCTCTTTTGGTCTTGTTT
AGAAAATGTGCAAGGAGGAACCAACTGTTGTGCAGGGCTGATGCCTCGATAGTTGCACTTGACTAAAATGAAGCATATAGTTCAGAGTGG
TTCATGGTAGCTTCTTTTTTTTGCAGGTGGTAGACTAATAGATTGAGGTATTTTTGTTGTCCAAAATCTAGAGGAAGATCTTGTCCAAATGA
TCAGAACGTAATGTGCTAACTACCGTAAATCAAATGAATCTGGTGCTATATTTCTAGAGATCGACCCTTGATCCAATCCCATGACATGAATG
TGGCTGCCAGGTTCCTGATGGCTATCTTTTCACTGGAAATTGTTAGAGTTATATTGATGTTGGCCTTTGATTTTTTGTATTCTTGACTTTTAAC
ATGAGCATGTACATCATATATATGGTGGCATTGGCCTTCTAGTAATACAAGTTGTTTTTCTAACATGGCATTAGAGCATTAGGTTTTTTTCCG
CATGCACAACTCATGCTACAATCCACTCACGGCGTCGCATTTCTTCTCATGCCGTCTACGTTGATGGTAGAGGTGACTTGGTTACGATGGCT
ACTGAAGGATTTTATTGTTTCTGTTACTACAGCTACCACCCTCTTGTCTAATAGTACATGTGCTATCAGTATTACATGGGACCCTGTGAAGCA
TGAGCATAGCAACCATATTGAAGTTGATGTTTATTGTGTGTGCGCTGCTGTGCAGGATCATGTTATTGCTCTTCAGTATGTGTCTTTCGAGT
TGCAGCTAGCGATTTTTTCACGAAGGCATAAACTAGAGCAAAACATAGATTTCGCCTCTCCAGACTCAATGTAGTGGATCTATTGGCCTTTG
GCCTTTTGTATTCTTGCCTTTTGACATTCTCATGTACATCATATATATAGTGGCATTGGCCTCCTAGAAATACAAGTTGCTTTCATAACAACAA
CATCCAGAGCAAGCACGGGCAGATAGGGAACGTTGTGCCACCTCCCCTCGCCTACGCGCTAGGGGGGAAGCTCAAGCAAGCCATTGATG
CAAACCTAGGGTGATAAAAGTCCCATTTTTTTGTTTGACCCCTATATGTATGTTGGAGCAATCGACTCAAGTTATCAGAGGCCAGTCATCTA
AACTATTTTTTGTGCATATCCAATGTACTCTTTGAACACTTTTTTCCGATACAACCCCTAAATACATTGACGGACCAGACCTGTTCATACCCCT
TCATAAAAACAGTACACAATCGAGAGCAGTAAATTGGGCTGACCCAGCAACTAACGATCTCTATATTGGTCTTGTAGTGCAAGAGTGGAA
GATAATAAAAGATAATGCATCCACTATGTATCGAACAAAAGAAATCCTAATATGCAGCACCGTATTTTCAGAACTATATTTCCAGTGCTAAT
TTTCAGAACTAAAAGATGACACAACCACTAGAATGAGCCAGCTATCTTGCTAATATGCAGCACCGTACTTTCAGAACTATATGACAGCGAC
ATATTTGAACATTTTTTCGGAAATTTGAACATTATTTTTTTTAACGCAAACATTTTTCCGAGTTGTAATTTTTTTTAGAAAATGCAAAAAAATC
CGAAAAGTGGAACATATTTTAAACGTCAAACAGATTTTAGAATGAGACTTTTTAAAATTCTGAACGGTTTTTGAAAACATACACAATTCTGA
AACTCTGAACTTTTGAGAAAACACGACCGATTTTTCATTAATTCAAACTTTTTTGAAAATTTTGAATAAATTAATAAATAAATATGATGAACA
ATTTTTGGCTTTGTGATTTTCGAAAAGAAAAAAGAAACATAAAACGATTCGTGGAACTATTTAGAAGGTTCCCAAATGGGTTGGCCCATGT
TCACTCGTATCGAATGGATCTGTGCACAACACCTACTGTTTCATGTAATAAACGTCAAATAGGATTTCCCCCCATCAGGCGCCTGATGGGAT
CGATGCCATCTCCTAATTAGGCCGGCCGCTAAGCTTAAGCTTTTTCTTCTATCTTTTTGTTTTCTATTTTTTTCTTCATTAATTTTTCCTTTTTGA
GCGTCATTATTTTTTGAAACTTGTTCAAAAAATTGCAAAATTGTTTGGAGTACCTTAAAATGTTCTTCTTTTCAAATATTTCCTAGAATTTTAT
AAAATATTCTGGAATTTTAAAAATCCTCGCGCTTTCGAATATTTTGTTCACAAATTTAAGAAATGTTTGTATTTCAAAAAAGGTTGATAATAT
TTTAAAATGGTACGTTGTTTCCAATTTGTGTTCAAGATTTTCATCAGTTGTTGGGAATTTGTTTAGGAATTTTTAAAAAGGTGTTTAAACTTG
TAAAATTTTCAAAGACAATTTGAAATTCCAAAATTGTTGACAAATTTCAAGAAATAGTTAGTGCATAACAAAATGTTCCTGTTGATTGATAG
TGATAGAAATTACAAATAACAGAAACATCAAAATTAGGAAAAACTACATGCTCACGGAGGCACCCGTGTGACCTAGTCTAGCACACCCATC
TCAACTAGTGGTTTTTTAGACTATGGATAAATGACCCCAACTTATTTTAGCAGCCTGGTATGGACATATGAGGCATCCATGCCAGGTTTGGT
TGAATTCTGACACTATTTGCATGTTGCGACATGTTCGACCATTTATCAGCCATTTTCATTGAAAAAACTCCAGAAAATGCAAAATCTGTCGG
AAACTCAAGCAACTTGGCATGGTATCTTGAATTGGCCATATACGGTCATGGAATAAATTTGGGTCATGTGACGGATGCCAAAAAAACATGG
TCTCAAACGGACCCTTCTCGCCTACCTGAACACTCTTCGTCGAATATGGTCTATTTTTAGACATGAAGGAAATGACCTAACTTTTGCTAGTAG
GCGGGCAAGACCATCATATTCATCAATGCCACGTTTCAATGAATTCCAACAGCGCATGCAAGTTGCATCACGTTCAGCCATGTGTTTGACAA
TTTTTTCAGTGAGAAAACTCTAGAACATGCAAGAATTGTCAAAAAATGATTTTTTTTTGACATGGTGCTTTGAATTGGCTGTACAAAGCTAT
GAACAAACGCGGGCTCTCAAACAGACTGTATTAGCCTAATCAAACTCCTTTCATTGAACATGGTCTATGTTTGGATATGCATCAACTGAACA
CAACTTTTGCAAGCCAGTGGACATGCCCATGGTAGGCATTTATGCCGACTTTGAACGAATTTCTACACCATGTGCAAGTTGCGTCACGTCCG
ACCATTTTTCATCGAGAAAACTTCAAACAATACAAAAATTGTCAAAAACTGAAGCAATTTGGCATGGTGTTTTGAATTGGTCATCCAAGACC
AAGAGAAAAGAATTTGAGCCATTTTAAGGATGTCAAGAAACGAAGTGCTCCCAGACATACCCTTCTCGCCTGCCCAAACACACTCCGTTGC
ACGCAGTCTATTTTTTGACATGTATGAAATGGATATTTTCTCAATTTTTTGTTTTCTTTCTGATTTTTTAATTCCAAATTTGTTAGTGTTTTTTCT
TTTCTTTTTTTGACCATGGAAACTGTAGGAGAGGCTCCTACTGCAAATGTATCAATAAGGGTATAAGTTACATATTGCATCTATACATGGGG
CATCAAACACCACTCTGGGTGTGGTAGAGACTAAGCAAGTCCTTCTAGGAAGGAGCTAACAAAAGCTTTATTCTCCTCAGATGTTCTATATC
CAAGGTTGCTAAAATCAAACGTAAATCTGTTTTTCCAAGAAGCAACCGTGGGAGCAATGTGTCTGAAGTAGTTATTGTTCCTTTCTTTCCAT
AAGCTCCAAGCTGTCACCAGGAAAACATCAGTGAACAACGATGGCAGCAATGTTAGTGTTTTTTCAATAAATGTTCAGAAATTTAAAAGTG
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TTCATGTTCAAAATTTAGGTTTCTCTTTTTTCAAAGTATGTATTTTGACATTCTGAGTGATTTTGAAAGACATGAATATTTTTTTCAAATTTCTG
TACAAATTTTTTAATTACAAATATTTGTAAATTTTGAAAAAAATAAAAAAACAAATATTTTGAAAATTATGAACAAATGTTAAAAGCGCAAA
CTGGTTTGTGGACCTTCTAGAAGGTTCATGAATCTTTTTTTTGTTCTTTTATCTTCTTTTCTGTTACTTTTTTCTTCTTTTTTCTTTTTACAAATTG
CAAAGTTCGCAAAATGTTAAACATATTTAATGTTTTCATTTTTCTCAAAAGTACTCGAAAATATCTAATTTTGTTCACAATTTCAGAAAAATC
GTGTTTTTCAAATTCATTCAAATTCCCAATTAATTCATGGATTTAAAGAAATGTTTGGAGTTTCAAAATTCTCTTCATGTTTTCAGAAATTGTT
CTCTCTTTCAAAATAGTTCGGAGCTTCAAATTTTTCGTGTTGTCATTGTTCTAGTTTTCCAAATTCTTTGAAATTTCAAATTTTGTTCTCATTTTT
AAAAAATTCTCAGAATTCAGAATTGGTCAAAGATTGTCCGTGTTTTCGAAAAAATTGTTCGCTATTTCAGAAATGTTCAGACTTATTTTGCTC
GTCTTCTAAAAAAATGTTCGTAATTTGAGCTTTTTTCTCATTTTTCAAAATTTGCTCATAATTGCAAAATGTGTTCCATTTTTTCATAAAATTGT
TCGCATTTTAAATTGTCAGAATGTTGAATAATGTTCACGTTAAAAAAACTGTGTTAAGATTTTTGAAAAAAATCATTCAAATCTGCTGCTTTG
TATTTTTTAAATATACCACAGTGCTAAAACATCAAGAAAGGTTGTTCAGTCTAGTGGTTTGGATTTTTGCTATCAGCACAGGAGGTCCTGTG
TTCAAGTATTTTTTACATGAGATGATTAGTATTTACAGAGACTCCCCCACCCCACCCCTCGCGTCGTCCTCCCTAGGGTAACCGCGTTTGGTG
CCTCGCGTTTGTGGAGTCCCTTTGGCGTTTTCTGTGCAGGTTTCAGATCCAGCCACGCGTTGGTCTCCGGTGGTGTTTTGGCAGTCCCGGCG
GGTTGGCGTCCTCGAGCCTGGGCGAAAGCGGATTGGGTTCTCCTTCCCGACTACACCAGCGCGTTGGTGCCAACTACGGCTAGTTCATGTG
CACCTCGGTCCTAATCTGCGCCACGTGGCTCGGCAGCTTCTTCCTTTTGGCAACTCTCCCGGCTGCTTACCCTCTTTCATCTCTCTCCTTTGGT
GCCCGCGGTGCAGGTGGCTTCTATGTGTTCCGGCATGTTGTTGGTTGTTTTTAATGGTTGGCCCGAACTCGAGCCCAACCTCTCGAGTGAG
CATCTCTACACTTCAAGGTACGGCGTCTTCGAGCCTAGGCAAGGGGAAAGGACACCCTTCGGTGTTAAAGAAGGCATTTCTTGTGTCATCT
CTAGTTCCTGGTTCAGTCATGTGTCCGACCTGTGCAGGCGGTTGCATTACCTCGTAGCTTCTTTCGTAGTCGTTTCAGGGGCCTAGGTGTAG
GGGGCTTATCCTCAATCAGCTGCATTTTATTATAATTTTCTGTTTACTGGTTGTAGGTGTAGTGTTGTAAGTTGTTCTTATTTCTCTCTTGTAT
CTTTTAGCCGTTGCTTTGTTGGTGGCCTTGGTCTTGTACTTCTGGCCGGTTGATGGCTTTATTAATTTAAAATTAGGCTCCTTTTTAAGCTTCG
TTCCAAAAAAATAATATCTTTTACATTGTGAGGGGGTTGAACTGAAGTTTTTTTTCTTTTCTAAAACCATACCCCCGCAAGCATACGTTACTT
GTATTTATATGAGTAAGAAAACCGTACATACGACATAGATAGCAAATGTACAAATACAAAAATACAGGAAAGATACAAGCCATAGAGCTG
GCCCCGCCATACATTCCTGCAGAACCATTAGTGACACAGGTGAGAGAAGTCTTCACACCAGATGCATGCATGTGATGCTTCTCTCTTCAATT
ATTGTCCTATCAACAAGTTGGAAAGTGGTGCATGCTGTCCACATTATTTGGTTGGAATCATTTGTAGTAACTGACCATTTAGACACCATCTA
CACTGGATTGTCGAAAGAAGATTATTAAACACAGAAGAATAAACTTCACCGCACTTCCACAGCGGGAATGCTAAAACGATCTCCATTTGCC
GTTGATAGAACCGATATTTTTTGGTGATCTAAGCTCTAGAGGGTTGAGAATTGAGTTTTCACTTGGGCCGCTGCATCATGAAGAGAACTGA
TACAGGAGCACCTCTTCAGAATTTTCTTGCAATAACATAGGTGATACATTCCACACATAGGTGCCCGGTTTCTGGTTTTCAATTTGTCCAAAA
TATGAAACTGAAGTAGTAATGGAATACAATTGCAAATAAATGAGGAGCATCAGTAGCTCTGGATTCCTGCAGAACCATTTGTGAGAAAAG
CCTTCAGAGCAGATGCATGCATGCCATGCTTCTCTCTTCAATTATTGTAAGTTGGAAAGTGGTGCACTCTGTTCACATTATTTGGTTAGAATC
ATTTGTAGTAACTGAACAATTAGACACCATCTACAGTGGATTGGATGGTCTAAAGAAGATTATTAAACACAGAAAAATAAACTTCACCGGG
CTTACACAGTGCCAATGCTAAGCGATCTTAAGAACATTCAGTTGTAGGTAAAACAGAGTATCTGGCCACATATAGAATTATGAAATCATAA
AAATATACTCACAATAGTGATGTATGATTGCAAATAAAACAAGTTGCAGGGGCCACCCATCGACAGTCCTTCTCTCCAACAACCGCACAGG
GGAACAGAGCACACGCCATATTTGTCTCCAAATAATTGAGAGGCCGCCAGTAGGTACCTGCCAGTCAATATACATCTCAGATCTGAATTTG
CTTGCATCCTCTCTCCAGCAACCTCACTTTCCCATACCAAGCAGAGCCTTCGACGCGTGAGAGATCTGCACAAGGCCGGCGACAAATTTGG
GCGTTGGTAAGGTGAATGCTCTCCTCCATCCTTACCTCTGGTTTTGCTCTTCATCGGTTGTTCATCTTCTTTTTTCTTAGCTGTGCAAAACATC
CATATCTAAGAAAGTAAGTAAATAGAAGGGGGATTACTTGGTTTGGAGCTAGGAGACGTGCTTTGGAAGATAACAAGGTTGTTCAGTGTT
CTGTCAGTGCCTAATTGCTTTTCTGTTCTTTCATATGCTGCAGTTTCCTATTCCTCCGATCTGCAAGACCATGGCAGAGTCACTCCTTCTCCCT
CTAGTGCGCGGCGTGGCTGGCAAGGCTGCAGATGCACTTGTCGAGACGGTGACCCGCATGTGTGGCCTCGACGACGACCGTCAAACGCTC
GAACGGCATCTACTAGCCGTCGAGTGCAAGCTGGTCAACGCTGAGGAGATGAGCGAGACAAATCGCTATGTCAAGAGCTGGATGAAGGA
GCTCAAGTCCGTCGCCTACCAGGCTGACAACGTGCTCGACGACTTCCAGTATGAGGCACTGCGCCGCGAATCAAAGATTGGCAAGTCCACT
ACCCGAAAGGCACTCAGCTACATCACGCGCCACAGCCCGCTGCTCTTCCGTTTTGAAATGAGCAGGAAACTCAAGAGCGTCCTCAAGAAGA
TCAGTAAGTTGGTTGAAGAGATGAACAGGTTTGGCCTGGAGAGTTCTGTCCGTAGGGAGGAGCAACAACATCCTTGCCGGCAGACGCACT
CAAAACTGGACGAGACTACCCAGATCTTTGGAAGGGAAGATGATAAGGAGGTGGTGGTGAAGTTGCTGCTGGACCAGCAGGATCAGAAG
AAGGTGCAGGTATTGCCCATATTTGGGATGGGTGGTCTTGGCAAGACGACTCTTGCAAAGATGGTGTATAATGACCAAGAGGTCCAGCAA
CATTTCGAGTTGAAGTTGTGGCACTGCGTGTCAGACAACTTTGATGCCATTCCTCTTTTGAAATCCATCATTGAGTTGGCTGCAAATGGAAG
TTGTAACATGCCTGACACGATTGAGCTGTTGCAAAAGCGACTTGAGCAAGTCATTGGCCAAAACAGGTTTATGCTCGTGCTTGATGATGTA
TGGAATGAAGATGAGAGGAAGTGGGAGGATGTCCTGAAGCCTCTTCTGTGTTCTGTTGGTGGACCAGGAAGCGTCATTGTTGTCACAACT
CGAAGCCAGAAAGTGGCCTCTATAATGCAGACCCTTGGAACCCATAAGCTAGCATGTCTGAATGAACAAGATTCATGGCAATTGTTTGCAC
AGAAAGCATATAGCAATGGTAAAGAGCAGGAGCAAGCAGAGTTGGTCAGCATTGGCAAACGTATTATCAACAAATGCAGGGGGTTGCCT
CTTGCTCTCAAGACAATGGGCGGATTGCTAAGTTCATATCAGCAAGTACAAGAATGGAAGGCCATCGAAGAAAGTAATATAAGGGATACT
GTTAGAGGGAAAGATGAGATCATGTCTATTCTAAAGTTGAGCTATACACACCTATCATCTGAAATGAAGCAATGTTTTGCATTCTTAGCAGT
TTTCCCCAAGGACTATGTGATGGACAAGGACAAGTTGATCCAACTATGGATGGCAAATGGTTTTATTCAAGAGAAGGGAACGATGGATTT
GATACTCAGAGGAGAATTCATTTTTGATGAGTTGGTTTGGAGGTCCTTCCTCCAAGATGAGAAAGTGGTAGTAAAATATGCTGGCAAGTTT
GGTAACACAAAATATGAGACAGTTCTATGTAAAATGCATGACTTAATGCATGATCTTGCAAAAGATGTCACAGATGAATGCGCAAGTATAG
AAGAATTGTCTCAGCATAAAGCATTATCAAAAGGTATTTGTCACATGCAAATGTCAAAGGCTGAATTCGAACGAATCAGTGGGTTATGCAA
AGGCAGAACATACCTCCGCACTTTGTTATCTCCTTCAGAATCATGGGAGGATTTTAACTATGAGTTTCCAAGCAGATCACACAAGGATATTA
AGGAGTTGCAACATGTATTTGCGTCAGTAAGAGCATTGCATTGCTCCCGCTCCCCTTCTCCAATTGTCATTTGCAAGGCCATAAATGCAAAA
CATTTACGGTATCTTGACCTCTCAAAGTCTGACATCGTTAGGTTGCCAGATTCAATATGTATGTTGTATAACCTGCAAACACTGAGGCTCAT
AGACTGCCATGACTTGCAACAGTTACCACAAGACATGGCAAGATTGACAAAGCTCATCCATCTTTACCTTTCTGGTTGTGAGAGTCTCAAAA
GTATGTCTCCAAACTTTGGTCTGCTGAACAACCTTCACATATTAACAACATTTGTTGTGGGTACCGGAGATGGCCTTGGAATAGAGCAGCTC
AAAGACTTGCAAAACCTTAGCAATAGGTTGGAACTATTGAACTTGGACAAGATAAAGAGTGGGGAGAGTGCAAAAGAAGCCAATCTCAG
CCAGAAGAAAAATCTAAGTGACTTGTTGTTCTCTTGGGGCCAAGAAATAGATGATGAGCCTAGAGATGTGGAAGAAGTGCTTCAGTGTTT
AGAACCTCACAGTAATATCCAAAAACTGGCGATATGCGGATATGTTGGCCTAGAAATAACACAATGGATGAGAAAGCCTCAGATGTTTGA
TTGCTTGAGAGAACTCAAAATGTTTGGCTGCCCAAAATGCAAGAGTATCCCTCTAATATGGTTCTCGGTCTCTCTAGAGATTTTGGTCTTAC
AGTGGATGAATAACCTGACTACATTATGCAATAACCTTGATGCGGAAGCCGGAGGATGCATCACCCCTCTGCGGATTTTCCCAAGGTTGAA
GAACATGAGGTTGATTGAGTTAGCAAGCCTGGAGATGTGGGCAGAAAATAGTATGGGAGAGCCTAGTTGTGATAACCTGGTAACATTTCC
AATGCTTGAAGAGCTAAGGATCATAGATTGCCCCAAGCTTGCAAGTATTCCAGCGATCCCCGTTGTCAGCAAGTTGAGCATAGTTGGAGTT
CACGGTTGTGCAGTCGGTTCAGTTTTTATGTGTATCCGTTTGGGTTCCTGGCCATTTCTTGCTGAGTTAACTCTTGGGTCTCTAAAAGACATA
CCCATGTTGCCTCTAGACCCCCAGCAAAGCCAAAGTCAAAGACCTCTTGAAAAGCTTGAGAGTTTGACTCTGATAGGGCCCAACAGCTTGA
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TCAGAAGCTTCGGATTGTCCGAATCACAACTTATGGTTTGGAAATGTTTTCGGTTCGTGAGAAATCTGAAGATATATGGTTGCAGCAATCTT
GTCCGCTGGCCAACAGAGGAGCTCCGGTGCATGGATCGCCTCCGCTTTCTGAGTATCACAAATTGTGACAACCTGGAGGGGAAAAATTCA
TCGTCTGAGGAGGAAACCCTTCCGCTGTCCCTGGAGGGTTTGACGATCGGAAACTGCCGCAGTGTAGTAGCACTGCCTTGGAACCTTGGA
AATCTTGCCAAGCTGAGGCGTCTCAATGTGAGTTACTGCAGGAGCCTGAAAGTGCTGCCTGATGGGATGTGTGGCCTCACTTCTCTGAGG
GAATTATGGATTTGGAATTGTCCAAGTATGAAGAAATTCCCGCATGGTCTCCTAGAGCGGTTGCCAGCTCTCGAACACTTGAGCATACATG
ACTGCCCGGAGTTGGGAACACGATGCAGAGAAGGTGGGGAGTATTTCCACTTGCTCTCCTCTGTCCCACGTAAAGACATTTCGCGATGAC
GGCGCCATGGAAATCCAGAATAATAGCTGTGAAGTAAATGGGCATACGCGTGAGTCCCCTCCCCTGATAAATAATCAGTCTCCGTTGTGTG
TAAATAAAATAAATGTTAATCGATGGTACCTGCAACTGCAGGTATGAATCTCTGAAAGCCTCCGCATTATCAAAAGGTATTTGTCACATGCA
AATGTCAAAGGCTGAATTCGAACGAATCAGTGGGTTATGCAAAGGCAGAACATACCTCCGCACTTTGTTATCTCCTTCAGAATCATGGGAG
GATCATCTTTATAAGTTTCCAAGCAGATCACACAAGGAAATTAAGGAGTTGCAACATGTATTTGCGTCAGTAAGGGCATTGCATTGCTCCG
GATCCCCTTCTCCAATTGTCATTTGCAAGGCCATAAATGCAAAACATTTACGTTATCTTGACCTCTCAGGGTCTGACATCGTTAGGTTGCCAG
ATACAATATGTATGTTGTATAACCTGCAAACACTGAGGCTCATAGACTGCCGGCAGTTGCAACAGTTACCAGATTGACAAAGCTCATCCATC
TTTACCTTTCTGGTTGTGTGAGTCTCAAAAATATGTCTCCAAACTTCCGTCTGCTGAACAACCTTCACATATTAACAACATTTGTTGTGGGTA
CCGGAGATGGCCTTGGAATAGAGCAGCTCAAAGACTTGCAAAACCTTAGCAATAAGTTGGAACTGTTGAACTTGGACAAGATAAAGGGTG
GGGAGAATGCAAAAGAAGCCAATCTCAGTCAGAAGCAAAATCTAAGTGAGTTGTTGTTCACTTGGGACCAGAAAATAGATGATGATCCTA
GAGATGTGGAAGAAGTGCTTCAGTGCTTAGAACCTCATAGCAATATCCAAAAACTGGAGATACGTGGATATCATGGCCTAGAAATATCAC
AATGGATGAGAAAGCCTCAGATGTTTGACTGCTTGAGAGAACTCAAAATGTTTGGCTGCCCAAAATGCAAGAGTATCCCTGTAATATGGTT
CTCGGTCTCTCTAGAGATTTTGGTCTTAGAGAGGATGGATAACCTGATCACATTATGTAATAACCTTGATGCGGAAGCCGGAGGATGCATC
ACCCCTCTGCGGATTTTCCCAGGGTTGAAGAAGATGAGGTTAATTCAGTTACCAAGCCTGGAGATGTGGGCAGAAAATAGTATGGGAGAG
CCTAGTTGTGATAACCTGGTAACATTTCCGATGCTTGAAGAGCTAAAGATCAAAAATTGCCCCAAGCTTGCAAGTACTGCAGCGATCCCCG
TTGTCAGCAAGTTGAGCATAGTTGGAGCTCACAGTACTGCAGTCGGTTCAGTTTTTACAAGCATCCGTTTGGGTTCCTGGCCATTTCTCGTT
AGCTTAACTCTTGGGTCTCTAGAAGACATACCCATGTTGCCTCTGGACGCCCAGCAAAGCCAAAGTGAAAGACCTCTTGAAAAGCTTGAGA
GTTTGACTCTGAAAGGGCCCAACAGCTTGATCGGAAGCTCCGGATTGTCCTGCCAATATCAATGCGTTTGAGAGTCACGAGCCATTGCAAA
GAATTTATTTTTGCCTTCCTCCACGGAGATTCTTATGAACTGCTTCCGATTCCAATCTTTGTGTACGTCACTGTTTTTGTGTGTGTGTGTGTAG
ACAACCAGTCTGTGTTATAACAGTAAATATTCTTTTCAGGTAGATAATAAATAAACTTCTTCCACACAATGGCGATATCATACATACTGGTG
ATGGGATTGTTCCAATTTCCTACAATGCACATAAGATAAGAATGGGAGTAATAATCTGACCTCAATCGTGATTGCGCCTTCCTTGAGTTGGT
GCCTTTGGGAGCCTGACATGAACAATCCTGATACTACTAGTAAAGAGCAGAGACTAGAGCAGATTTATTCATCTGTTGTCCACAAGTAATC
ATCACCCACCAAATTAACTCTTGCATGGAATTAAGGATAGCTAGTATTTATTCAGTGACCACTTGTAATCCGGCAACCAAAGCATGGTGATG
TATGCGTCCATGCCGAGCCGGGCTCCTTCCTCACCACATCCAGGCGCTGACGAAGCAGAGATGCACGCCGTGGGCAGCAGAGTCTCTTCCT
TTTTCAAATATGGATTCCACAACTCTTTTGCATTGCTACGATTCCCCTAAAGTAAATATTGTTGCTTCATCTCTACTGGAGTACTTCCTGTAAC
TGTTAAGTGGGAGTTGTGAACATTTGGTACTAACTGACGCCAAGCACATCCAATTTTGGTTTCAACTTGCCAATGATTTCAGGTTTGGGAGA
GTTAGAAACTTAGAATCCGGACAGGCTTTCAAGACCATGAGCAAAGGCAGAGGAACCTGAATTCTGATGCCACCGTCTCATACAGCAGAT
CCATTAGAGACCATGAATGGCTTCAGTTAAAAAATCTGACCACAAACTTGGACTTTCCTCTTGCCTTAGAATCAAATTGATGGAGGCAAATC
AACTGAGCCTGCATGGATAAATACAGAGATCGCTTAAACGAGACTGCTGCTTAATCTGATGCCACTAAAGAAAAGAAATGGTTCTGCGGA
TAATAACATGGATTGCTCACACGATGGCTCGATGTACGTACCTGCAGCTGCCTGCCTACCGGGGTCCGGATTTCTGCAAGCCGACCGACCT
ACCGGCCAGAGCGCACGCTACAGCGACGAGCGGCGGTGGTTCATCTCGATTCTCGAGGGTGGAGCTAGCGAGATGCGGAGTGGGGGAG
AGCTAGCCACAAAGATGCAGCGTCAGTACAACCACTATGGTCAGGATCTGGATGGATTGATGGACCCAATGGACACTAGCAGAGGGCTG
GGCTGGGCTGGGCTGGGCTTCATTGGGTCGCTGGAGAAGGATTTTAGAGATAAATAAAGCCACTACGTCGACGATAAAATAAACTTCTAT
TGTACTTGTATAAAGTAAAATCCACGAAGGAGAAGCCCCTGATGACTTCTGGGCAAAAAGTTCATAATATAAAGTCAAATTGGTGTGAACA
GCAAGTTGTACCTCTATAGCAATAATTGGTGTAAATTGATCATGTGCCTGTTGCCTAGTTGAAAACCCTTTATAGTCGGTATTAGTGTAACC
GTTCACCTGTTCACGACATTCCTTTCATGAATCGTATACTCCAGGAGACCATTGGGACCACACGTCAGGTAAGAAAATGTTTACGTGACGTG
TTTTTACCGAGGATGATGTAGCTGCTCTCGGTATAGTTAAACCGAGTGACGGCACCGTCAGTTCCCGATGGCAATGCCACATGGCTTCTCTT
TGCCGAGAGTAACGCTCGACGTTTGCTCCGTTTGCTGTTCGGCTCATGTTCGCGGTGAGCCACTGTCGACAAAGGGACGTAGTTTTCGTGA
ACACTTGTTTGCCGAGGGGGGCTCTCGGCATATATTTGTTTGCCGAGAGCCCGTGATTTGGTTCTCAACGAAGAGCCTTACACTCGGCGTA
TAAAAAAAATTCAGTAATGACCCCATATAAATAAGGCAAAAATGAACCTCTGGTTTTATATGCTTTTGGCTACTCCCTTTATAAAGAAAATA
AAAAATATTTAGATCATTATTTTAATGATCTAAATGCTTTTATATTTTTTTATGAAGGGAATACATGATTCTGTTGTGTGTCGGGTACAGCAG
CGAGAACAATAGATAGTATGATATAGGCATATAGCGATTGTGTAACCTTTCTTGGTTCATAAACTTTCTTTTTCCAAAATAGTTCAGAAACTT
TTCCGAAATAGCTTAGAAACGTCAGACTATTGTTTCACTACAAAATTAATGATGTTTTACAATCATTCTCATCCCTACGTTTGCAACCTAACG
GTTAATAATGGTCGTGTCATCTGTTTTTACTCATGGAGGTGTGCCCAGTTTCTCAATTATTTATTTTTCGACGATCATAACAGCAGAAATTTA
ACAATTTATACTGTTGGTATGAAGAAAGCTGGTGCAAAAATCCTTTCCATGCATCGTGCATAATCTAACTTCTCTCAAATTGAACAATCTATT
TACCTCTTAACTCTTGACGTCACTGAACTAATTCACCAAAATATGAAATTTTGTTATATAATCTAGAATTTTATTGATATATAGCAAAAAGAA
GGGGTTGCCAGGTCTCGTCTAGCTAGTACGCCATGGAACAAGTGACAGTCTCGCCTATTGCTGCAGAACCGTTAGCTACACAAGTGAGAA
CAAGTCTTCAGTCTTCACAGTAGATGCATACATGTCTCTCGCTTATATATTGTCCCATCTGACAAGTTGGAAAAATAATGCATGCTCAAAGTT
GGTTATTGTTGTGCAATAGTTGGTTGGAGTCACTTGGCATGACGGTACAGAAAATTTCCACACGAATAGTTGGTTGGAGTTGTTTGAAGTA
GAAAGTAAAGAACGAGAGAGATGGATGAAAGATGATTCATTAGTCTTTATTAATGATAGAAGTGGGTATTTATATCCGGGCGGAAGTATA
CATGTTACTTGAGAATTAAGTAACTTGAGGTTAACTAAGGACAAAGTTATTACATAGTTTCCTTGAGAGTCAAGGAAGTGTATGGTTGCTT
AAGGACTAAGTAACCTATCTAAGAATTAACTTTATCCTAACCAACTTAATTAATAAGCAGCTATTCTATTCTTAACACTCCCCCTTGTACAAC
GCCTCTTCTTGGGTATATCCATCATCTTGACAAATTCTTTGAGTAATGTTGAAAATCTCCTCGAAAAACCCTGTGGAAAAAATATGAGGAGA
ATTGTGCACATATGTTGCTAAAACTCCTTTAAACCCAGTGGGAAAAATAATAAGGAGAAAGTAATGCAACATATAATGATTATTGTgttgcat
gctaggcagagaccggeccgagegageeggggaacagetgeggteccgacgtegggtiggggagegagaccaccggegagagetecgecacgtctecggggaaggggageggga
gegtetgggatggceectcteggtecgaggggagcegageeeseeseessesesgagaatectccaggcggggacgcgageggcgctcccgggaggagagetgacaacgaag
gtcatcttcgeagegeatggtgtcgggagaggggcgaggaggategegecgateatccageggacgcttgttgeagtectegtegteeceecatttgtgeggeateggaggeeggess
agcgeeggageagggeggagetecegcgacgacgggacgectagggacgggagtagggcagegggagetegeegaaatgaggagtcgggagetegeggaagcegecagecs
ggcagatcggecgaggaatcggecaagcaaggagggaccgegeeggeccaagecccaaggagggggegttggecacggectgteggtgteccgecaagtggeccatgteggeeeg
gtagcacgttaggctacggctcageccgegggtcacgggaageagegagggteteecgecttaccacagetgtcaccgegecaggagctaacaccgacgaagggageacggcgss
acggggctgaccgcacagacgtctcgaggtgeatcgeagegtcaaggagecgaacgcaacgatgaaggggeggaacggggaccggtigeeggegaggagageaggagecagga
agggaaacgggccatgceggtggggaagettgecageegecagegactgaggtgggcggagaccgecaccaacgagtgaaaagggagtgatgtcagectgtacaacatttccacaa
taataaaccaagcctcacacgctttccgactgectttttttctgagegaatgcettecttgcacaattattggtagtaactgaacgattagacaccatcaccacatgagagatctgceacttc
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accacagtaaagaaggttaaatggaacaggatacacttcaccacagtaacacgatggcaaatgctaaaatgatctaaaaacagttgegtacaggtataagagtatttggaagtattt
gaattaaggaaattgtagaaatatccaacaatagtgataccatatatagctataaataagtgaggggecacccgtacgtacacatattgttcataggtgatacattccacagataaat
tecttectgagtgtgggatttctggttttcaatttgtcctggageagtggccaacagaattattttaagttacaaagcaaatgaaccaaaatatgatactgaagtggtaacgttaggtac

atgtatcagtcgcttttggattcctttccaacaaccgcaccgcaccgcaccttgattatctccacataaattaaggggecaggcaatattacaactcagetattggattecttgagcettat
aactctcattcccaaaccaagcagcecttgacgegtgagagatctgeactgtgecggegacgaacgaacaacagtategcetcetttcaccaaccatcaaatttgggegttgetgaggtga
atgctctcctcaatctttaccttgtttttctetectttggttcttcatcttctgtttgtttagetgtacaaaacatgaagtttttatgtatatgtatttaaaagtatgtacaacatctatacaage
taagctactgtcgaactatagaagacataaagtaaaatagatgggggattacaaggtggtaagecatgctttgaatctaggagcacaatgtttcctggctcaataggaagataacaa
ggttgtttggtgttctcttagtgcttaatggcttttatatgtictttcatgtgetgeagtigectattcttctgatctgeaatatcatggeggagtcactgcttctecctatagtgegeggtgtg

gctggeaaggcecacagacgeactcgtcgagacggtgaccegceatgtgtggectcgacgacgaccgecaaacactcgageggceatctactagecgtcgagtgeaagetggceaaatge
tgaggagatgagcgagaaaaattcctatgtcaagagatggatgaaggagctcaagteegtegectacgaggecgacgacgtgctegacgacttccaatacgaggegcetgegtegeg
agtctaagattggcaagtccactaccagaaaggcattcagctacatcacgegecacageccgetgctetteegetttgaaatgagcaggaaactcaagaacgtectcaagaagatca

ataagttggttatggagatgaacatgttiggcctggagagtictgtccgtagggaggagegecaacatctitggeggeagacacactcgaaactggacgagactacccagatetttgg
aagatatgatgataaggagaagttgttgcttatttccacatcttcaactgcacactcgaaactggaagatatgatgatatgtgaagttgttgctggaccagcaggatcageggagggt

gcaggtgctgcccatcattgggatgggaggtcttggcaagacgactcttgctaagatggtctataatgacaaaggggtccagcaacatttccagttgaagatgtggeactgegtgtec

gacaactttgatc

The 1814 bp long fragment is in cursive.

RebelleRdg2a

tcttgcaataacataggtgatacattccacacataggtgeceggtttctggttttcaatttgtccaaaatatgaaactgaagtattaatggaatacagttgcgaataaatgaggagcetct
ggattcctgcagaaccatttgtgagaaaagccttcagagcagatgceatgcatgecatgcettctctcttcaattattgtaagttggaaagtggtgeactctgttcacattatttggttagaa
tcatttgtagtaactgaacaattagacaccatctacagtggattggatggtctaaagaagattattaaacacagaaaaataaacttcaccgegcttacacagtgccaatgetaagega
tcttaagaacattcagttgtaggtaaaacagagtatctggccacatatagaattatgaaatcataaaaatatactcacaatagtgatgtgtgattgcaaataaaacaagttgeagggg
ccacccatcggcagtccaacaaccgcacaggggaacagagceacacgccataattgtctccaaataattgagaggecgcecagtaggtacctaccagtcaatatacatctcagatctga
atttgcttgcatcctcactttcccataccaagcagagecttcgacgegtgagagatctgcacaaggeeggegacaaatttgggegttggtaaggtgaacgctctectecatecttaccte
tggttttgctcttcateggtigttcatcttctttttttcttagetgtgcaaaacatccatatctaagaaagtaagtaaatagaagggggattacttggtitggagcetaggagacgtgetttg
gaagataacaaggttgttcagtgttctgtcagtgcctaattgettttetgttcttgtacatgetgeagettectattectccgatctgcaagaccatggcagagtcactcctteteectctag
tgcgeggegtggeeggraaggetgeagatgeacttgtcgagacggtgaccegeatgtgtggectcgacgacgaccgtcaaacgetcgaacggceatctactagecgtegagtgcaage
tggtcaacgctgaggagatgagcgagacaaategcetatgtcaagagetggatgaaggagctcaagtecgtegectacctggecgacgacgtgetegacgacttecagtatgaggea
ctgcgeegtgagtcaaagattggeaagtccactacccgaaaggeactcagetacatcacgcegecacagececgcetgetcttecgttttgaaatgagcaggaaactcaagaacgtectta
agaagatcaataagttggttaaggagatgaacacgtttggcctggagagttctgtccgtagggaggageggcaacatecttggeggcagacgcactcaaaactggacgaaactacc
cagatctttggaagggaagatgataaggaagtggtggtgaagttgctgctggaccageaggatcageggagggtgcaggtgetgeccatcattgggatgggaggtctiggeaagac
gactcttgctaagatggtctataatgaccaaggggtcgagcaacatttcgagttgaagatgtggcactgegtgtcagacaactttgatgecattgetcttttgaaatccatcattgagtt
ggctacaaatggaagttgtgacctgectggcageatcgaactattgcaaaagaaacttgagcaagtcattggccaaaaaaggttcatgctegtgcttgatgatgtatggaatgaagat
gagaggaagtggggggatgtcctgaagecactattgtgttctgtiggtggaccaggaagtgttatattggtcacatgtcgaageaageaagtegectegataatgtgeaccgttacge
cccatgagctagtatttctgaatgaggaagattcatgggaattgttttcagacaaagegtttagcaatggtgtagaggagcaagcagagttggtcageatcggaaggegtattgtcaa
caaatgcggggggttgectettgetctcaagacaatgggtggattgctgagttcaaagcaaaaggtacaggaatggaaggecatcgaagaaagtaacatcggggataaagatgga
ggcaaatatgaggtcatgcacatactgaagttaagctacaaacacctgtcgectgaaatgaageaatgttttgeattctgtgeagtttttcccaaggattatgagatggagaaggata
ggttgatccaactatggatggcaaatggctttattcaacacaagggaacaatggatttagtacagaaaggagaattaatttttgatgagttggtttggaggtecttcctccaagataag
aaagtggcagtcagatttactagctatcgtggtaacaaaatatatgagacaattgtatgtaaaatgcatgatttaatgcatgatctagcaaaagatgtcacagatgaatgtgcaagta
tagaagaagtgactcagcagaaaacattgttaaaagatgtttgtcacatgcaagtgtcaaagactgaattiggaacaaatcagtgggttatgcaaaggcagaacaatcectacgeactt
tgttagttccttcaggatcacacaaggattttaaagagttgctacaggtatcggceatcactaagageattgtgtiggecctcttattcagtigtcatttccaaggecataaatgeaaaac
atttacggtatcttgacctctctgggtcagacattgttagattgccagattcaatatgggtgttgtataacctgcaaacactgaggctaatggattgccggaagttgegacagttaccag
aagacatggcaagattaagaaagctcatccatctttacctttctggetgtgagagtctcaaaagtatgtctecaaactttggtctgetgaacaaccttcacatattaacaacatttgttgt
gggtaccggagatggecttggaatagagcagetcaaagatttgcaaaaccttagcaataggtiggaaatattgaatatggacaagataaagagtggggagaatgcaaaagaagec
aatctcagtcagaagcaaaatctaagtgagttgttgttctcttggggccaaaaaatagatgatgagcectacagatgtggaagaagtgcttcagggcettagaacctcatagtaatatec
aaaaactggagatacgtggatatcatggcctagaaatatcacaatggatgagaaagcctcagatgtttgactgcttgagagaactcgaaatgtttggcetgcccaaaatgcaagagta
tccctgtaatatggttcteggtctctctagagattttggtcttacagageatggataacctgacaacattatgtagtaaccttggtgtggaagetggaggaageattacccctetgeaact
tttcccaaatttgaagaagttgtgtttgattaagttaccaagectggagatatgggcagaaaatagtgtaggagagcecteggatgtttagcagtttggaaaaactcgaaatttecgact
gcccaagatgcaagagtatacctgeagtatggtttteggtctetettgagtttttggtcttacggaaaatggataacctgacaacattatgtaataaccttgatgtggaagcetggaggat
gcattacccctatgcagattttcccaaggttigaagaagatgaggttgattgagttaccaagectggagatgtgggcagaaaatagtatgggagagectagtigtgataacctggtaac
attcccgatgcttgaagagctagagatcaaaaattgecccaagcettgcaagtattccagegatteecgttgtcagegagtigagaatagttggagttcacagtactgcagteggttcag
tttttatgagcatcegtttgggctectggecatttctegtcaggttaagtcettgggtetctagaagacatacccatgttgectctagacgeccagcaaaaccaaagtgaaagacctcttga
aaagcttgagagtttgactctggaagggcccaacagcettgatcagaagcetctggattgtccggatcacaacttatggtitggaaatgttttcggttcgtgegagatctgatgattgatgg
ttgcagcaatcttgtcegetggecaacagtggagetcetggtgeatggategectetgeattetgtgtatcacaaattgtgactacctgaaggggaacatttcatcatccgaggagaaaa
cectteegetgtecctggageatttgacgattcagaactgecgeagtgtagtageactgecttcgaaccttgggaaactggecaagetgaggagtctetatgtgagegactgcaggage
ctgaaagtgctgcectgatgggatgtgtggectcacttctctgagggaattggagattiggggttgtccaggtatggaggaatteecgeatggtcetectggageggttgecageectega
atactgtagcatccatctctgeccggagttgcaaagacgatgcagagaaggtggggagtacttccacttgetctectcetgttccacgtaaatactttgagagaataggceateccaaagt
gaatcggcatacgcgtgagtctecttacctgacaaataatcagtttecgttgtgtgtaaataaaataaatgtttgtcacatacaaattaggtgataaccaatgggaatggatgctaacg
tcatgaatc

144



Supplementary materials

Galleon Rdg2a

ttttcaatttgtccaaaatatgaaactgaagtattaatggaatacagttgcgaataaatgaggagctctggattectgcagaaccatttgtgagaaaagccttcagagcagatgceatge
atgccatgcttctctcttcaattattgtaagttggaaagtggtgeactctgttcacattatttggttagaatcatttgtagtaactgaacaattagacaccatctacagtggattggatggt
ctaaagaagattattaaacacagaaaaataaacttcaccgegcttacacagtgecaatgctaagegatcttaagaacattcagttgtaggtaaaacagagtatctggcecacatatag
aattatgaaatcataaaaatatactcacaatagtgatgtgtgattgcaaataaaacaagttgcaggggccacccateggeagtccaacaaccgcacaggggaacagagcacacgee
ataattgtctccaaataattgagaggccgccagtaggtacctaccagtcaatatacatctcagatctgaatttgettgeatectcactttcccataccaagcagagecttcgacgegtga
gagatctgcacaaggceggegacaaatttgggegttggtaaggtgaacgctctectecatecttacctetggttttgetcttcateggttgttcatettctttttttcttagetgtgeaaaac
atccatatctaagaaagtaagtaaatagaagggggattactiggttiggagctaggagacgtgctitggaagataacaaggttgttcagtgttctgtcagtgectaattgcttttctgtt
cttgtacatgctgcagcttcctattectcegatctgeaagaccatggeagagtcactecttctecctctagtgegeggegtggecggeaaggetgeagatgeacttgtcgagacggtgac
ccgcatgtgtggectegacgacgaccgtcaaacgetcgaacggeatctactageegtegagtgcaagetggtcaacgetgaggagatgagegagacaaategcetatgtcaagagcet
ggatgaaggagctcaagtecgtegectacctggecgacgacgtgetcgacgacttecagtatgaggeactgegecgtgagtcaaagattggeaagtcecactacccgaaaggeactca
gctacatcacgegecacageccegetgetctteegttttgaaatgagcaggaaactcaagaacgtccttaagaagatcaataagttggttaaggagatgaacacgtttggectggagag
ttctgtccgtagggaggageggeaacatectiggeggeagacgeactcaaaactggacgaaactacccagatctitggaagggaagatgataaggaagtggtggtgaagtigetget
ggaccagcaggatcagcggagggtgeaggtgcetgeccatcattgggatgggaggtcttggeaagacgactcttgctaagatggtctataatgaccaaggggtcgagcaacatttega
gttgaagatgtggcactgcgtgtcagacaactttgatgcecattgetcttttgaaatccatcattgagttggetacaaatggaagttgtgacctgectggeageatcgaactattgcaaaa
gaaacttgagcaagtcattggccaaaaaaggttcatgctegtgcttgatgatgtatggaatgaagatgagaggaagtggggggatgtectgaagecactattgtgttetgttggtgga
ccaggaagtgttatattggtcacatgtcgaagcaagcaagtcgectcgataatgtgeaccgttacgecccatgagetagtatttctgaatgaggaagattcatgggaattgttttcaga
caaagcgtttagcaatggtgtagaggagcaagcagagttggtcagcatcggaaggegtattgtcaacaaatgeggggggttgectettgetctcaagacaatgggtggattgctgag
ttcaaagcaaaaggtacaggaatggaaggccatcgaagaaagtaacatcggggataaagatggaggcaaatatgaggtcatgcacatactgaagttaagctacaaacacctgteg
cctgaaatgaagcaatgttttgcattctgtgeagttittcccaaggattatgagatggagaaggataggtigatccaactatggatggeaaatggctttattcaacacaagggaacaat
ggatttagtacagaaaggagaattaatttttgatgagttggtttggaggtecttcctccaagataagaaagtggcagtcagatttactagetatcgtggtaacaaaatatatgagacaa
ttgtatgtaaaatgcatgatttaatgcatgatctagcaaaagatgtcacagatgaatgtgcaagtatagaagaagtgactcagcagaaaacattgttaaaagatgtttgtcacatgcea
agtgtcaaagactgaattggaacaaatcagtgggttatgcaaaggcagaacaatcctacgcactttgttagttccttcaggatcacacaaggattttaaagagttgctacaggtateg
gcatcactaagagcattgtgttggcectcttattcagttgtcatttccaaggcecataaatgcaaaacatttacggtatcttgacctctectgggtcagacattgttagattgecagattcaat
atgggtgttgtataacctgcaaacactgaggctaatggattgecggaagttgcgacagttaccagaaaacatggcaagattaaaaaagcteatccatctttacctttctggetgtgaga
gtctcaaaagtatgtctccaaactttggtctgetgaacaaccttcacatattaacaacatttgttgtgggtaccggagatggecttggaatagagceagetcaaagatttgcaaaacctta
gcaataggttggaaatattgaatatggacaagataaagagtggggagaatgcaaaagaagecaatctcagtcagaagcaaaatctaagtgagtigttgttctcttggggecaaaaa
atagatgatgagcctacagatgtggaagaagtgcttcagggcettagaacctcatagtaatatccaaaaactggagatacgtggatatcatggectagaaatatcacaatggatgaga
aagcctcagatgtttgactgcttgagagaactcgaaatgtttggetgcccaaaatgcaagagtateectgtaatatggttcteggtctctctagagattttggtcttacagageatggat
aacctgacaacattatgtagtaaccttggtgtggaagctggaggaagcattaccectctgeaacttttcccaaatttgaagaagttgtgtttgattaagttaccaagectggagatatgg
gcagaaaatagtgtaggagagcctcggatgtttagcagtttggaaaaactcgaaatttecgactgeccaagatgcaagagtatacctgcagtatggttttcggtctctcttgagtttttg
gtcttacggaaaatggataacctgacaacattatgtaataaccttgatgtggaagctggaggatgcattaccectatgeagattttcccaaggttgaagaagatgaggttgattgagtt
accaagcctggagatgtgggcagaaaatagtatgggagagcectagttgtgataacctggtaacattcccgatgettgaagagcetagagatcaaaaattgecccaagettgeaagtat
tccagegattcecgttgtcagegagttgagaatagttggagttcacagtactgcagteggttcagtttttatgageatecgtttgggctectggecatttctegtcaggttaagtettgggt
ctctagaagacatacccatgttgectctagacgcccagcaaaaccaaagtgaaagacctcttgaaaagcttgagagtttgactctggaagggceccaacagcettgatcagaagcetetg
gattgtccggatcacaactttatggttggaaatgttttcggttcgtgegagatctgatgattgatggttgeageaatcttgtecgetggecaacagtggagetctggtgeatggategect
ctgcattctgtgtatcacaaattgtgactacctgaaggggaacatttcatcatccgaggagaaaacccttecgetgteectggageatttgacgattcagaactgecgeagtgtagtag
cactgccttcgaaccttgggaaactggccaagetgaggagtctctatgtgagegactgcaggagectgaaagtgcetgectgatgggatgtgtggecteacttctctgagggaattgga
gatttggggttgtccaggtatggaggaattccegeatggtetectggageggttgecagecctcgaatactgtageatcecatctetgeccggagttgcaaagacgatgcagagaaggt
ggggagtacttccacttgctctectctgttccacgtaaatactttgagagaataggeatcccaaagtgaateggeatacgegtgagtctecttacctgacaaataatcagttteegttgtg
tgtaaataaaataaatgtttgtcacatacaaattaggtgataaccaatgggaatggatgctaacgtcatgaatcgatggtac

Haruna Nijo Rdg2a

tttcaattattgtaagttggaaagtggtgcactctgttcacattatttggttagaatcatttgtagtaactgaacaattagacaccatctacagtggattggatggtctaaagaagattat
taaacacagaaaaataaacttcaccgcgcttacacagtgccaatgctaagegatcttaagaacattcagttgtaggtaaaacagagtatctggecacatatagaattatgaaatcat
aaaaatatactcacaatagtgatgtgtgattgcaaataaaacaagttgcaggggccacccateggeagtccaacaaccgeacaggggaacagagcacacgecataattgtcetecaa
ataattgagaggccgccagtaggtacctaccagtcaatatacatctcagatctgaatttgcettgeatecteactttcccataccaageagagecttcgacgegtgagagatctgeacaa
ggccggegacaaatttgggegttggtaaggtgaacgctctectecatecttacctetggttttgetcttcateggttgtteatcttctttttttcttagetgtgcaaaacatecatatctaaga
aagtaagtaaatagaagggggattacttggtttggagctaggagacgtgctitggaagataacaaggttgttcagtgttctgtcagtgectaattgettttetgttcttgtacatgetgea
gcttectattectcegatcetgcaagaccatggeagagtcactecttctecctetagtgegeggegtggecggeaaggetgeagatgeacttgtegagacggtgacccegeatgtgtggect
cgacgacgaccgtcaaacgctcgaacggcatctactagecgtcgagtgcaagetggtcaacgetgaggagatgagegagacaaategctatgtcaagagetggatgaaggagcete
aagtccgtegectacctggecgacgacgtgetcgacgacttccagtatgaggeactgegecegtgagtcaaagattggeaagtecactacccgaaaggeactcagetacatcacgege
cacagcccgetgctetteegttttgaaatgagcaggaaactcaagaacgtecttaagaagatcaataagttggttaggaggatgaacacgttiggectggagagttctgteegtaggg
aggagcggcaacatccttggeggeagacgcactcaaaactggacgaaactacccagatctttggaagggaagatgataaggaagtggtggtgaagttgetgetggaccageagga
tcagcggagggtgcaggtgctgeccatcattgggatgggaggtettggcaagacgactcttgctaagatggtctataatgaccaaggggtcgagcaacatttcgagttgaagatgtgg
cactgcgtgtcagacaactttgatgccattgctcttttgaaatccatcattgagtiggctacaaatggaagttgtgacctgectggeageatcgaactattgcaaaagaaacttgagea
agtcattggccaaaaaaggttcatgcetegtgcttgatgatgtatggaatgaagatgagaggaagtggggggatgtectgaagecactattgtgttctgttggtggaccaggaagtgtt
atattggtcacatgtcgaagcaagcaagtcgcctcgataatgtgcaccgttacgecccatgagetagtatttctgaatgaggaagattcatgggaattgttttcagacaaagegtttag
caatggtgtagaggagcaagcagagttggtcagcatcggaaggegtattgtcaacaaatgeggggggttgectettgetctcaagacaatgggtggattgetgagttcaaageaaaa
ggtacaggaatggaaggccatcgaagaaagtaacatcggggataaagatggaggcaaatatgaggtcatgcacatactgaagttaagctacaaacacctgtegectgaaatgaag
caatgttttgcattctgtgcagtttttcccaaggattatgagatggagaaggataggttgatccaactatggatggcaaatggetttattcaacacaagggaacaatggatttagtaca
gaaaggagaattaatttttgatgagttggtttggaggtccttectccaagataagaaagtggeagtcagatttactagetatcgtggtaacaaaatatatgagacaattgtatgtaaaa
tgcatgatttaatgcatgatctagcaaaagatgtcacagatgaatgtgcaagtatagaagaagtgactcagcagaaaacattgttaaaagatgtttgtcacatgcaagtgtcaaaga
ctgaattggaacaaatcagtgggttatgcaaaggcagaacaatcctacgcactttgttagttccttcaggatcacacaaggattttaaagagttgctacaggtateggceatcactaag
agcattgtgttggeectcttattcagttgtcatttccaaggcecataaatgcaaaacatttacggtatcttgacctctctgggtcagacattgttagattgecagattcaatatgggtgttgt
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ataacctgcaaacactgaggctaatggattgccggaagttgcgacagttaccagaagacatggcaagattaagaaagctcatecatctttacctttctggetgtgagagtctcaaaag
tatgtctccaaactttggtctgctgaacaaccttcacatattaacaacatttgttgtgggtaccggagatggecttggaatagagcagetcaaagatttgcaaaaccttagcaataggtt
ggaaatattgaatatggacaagataaagagtggggagaatgcaaaagaagcecaatctcagtcagaagcaaaatctaagtgagtigtigtictcttggggccaaaaaatagatgatg
agcctacagatgtggaagaagtgcttcagggcttagaacctcatagtaatatccaaaaactggagatacgtggatatcatggectagaaatatcacaatggatgagaaagcectcag
atgtttgactgcttgagagaactcgaaatgtttggctgcccaaaatgcaagagtatecctgtaatatggttcteggtetetctagagattttggtcttacagageatggataacctgaca
acattatgtagtaaccttggtgtggaagctggaggaagcattaccectetgeaacttttcccaaatttgaagaagttgtgtttgattaagttaccaagectggagatatgggeagaaaa
tagtgtaggagagcctcggatgtttagcagtttggaaaaactcgaaatttccgactgeccaagatgcaagagtatacctgeagtatggtttteggtctctettgagtttttggtcttacgg
aaaatggataacctgacaacattatgtaataaccttgatgtggaagcetggaggatgcattaccectatgeagattttcccaaggttgaagaagatgaggttgattgagttaccaagee
tggagatgtgggcagaaaatagtatgggagagectagttgtgataacctggtaacattcccgatgetigaagagetagagatcaaaaattgecccaagcettgeaagtattccagega
ttccegttgtcagegagttgagaatagttggagttcacagtactgcagteggttcagtttttatgageateegtttgggcetectggecatttctegtcaggttaagtcettgggtcetctagaa
gacatacccatgttgcctctagacgcccagcaaaaccaaagtgaaagacctcttgaaaagcettgagagtttgactctggaagggeccaacagcettgatcagaagcetetggattgteeg
gatcacaacttatggtttggaaatgttttcggttcgtgcgagatctgatgattgatggttgcageaatcttgtecgetggecaacagtggagcetctggtgeatggategectctgeattct
gtgtatcacaaattgtgactacctgaaggggaacatttcatcatccgaggagaaaaccctteegetgtecctggageatttgacgattcagaactgecgeagtgtagtageactgectt
cgaaccttgggaaactggccaagctgaggagtctctatgtgagegactgeaggagectgaaagtgetgectgatgggatgtgtggectcacttetctgagggaattggagatttgggg
ttgtccaggtatggaggaattcccgeatggtctectggageggtigecagecctegaatactgtageatecatctetgeccggagtigcaaagacgatgeagagaaggtggggagtac
ttccacttgctctectctgttccacgtaaatactttgagagaataggcatceccaaagtgaatcggeatacgegtgagtctecttacctgacaaataatcagttteegttgtgtgtaaataa
aataaatgtttgtcacatacaaattaggtgataaccaatgggaatggatgct

Rebelle RDG2A hypothetical protein

maeslliplvrgvagkaadalvetvtrmcgldddrgtlerhllavecklvnaeemsetnryvkswmkelksvayladdviddfqyealrreskigksttrkalsyitrhspllfrfems
rklknvlkkinklvkemntfglessvrreerghpwrqthskldettqifgreddkevvvkllidggdqrrvgvlpiigmgglgkttlakmvyndggveghfelkmwhcvsdnfdai
allksiielatngscdlpgsiellgkkleqviggkrfmlviddvwnederkwgdvlkpllcsvggpgsvilvtcrskgvasimctvtphelvflneedswelfsdkafsngveeqgaelvs
igrrivnkcgglplalktmgglisskgkvgewkaieesnigdkdggkyevmbhilklsykhlspemkgcfafcavfpkdyemekdrligiwmangfighkgtmdlvgkgelifdelv
wrsflgdkkvavrftsyrgnkiyetivckmhdimhdlakdvtdecasieevtqgktllkdvchmqvskteleqisglckgrtilrtlivpsgshkdfkellgvsasiralewpsysvvisk
ainakhlryldIsgsdivrlpdsiwvlynlgtlrimdcrkirglpedmarlrklihlylsgceslksmspnfglinnlhilttfvvgtgdglgieglkdignisnrleilnmdkiksgenakea
nisgkgnlsellfswggkiddeptdveevlgglephsnigkleirgyhgleisqwmrkpgmfdclrelemfgcpkcksipviwfsvsleilvigsmdnltticsnlgveaggsitplglf
pnlkkicliklpsleiwaensvgeprmfsslekleisdcprcksipavwfsvsleflvirkmdnltticnnldveaggcitpmqifprikkmrlielpslemwaensmgepscdnlvtf
pmleeleikncpklasipaipvvselrivgvhstavgsvfmsirlgswpflvrisigsledipmlipldaggngserpleklesitiegpnslirssglsgsqlmvwkcfrfvrdimidges
nivrwptvelwemdrlcilcitnedylkgnissseektlplslehltignersvvalpsnligklakirslyvsdcrslkvipdgmecgltsireleiwgcpgmeefphglleripaleycsihlc
pelgrrcreggeyfhlissvprkyferigipk

Galleon RDG2A hypothetical protein

maeslliplvrgvagkaadalvetvtrmcgldddrgtlerhllavecklvnaeemsetnryvkswmkelksvayladdviddfqyealrreskigksttrkalsyitrhspllfrfems

rklknvlkkinklvkemntfglessvrreerghpwrqthskldettqifgreddkevvvkllidggdqrrvgvlpiigmgglgkttlakmvyndggveghfelkmwhcvsdnfdai
allksiielatngscdlpgsiellgkkleqviggkrfmlviddvwnederkwgdvlkpllcsvggpgsvilvtcrskqvasimctvtphelvflneedswelfsdkafsngveeqaelvs
igrrivnkcgglplalktmggllsskgkvgewkaieesnigdkdggkyevmbhilklsykhlspemkgcfafcavfpkdyemekdrligiwmangfighkgtmdlvgkgelifdelv
wrsflgdkkvavrftsyrgnkiyetivckmhdimhdlakdvtdecasieevtqgktllkdvchmqvskteleqisglckgrtilrtlivpsgshkdfkellgvsaslralewpsysvvisk
ainakhlryldisgsdivrlpdsiwvlynlgtlrimdcrkirglpenmarlkklihlylsgceslksmspnfglinnlhilttfvvgtgdglgieglkdignisnrleilnmdkiksgenakea

nisgkgnlsellfswggkiddeptdveevlgglephsnigkleirgyhgleisqwmrkpgmfdclrelemfgcpkcksipviwfsvsleilvigsmdnltticsnlgveaggsitplglf
pnlkkicliklpsleiwaensvgeprmfsslekleisdcprcksipavwfsvsleflvirkmdnltticnnldveaggcitpmqifprikkmrlielpslemwaensmgepscdnlvtf
pmleeleikncpklasipaipvvselrivgvhstavgsvfmsirlgswpflvrisigsledipmlipldaggngserpleklesitiegpnslirssglsgsqlygwkcfrfvrdimidgesnl
vrwptvelwemdrlcilcitnedylkgnissseektlplslehltignersvvalpsnlgklakirslyvsdcrsikvipdgmegltsireleiwgcpgmeefphgllerlpaleycsihlcp

elgrrcreggeyfhllssvprkyferigipk

Haruna Nijo RDG2A hypothetical protein

maeslliplvrgvagkaadalvetvtrmcgldddrgtlerhllavecklvnaeemsetnryvkswmkelksvayladdviddfqyealrreskigksttrkalsyitrhspllfrfems
rklknvlkkinklvrrmntfglessvrreerghpwrgthskldettqifgreddkevvvkllldggdgrrvgvlpiigmgglgkttlakmvyndggveghfelkmwhcvsdnfdai
allksiielatngscdlpgsiellgkkleqviggkrfmlviddvwnederkwgdvlkpllcsvggpgsvilvtcrskqvasimctvtphelvflneedswelfsdkafsngveeqaelvs
igrrivnkcgglplalktmggllsskgkvgewkaieesnigdkdggkyevmbhilklsykhlspemkgcfafcavfpkdyemekdrligiwmangfighkgtmdlvgkgelifdelv
wrsflgdkkvavrftsyrgnkiyetivckmhdimhdlakdvtdecasieevtqgktllkdvchmqvskteleqisglckgrtilrtlivpsgshkdfkellgvsaslralewpsysvvisk
ainakhlryldIsgsdivrlpdsiwvlynlgtlrimdcrkirglpedmarlrklihlylsgceslksmspnfglinnlhilttfvvgtgdglgieglkdlgnisnrleiinmdkiksgenakea
nisgkgnlsellfswggkiddeptdveevlgglephsnigkleirgyhgleisqwmrkpgmfdclrelemfgcpkcksipviwfsvsleilvigsmdnltticsnlgveaggsitplglf
pnlkkicliklpsleiwaensvgeprmfsslekleisdcprcksipavwfsvsleflvirkmdnltticnnldveaggcitpmqifprikkmrlielpslemwaensmgepscdnlvtf
pmleeleikncpklasipaipvvselrivgvhstavgsvfmsirlgswpflvrisigsledipmlipldaggngserpleklesitiegpnslirssglsgsqlmvwkcfrfvrdimidges
nivrwptvelwemdrlcilcitnedylkgnissseektlplslehltignersvvalpsnligklakirslyvsdcrslkvipdgmegltsireleiwgcpgmeefphglleripaleycsihlc
pelgrrcreggeyfhlissvprkyferigipk
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The CC-NB-LRR-Type Rdg2a Resistance Gene Confers
Immunity to the Seed-Borne Barley Leaf Stripe Pathogen
in the Absence of Hypersensitive Cell Death
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Abstract

Background: Leaf stripe disease on barley (Hordeum vulgare) is caused by the seed-transmitted hemi-biotrophic fungus
Pyrenophora graminea. Race-specific resistance to leaf stripe is controlled by two known Rdg (Resistance to Drechslera
graminea) genes: the H. spontaneum-derived Rdgla and Rdg2aq, identified in H. vulgare. The aim of the present work was to
isolate the Rdg2a leaf stripe resistance gene, to characterize the Rdg2a locus organization and evolution and to elucidate the
histological bases of Rdg2a-based leaf stripe resistance.

Principal Findings: We describe here the positional cloning and functional characterization of the leaf stripe resistance gene
Rdg2a. At the Rdg2a locus, three sequence-related coiled-coil, nucleotide-binding site, and leucine-rich repeat (CC-NB-LRR)
encoding genes were identified. Sequence comparisons suggested that paralogs of this resistance locus evolved through
recent gene duplication, and were subjected to frequent sequence exchange. Transformation of the leaf stripe susceptible
cv. Golden Promise with two Rdg2a-candidates under the control of their native 5’ regulatory sequences identified a
member of the CC-NB-LRR gene family that conferred resistance against the Dg2 leaf stripe isolate, against which the Rdg2a-
gene is effective. Histological analysis demonstrated that Rdg2a-mediated leaf stripe resistance involves autofluorescing
cells and prevents pathogen colonization in the embryos without any detectable hypersensitive cell death response,
supporting a cell wall reinforcement-based resistance mechanism.

Conclusions: This work reports about the cloning of a resistance gene effective against a seed borne disease. We observed
that Rdg2a was subjected to diversifying selection which is consistent with a model in which the R gene co-evolves with a
pathogen effector(s) gene. We propose that inducible responses giving rise to physical and chemical barriers to infection in
the cell walls and intercellular spaces of the barley embryo tissues represent mechanisms by which the CC-NB-LRR-encoding
Rdg2a gene mediates resistance to leaf stripe in the absence of hypersensitive cell death.
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Introduction

Leaf stripe disease on barley (H. wulzare) is caused by the seed-
transmitted hemi-biotrophic fungus Pyrenophora graminea (anamorph
Drechslera graminea) [(Rabenh. ex. Schlech.) Shoemaker]. The
disease causes severe yield reductions at high infection rates,
especially in organic farming systems [1,2]. The fungal mycelia
survive in seeds between the parenchymatic cells of the pericarp,
and in the hull and the seed coat, but not in the embryo [3].
During seed germination, the hyphae begin to grow intereellularly
within the coleorhizae, and then into the embryo structures, the
roots and scutellar node, to establish infection in the seedling.
During this first colonization phase the pathogen behaves as a

f@: PLoS ONE | www.plosone.org

biotroph and degrades host cell walls using hydrolytic enzymes
without causing cellular necrosis [3-5]. Once infection spreads
mto the young leaves, growth switches to a necrotrophic phase
with the production of a host-specific glycosyl toxin [6] that causes
longitudinal dark brown necrotic stripes between the leaf veins, as
well as spike sterility. Spores produced on the infected leaves of
susceptible plants spread to infect nearby plant spikes.
Race-specific resistance to leaf stripe is controlled by two known
Rdg (Resistance to Dywechslera graminea) genes. These genes cause
hyphal degeneration in the basal part of the coleorhiza and
prevent stripe symptoms from appearing on leaves of young or old
plants [3,7,5]. H. spontaneum-derived Rdgla has been mapped to the
long arm of chromosome 2H [8,9] while RdeZa, identified in H.

September 2010 | Volume 5 | Issue 9 | 12599



vulgare, has been mapped on the short arm of chromosome 7HS
[10]. Both resistance genes have been extensively used in classical
breeding, but neither has been cloned. Histological characteriza-
tion of the RdsZ2a-dependent resistance response by [5] showed the
termination of P. graminea growth at the scutellar node and basal
region of provascular tissue of the barley embryo. The immune
response was associated with cell wall reinforcement through
accumulation of phenolic compounds and enhanced transcription
of genes involved in reactive oxygen species (ROS) production and
detoxification/ protection, but no localized programmed cell death
(PCD), which is typically seen i race-specific immune responses
[11], was apparent.

In this study we describe the cloning of Rdg?a and the molecular
characterization of the Rdg? locus. Bacterial artificial chromosome
(BAC) and cosmid libraries respectively derived from barley cvs.
Morex (which is susceptible to leaf stripe) and Thibaut (the donor
of the RdgZa allele) were used for physical mapping of the locus,
leacing to the identification of three RdgZa candidates representing
sequence-related members of a gene family. Transformation
experiments showed that a coiled-coil, nucleotide-binding site,
leucine-rich repeat (CC-NB-LRR)) encoding gene confers RidgZa-
specific resistance. Similar to that of other R proteins [12], the
RDG2A protein localized to the nucleus and the cytoplasm, while
histological analysis confirmed that RDG2A involves cell wall-
localized autofluorescence and does not trigger a hypersensitive
cell death, consistent with physical/chemical defences mounted by
the living cells stopping the intercellularly growing leaf stripe
pathogen.

Results

Genetic and physical map of the Rdg2a locus

The RdgZa locus resides in a chromosome region of high
recombination [7], which is a characteristic that would assist in
map-based cloning. To investigate the molecular basis of the
Rdg2a-based P. graninea resistance in barley, map-based isolation of
Rdg2a was initiated by constructing a high resolution genetic map

Rdg2a

Embryo Immunity to Leaf Stripe

representing 2,800 F, gametes. The locus was delimited to a
0.14 eM marker interval, and a PCR-based marker located
0.07 eM from RdgZa was developed [7].

Leaf stripe isolate Dg2, which is recognised by RdgZa [10] (Table
S1), is virulent on cv. Morex, indicating that this cultivar does not
contain a functional RdgZa allele. However, due to the availability
of a Morex BAC library [13], we took advantage of this resource
for marker development. Utdlization of the Morex BAC: library for
marker development and recessive allele isolation is an approach
that was previously used for the isolation of homelogues and
functional alleles at the Mia powdery mildew resistance locus in
barley [14-16]. Sereening of the library with a probe derived from
the CAPS marker MWG851 (Methods S1), allowed identification
of BAC clones 146G20, 244G 14 and 608H20 that were subjected
to end sequencing (Methods S1). The 146G20 and 608H20 clones
were also subjected to low-pass (0.3-fold) shotgun sequencmng and
nine additional CAPS, dCAPS or RFLP markers were identified
(Figure 1A; Table 52). Two of these (146.60-1-2 and 146.9-5-6)
showed complete linkage with Rdz2a. These PCR-based markers
were tested on the three BAC clones, allowing the markers to be
located to sections of the contig (Figure 1B). The estimated size of
the 146G20 msert was about 140 kbp. 146.1F-1R and 146.4F-3R
markers mapped 0.32 ¢M apart (9 recombinants out of 2,800
gametes), indicating a genetic to physical ratio of about 440 kb per
cM in this RdzZa interval.

To clone the region containing the RdgZa resistance gene, we
constructed a genomic cosmid library of the RdgZa-containing cv.
Thibaut (Methods S1). Screens using markers 146.9-5-6 and
608.32-3-4 identified the clones 95-3-3 and 17-1-1. Analysis of
these two clones with other PCR markers from the region
indicated that the clones spanned the Rdg2a interval bounded by
the closest flanking genetic markers (Figure 1C). The two cosmids
which overlapped by 5.9kb were sequenced, providing a
contiguous  sequence of 72,630 bp. In BLASTX analyses, the
sequenced region was shown to contain three gene models with
similarity to plant R genes encoding NB-LRR proteins (GenBank
accession number HM124452). The three NB-LRR encoding

1464F-3R
146.39-1-2 146.60-1-2 146-40RFLP NBS
A e 146.1F-1IR  146.6F-5R 146.30-3-4 146.9-5-6 608.32-3-4 MWGSS1 608.16-3-4 608.26-1-2  ABGI019
400, 1C0 5C0,, 100 100 1CO 100 1C0 100
Tel = e Cen
B 140 Kb - 146G20
102 Kb = 244G14
== |{} Kb 608H20
Nbs1-Rdg2)
C 39,632 bp I
38,746 bp
6.39-1-2  146.30-3-4

146.60-1-2
Baml (5,746 bp)
Cosmid 95-9-3

10Kb

146.9-5-6
BamHI (57,786 bp)

Cosmid 17-1-1

Figure 1. Genetic and physical maps of the Rdg2a locus. (A) Genetic map of Rdg2a. Crossovers identified in the 1,400 F; plants from a cross
between Thibaut (Rdg2a) and Mirco [7] are shown at the top (CO). Orientation is indicated by Tel (telomere) and Cen (centromere). (B) Contig of
Marex BAC clones. (C) Thibaut cosmid contig and genes at the Rdg2a locus. Transcription direction of the genes are indicated by arrows.
doi:10.1371/joumal.pone.0012599.g001
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genes were predicted using the AutoPredgeneset tool of the
RiceGAAS software (http:/ /ricegaas.dna.affrc.go.jp/, [17]) and
designated Nbsl-RdgZa, Nbs2-Rdg2a and Nbs3-RdgZa with their
relative locations shown in Figure 1C.

RFLP analysis of BamHI digested genomic DNA with probes
derived from the NB-LRR genes detected only one fragment of
about 50 kbp in the resistant cv. Thibaut and in NIL3876
containing RdgZa (Figure S1), which agreed with the 52 kbp
fragment size predicted from the sequence assembly (Figure 1C).
In susceptible genotypes, either three fragments were detected (cvs.
Mirco and Golden Promise) or a single ~20 kbp fragment was
detected (cv. Morex) indicating large deletion(s) in this last

gl‘.l]ﬂt}’p{‘.

Structure of Rdg2a candidate genes

All three Rde2?a candidates were found to be transcribed in
resistant embryos, and the transcript structures (Figure 2A) were
determined by random amplification of cDNA ends (RACE) and
RT-PCR. NbsiI-Rdg2a and Nbs2-Rdg2a had single introns of 217
or 305 bp i the 5" UTR, and predicted full-length NB-LRR
protein products of 1,232 and 1,158 amino acids, respectively.
The Nbs3-RdgZa transcript contained a repeat structure, com-
prising similarity to a full-length NB-LRR protein followed by
similarity to part of a NB domain and a full LRR domain (Figure
52). However, the following observations lead us to conclude that
Nbs3-RdgZa encodes only predicted truncated proteins. In
addition to a 305 bp intron in the 5° UTR and a 70 bp intron
in the 3" UTR, Nbs3-Rdg2a had one 44 bp intron located shortly
after the start codon, which was spliced out in only a third (4/12)
of the RACE clones analysed. Splicing of the intron causes a
frame-shift, resulting in termination after the first 37 amino acids
and addition of one novel amino acid (Cys), while retention of
this intron results in termination after the first four and a half
LRR units (725 amino acids] due a nonsense substitution
mutation (Figure 2A). We thought it unlikely that Nbs3-Rdg2a
encodes a functional resistance protein so we did not pursue it
further as an RdgZa candidate.

Apart from the major structural differences, the ORFs of the
three genes were 87-90% identical to one another at the DNA
level and 81-86% identical and 91-93% similar at the protein
level. Comparisons of the 5’ untranscribed regions showed that
Nbs2-Rdg?a and Nbs3-RdgZa were 93% identical in the 1,040 bp
preceding the transcription start point (Figure 82), apart from a
347 bp insertion in  NbsZ-Rdg2a, 145 bp upstream of the
transcription start site. These findings suggest that the Rdg?a locus
arose by gene duplication. A BLASTn scarch of the Titiceae
Repeat Sequence (TREP) database (http://wheat.pw.usda.gov/
ITMI/Repeats/) revealed 88% sequence identity between the
insertion in the predicted promoter region of Nbs2-RdgZa and
members of the Storoaway class of miniature inverted transposable
clements (MITEs). In contrast, Nbsl-Rdg?a showed only weak
identity (51%) to the other two genes in the 700 bp preceding the
transcription start (Figure S2). The three genes showed no
significant similarity in the 3’-untranscribed regions.

To provide a comparison with a susceptible (rdg2a) genotype, we
used gene-specific primers designed on the Thibaut NbsI-Rdg2a
and Nbs2-Rdg2a genes to obtain genomic sequences from cv. Mirco
(GenBank accession numbers HM124453 and HMI124454,
respectively). Primers based on Nbsi-Rdz2a and Nbs2-Rdg2a genes
vielded Mirco sequences with affiliation to the corresponding
genes in Thibaut (Figure S2), suggesting that the amplified genes
represented true alleles of the Thibaut genes. PCR markers based
on insertion/deletions identified in the putative regulatory regions
of the two genotypes (see below; Table 82}, co-segregated with the
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Rdg2alocus in the high resolution mapping population (Figure S3,
Methods S1), confirming that these two Mirco genes derive from
the rdgZa locus,

Neither Mirco gene appears to be transcribed (see below), and
this mactivity may be due to structural differences in the 5
sequences (Figure 2B). Mirco NbsI-idg2a has a 436 bp insertion
next to a putative TATA-box element, and a 854 bp insertion
the 5" UTR with termial inverted direct repeats of 138 bp.
Neither insertion showed similarity to a known transposable
clement. Mirco Nbs2-rdg2a contained a 41 bp direct repeat just
upstream of the transcription start site and lacked the MITE
element present in the Thibaut gene (Figure 2B). Mirco Nbs! -ndz2a
also contains frame shift mutations, resulting in a severely
truncated ORF, whereas Mirco AbsZ2-rdz2a contains an intact
CC-NB-LRR ORF (Figure S4).

Nbs2-Rdg2a expression, but not Nbs1-Rdg2a, is pathogen
responsive

Semi-quantitative  RT-PCR  was performed using primer
combinations specific for the Nbs/-Rdg?a and Nbs2-Rdg?a genes
in either cv. Mirco or NIL3876-Rdg2a (Figure 2C; Table S3). In
the susceptible ev. Mirco, neither gene showed detectable
expression in embryos or leaves, even after increasing the number
of PCR eycles and trying other primer combinations. In NIL3876-
Rdg2a, expression of both genes was observed in uninoculated
control embryos and in leaves of pathogen free plants. Some
increase in transcript levels by 7 days after inoculation was evident
for Nbs2-Rdg2a but not for NbsI-Rdg2a (Figure 2C). Therefore, we
performed quantitative RT-PCR in embryos of NIL3876-Rds2a at
five time points (7, 14, 18, 22 and 28 dai) (Fig. 2D). Nbs2-RdgZa
expression was significantly increased by inoculation at 7, 14, 18
dai (P<<0.05, Methods S1) and was unresponsive by 22 dai, while
Nbs1-RdgZa expression was not appreciably altered by leaf stripe
inoculation (Figure 2D).

Identification of Rdg2a

Genomic clones of the two RdgZa candidates containing their
native 5" and 3" regulatory sequences were used to transform the
leaf stripe susceptible barley cv. Golden Promise. Ten randomly
chosen T, lines for cach transgene were allowed to self-pollinate
and the resulting T plants tested for resistance to isolates Dg2 and
Dg5. This revealed that lines bearing the Nbs/-RdgZa transgene
were resistant to leaf stripe isolate Dg2 (Table 1). The overall
escape rate of 5% among the null segregants was similar to the
value observed in the susceptible control varieties (data not
shown). Within T; families, resistance to the same isolate co-
segregated with the NbsI-Rdg2a transgene and its expression
(Figure 3A). These lines were susceptible to leaf stipe isolate Dg5,
which is not recognised by RdgZa (Table 1). T lines containing the
Nbs2-RdgZ2a transgene were fully susceptible to both the leaf stripe
isolates (T'able 1), although RT-PCR confirmed the transgene was
expressed (data not shown),

RdgZa resistance terminates fungal growth in the embryo [5]. In
the line 16/S1-T6 containing the Nbsi-RdgZa transgene, plants
challenged with the P. graminea isolate Dg?2 showed no leaf stripe
symptoms and there was no fungal mycelium in the leaves,
indicated by undetectable transcripts of two fungal genes coding
for Ubiquitin and GTPase activator [Figure 3B). In contrast, leaf stripe
symptoms and fungal transcripts were observed in leaves of 16/81-
T6-rdg2a plants infected with Dg2 or Dgb and 16/581-T6-Rdz2a
plants infected with Dgh (Figure 3B).

As the Nbsl-Rdg?a gene could confer the same resistance
specificity as RdgZa in transgenic plants, we concluded that NbsI-
Rdg2a is Rdgla,
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Figure 2. Analysis of Rdg2a-candidate gene transcript structure and regulation. (A) Nbsi-Rdg2a, Nbs2-Rdg2a and Nbs3-Rdg2a transcript
structures (cv. Thibaut), indicating positions of primers used in transcript quantification. The two transcript types resulting from alternative splicing
pattern of Nbs3-Rdg2a are indicated. (B) Structural differences between Thibaut and Mirco alleles of Nbsi-rdg2a and Nbs2-rdg2a genes in 5 regions.
Positions of insertion/deletions relative to the start codon are shown. Filled sections indicate inverted repeats present in an insertion in the Mirco
Nbs1-rdg2a gene. The Nbs2-rdg2a allele comparison illustrates variation for a MITE insertion and a 41-bp direct repeat (open sections). Transcription
start sites (TSS) for NbsT-Rdg2a and Nbs2-Rdg2a are indicated. (C) Semi-quantitative RT-PCR analysis of the Rdg2a-candidate gene expression using
gene specific primers. Transcripts were analysed in embryos of the cv. Mirco (rdg2a) and NIL3876 (Rdg2a) genotypes at two timepoints, after
inoculation with P. graminea Dg2 (I}, or in uninoculated controls (C). Leaves of uninoculated plants were also analysed. Negative controls (neg.) in
which DNA was omitted are included. Primers for cv. Thibaut genes were those represented in (A), while primers for amplifying homologous
fragments from cv. Mirco were based on the cv. Mirco gene sequences and positioned within 30 bp of the corresponding Thibaut primers. RT-PCR of
the barley f-actin gene was used as an internal control. (D) Quantitative RT-PCR at 7, 14, 18, 22 and 28 days after pathogen inoculation (dai) for the
two Rdg2a-candidates in embryos of NIL3876-Rdg2a. Values are expressed as log2 fold changes of transcript levels in the inoculated samples with
respect to the transcript levels in un-inoculated barley embryos. Error bars represent SD across all RT-PCR replicates (four to six from each of two
independent inoculations).

doi:10.1371/journal.pone 0012599.g002

RDG2A protein structure the CC subset of NB-LRR resistance proteins [18]. The LRR region

The predicted RdgZa product of 1232 amino acids has an estimated contains 22 imperfect repeats with a few repeats showing good
molecular weight of 139.73 kDa. It contains all the conserved NB agreement  with  the  comsensus  motf  Loodadae(C/N/
domain motifs of NB-LRR proteins defined by [18,19], including the TexLaxLooxP for cytoplasmic LRRs (Figure 4) [20].

P-oop, RNBS-A, Kinase 2, RNBS-C., GLPL, RNBS-D and MHD Figure 5 illustrates similaritics between RDG2A and the most
domains, the latter of which is duplicated (Figure 4). A COILS similar sequences in the National Center for Biotechnology
analysis indicated the presence of a potential colled-coil (CC) domam Information (NCBI) database. RDG2A was most similar (47—
between amino acids 25 and 60, indicating that RDG2A belongs to 52%) over its whole length to five rice disease resistance-like
Table 1. Analysis of transgenic plants.
Isolate Dg2 Isolate Dg5
Constructs/barley cvs. Lines® No. plants® No. res. plants® MNo. plants No. res. plants
Nbs1-Rdg2a 1/51-T6 19 19 15 0
4/51-Te 21 21 13 0
7/51-T6 24 24 1 0
8/51-T6 23 22 5 0
16/51-T6 19 19 12 0
17/51-T6 15 14 8 0
19/51-T6 7 7 9 0
25/51-T6 19 19 12 0
31/51-T6 13 13 5 0
32/51-T 19 18 14 0
Nbs2-Rdg2a 41/51-T7 23 1 17 0
42/51-T7 19 1 16 0
46/51-T7 16 o 9 0
54/51-T17 21 0 4 0
56/51-T7 17 1 5 0
52/51-17 26 0 12 0
60/51-T7 20 2 16 1]
62/51-T7 16 0 18 0
64/51-T7 17 0 7 0
71/51-17 24 0 16 0
Thibaut (Rdg2a) 40° 38 6 0
NIL3876 (Rdg2a) 35 34 25 0
Mirco (rdg2a) 35 o 19 0
Golden Promise (rdg2a) 35 2 9 0
15/51-T6 (empty vector) 36 1 15 0
“Made by transforming the susceptible barley cv. Golden Promise with the Rdg2a candidates Nbs1-Rdg2a or Nbs2-Rdg2a. Only those plants containing a transgene copy
are included; null segregants are excluded.
ENumber of transgenic T, plants without leaf stripe symptoms. Data were pooled from three independent experiments each comprising 5 or more plants per line.
“Total number of plants tested as contrals.
doi:10.1371/journal.pone.0012599.t001
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Figure 3. Analysis of T, family 16/S1-T6 segregating for the Nbs7-Rdg2a transgene. (A) T, seeds were inoculated with P. graminea isolate
Dg2 and plants analyzed for disease symptoms in leaves (upper panel), an STS marker for Rdg2a (middle panel; upper band represents the rdg2a
susceptibility allele from cv. Golden Promise while the lower band represents the Rdg2a transgene or endogenous gene), and Rdg2a transgene or
endogenous gene expression by RT-PCR (lower panel). Resistance (R) or susceptibility (S) status of the plants is indicated undemeath. The resistant cv.
Thibaut and the susceptible cv. Golden Promise provide controls. (B) Leaves of six 16/51-T6 T, plants were analysed for expression of the fungal (Pg)
Ubiquitin and GTPase activator genes and the barley (Hv) Rdg2a gene by RT-PCR. Seeds had been inoculated with Dg2 or Dg5 leaf stripe isolates or
were non-inoculated (C). The barley f-actin gene was used as an internal control. Plant DNA was akso tested for the presence of the transgene using

the Rdg2a STS marker described in (A).
doi:10.1371/journal.pone.0012599.g003

proteins  (accessions  BADO08990, EEEG9085, EEC83970,
BADO8M, and BAF24312; Figure 5) encoded by genes clustered
in a 2,97 Mbp region of rice chromosome 8 (nt. 25,872,241 to
28,845,527 of AP008214), which is not co-linear with the barley

@ PLoS ONE | www.plosone.org

=8

Rdg2a interval [7]. Of the known resistance proteins from barley,
low levels (around 16%) of identity, restricted to the conserved
motfs of the NB domain, were observed with the MLAT, MLAG
and MLA12 powdery mildew resistance proteins (Figure 5).
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Figure 4. RDG2A protein sequence. The predicted coiled-coil (CC) domain is underlined. Motifs conserved in the NB region of NB-LRR proteins
are in blue, and are (in order): P-loop, RNBS-A, Kinase 2, RNBS-C, GLPL, RNBS-D and MHD. Amino acids conforming to the cytoplasmic LRR consensus
LootLxLxx(C/N/T)xxLxxLxxLP are in red. CT denotes the RDG2A C-terminal region.

doi:10.1371/journal.pone.0012599.9004

The RDG2A and NB2-RDG2A proteins are 75.3% identical,
and differences include a deletion of three consecutive LRRs in
NB2-RDG2A (Figure S5). Similarity is higher in the CC region
than in the NB or LRR regions (Figure 4; 92.6 versus 73-74%),
and the proportion of non-conservative amino acid substitutions is
lower in the NB domain (75/104 = 72%) than in the LRR domain
(57/71 =80%). Similarly, the ratio of non-synonymous (£a) to
synonymous (A5) nucleotide substitutions between RedgZa, Nbs2-
Rig?a and Nbs3-Rdg?a (longest ORF) 15 .99, 2.13 and 2.63 for the
CC, NB and LRR regions, respectively. Within the LRR domain,
non-conservative substitutions are about twice as frequent in the p-
strand/ f-turn xxLxlacx motfs (solvent-exposed residues framed by
aliphatic residues [20]) (Boxed, Figure S5) than clsewhere (25/
133 =18.8% versus 32/373=18.5%). These comparisons indicate

@ PLoS ONE | www.plosone.org

that RdsZa and its paralogues have been subjected to the highest
level of diversifying selection in the LRR-coding region, consistent
with the LRR domain being an important determinant of
resistance specificity [21].

Localization of RDG2A and NB2-RDG2A proteins to the

nucleus and cytoplasm

RDG2A does not have any predicted transmembrane domain
or signal peptide sequence, suggesting a cytoplasmic location of the
protein, To determine the subcellular location of the RDG2A and
NB2-RDG2A proiens, we made 3’ fusions with the Yellow
Fluorescent Protein (YFP) ORF and expressed the chimeric genes
behind the maize polyubiguitin promoter. When either construct
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used as an outgroup. Shown are the rice (Oryza sativa) disease resistance-like proteins BAF24312, BAD08984, BAD08990, EEC83970 and EEE69085, the
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proteins encoded by the tomato (Lycopersicon esculentum) I2 resistance locus to Fusarium wilt, the soybean (Glycine max) Phytophthora root rot

resistance protein RPS-L-K-1, and the barley (H. vulgare) powdery mildew resistance proteins MLA1, MLAS and MLA12.
doi:10.1371/journal.pone.0012599.g005

34.2

was transiently expressed in leaf epidermal cells of barley cv.
Golden Promise, YFP fluorescence was clearly observed through-
out the nuclens and also in the cytoplasmic strands (Figure 6). YFP
alone has no nuclear localization signal but is smaller than the 40—
60 kDa size exclusion limit of the nuclear pore complex [22].
Consistent with these characteristics, YFP expressed by itself was
abundant in the cytoplasm and was also present in the nucleus
(Figure 6).

RDG2A:YFP

NB2-RDG2A:YFP

Rdg2a resistance does not involve hypersensitive cell
death

RdgZa-mediated resistance terminates fungal growth coincident
with the appearance of cell wall-associated host-cell autofluores-
cence in tissues containing hyphae, mainly at the junction of the
scutellum and scutellar node of the inoculated embryos [5].
Whole-cell autofluorescence is regarded as an indicator of HR in
race-specific resistance of barley leaf epidermal cells to powdery

Figure 6. Sub-cellular localization of RDG2A and NB2-RDG2A proteins. Barley cv. Golden Promise epidermal cells were transiently
transformed with constructs expressing RDG2A:YFP and NB2-RDG2A:YFP fusion proteins (A and D respectively), driven by the maize polyubiquitin
gene promoter. A construct expressing YFP alone with the same promoter was used as control (G). Fluorescence signals were visualized using
confocal laser scanning microscopy (A, D and G). Bright field images (B, E and H) and merged images (C, F and 1) are shown. Scale bar represent
50 pm.

doi:10.1371/joumal.pone.0012599.g006
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mildew [23,24] but was only occasionally (one or two cells per
embryo section) observed in barley embryos expressing RdgZa
resistance. Nuclear DNA fragmentation is another PCD marker in
plants [25]. However, while clectrophoretic analysis of embryo
DNA failed to detect it in association with RdsZa resistance (data
not shown), it is possible that DNA laddering went undetected due
to the small proportion of pathogen-challenged cells that would
have been present in the sample (cf. Figure 7). Therefore, we
further tested for the presence of individual cells undergoing
programmed death in the RdgZa resistance response in situ, by
using terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling (TUNEL). This method enables detection of free 3'-
OH groups created by DNA strand breaks that occur with
programmed cell death. TUNEL was performed on serial sections
of NIL3876-Rdg2a barley embryos (Figure 7). In non-inoculated
cmbryos, no autofluorescence was observed under UV light

(Figure 7A to C). In inoculated embryos, UV-autofluorescent
tissues were observed at the scutellar node and provascular tssue
at 14, 22 and 26 dai (Figure 7G, H and T respectively). Calcofluor
staining and bright field observations revealed the presence of

14 dai

22 dai

26 dai

Embryo Immunity to Leaf Stripe

fungal mycelium in the tssues immediately adjacent to the
autofluorescent regions (Figure 78 and T, respectively), indicating
that autofluorescence was a genuine defence-associated response
against leaf stripe. TUNEL revealed some nuclear DNA
fragmentation (bright green fluorescent nuclel) in the coleoptile
and in a few cells at the scutellar node of both non-inoculated
(Figure 7D to F) and inoculated embryos (Figure 7] to L and M to
O), however inoculation had no detectable effect on the frequency
of these TUNEL signals. In the scutellar node and basal region of
provascular tissue of the inoculated sample we observed, on
average, 500 cells per section and time point of inoculation that
were in contact with the fungus (on the basis of the calcofluor
staining and bright field observations) and only one to two nuclei
were positive to TUNEL staining. The same frequency of TUNEL
positive nuclei was detected in the same regions of non inoculated
embryos. Staining of the same sections with 4',6-Diamidino-2-
phenylindole (DAPI) dihydrochloride, verified the presence of

intact nuclei in the autofluorescent regions (Figure S6). Following
treatment of sections of control or moculated embryos with
DNasel, TUNEL analysis stained all nuclei (Figure 7P to R), and

Figure 7. Histological analyses of NIL3876-Rdg2a barley embryos. (A) to (C) Sections of embryos grown under control conditions observed
under UV excitation. (D) to (F) Sections in (A) to (C) subjected to TUNEL analysis. (G) to (1) Sections of embryos inoculated with leaf stripe isolate Dg2
and observed under UV excitation. (J) to (L) Sections in (G) to (I} subjected to TUNEL analysis; the bright green fluorescence at the level of scutellar
node and provascular tissue is due to cell wall autofluorescence. (M) to {O) Magnified views of the boxed regions in (J) to (L) and (G) to (). (S) and (T)
Magnified views of the smaller box in (I} stained with calcofluor (S) or observed under bright field (T); arrows indicate the intercellularly growing P.
graminea mycelium. (U) and (V) Magnified views of the small box in (C) stained with calcofluor (U) or observed under bright field (V). (P) and (Q)
Respectively, sections of control and inoculated embryos at 26 dai, treated with DNase | and subjected to TUNEL analysis. (R} A magnified view of the
region boxed in (Q). White arrows in Figure 7E, K and R indicate TUNEL positive nuclei. Scale bars represent 200 pM (A) to (L), 50 pM (M) to (O) and
25 uM (S) to (T). co = coleoptile, pt = provascular tissue, sa = shoot apex, sn = scutellar node.

doi:10.1371/joumal.pone.0012599.g007
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no positive signals were observed in sections not treated with the
deoxynucleotidyltransferase enzyme (data not shown), indicating
that the TUNEL assay was working effectively.

Discussion

Evolution of the Rdg2a resistance locus

Rdg?a resides in a gene cluster, as does many other resistance
genes, This organization can promote unequal recombination,
which results in sequence exchange between paralogs and
generation of recombinant genes with new resistance gene
specificities, as well as expansion/contraction of gene copy
number [26]. At the Rdg2a locus, paralogs appear to be the result
of relatively recent gene duplication as indicated by the strong
DNA sequence identity between the three NB-LRR. genes that, in
the case of Nbs2-RdgZa and Nbs3-Rds?a, extends into the 5'
untranscribed region (Figure 82). The unusual structure of Nbs3-
Rdg2a, in which sequences encoding part of the NB and the LRR
regions are duplicated, together with the deletion of the region
containing three complete LRR units in NB2-RDG2A relative to
RDG2A, provide further examples of variation at Rdg? locus
generated by recombination.

Diversifying sclection also contributes to sequence diversity at R
gene loci [27]. However, this may only be the case for R genes that
encode receptors that directly interact with pathogen effectors, R
genes encoding proteins that act via an indirect guard mechanism,
like RPM1 in Arabidopsis, are under conservative rather than
divergent sclection [28-30]. The functional alleles of these R genes
would be conserved through evolution because they detect the
presence of avirulence gene products that may not be able to
mutate without a fimess penalty to the pathogen [31.32].
Converscly, genes subjected to strong diversifying selection, like
wheat Fn3 or barley Mia alleles for race-specific powdery mildew
resistance  [33,34], and Arabidopsis RPPI3 alleles for downy
mildew resistance [35] in which sequence diversity is accompanied
by functional diversity in pathogen recognition, are speculated to
act through a model of direct interaction between R gene and Ao
gene products [31,36]. Our finding that RdgZa was subjected to
diversifying selection is consistent with a model in which the R
gene co-evolves with a pathogen effector(s) gene, due to direct
interaction of the two gene products. In this model, small
conformational changes in the RDG2A protein restore the
interaction with variant versions of the avirulence gene product,
during an arms race between plant and pathogen. In such a
model, genes for the leaf stripe avirulence products detected by
RDG2A would also be under diversifying selection, similar to
avirulence genes characterized in flax rust [37] and Arabidopsis
downy mildew [38]. This view is also supported from the
observation that in the only two leaf stripe susceptible barley
genotypes analyzed to date, Mirco and Morex, sequences highly
homologous to RdgZa are present in syntenic position. In the barley
cv. Morex, sequences sharing more than 93% of identity to Rde2a
were identified both in coding and non-coding regions and
deletion(s) of intergenic regions and of members of the gene family
(data not shown) are responsible of the rearrangements suggested
by the Southern analysis (Figure S1).

Despite the fact that Nbs2?-Rdg?a contains a complete open
reading frame and is expressed in embryos, transgenic expression
of Nbs2-Rdg2a failed to confer resistance to leaf stripe isolate Dg2.
Analysis of near-isogenic lnes indicated that the Rdg?a locus
controls partial to strong resistance to at least 4 other isolates of the
leaf’ stripe pathogen (Table S1). Whether the Abs2-RdgZa gene
contributes any of these other resistance specificities is under
investigation using the transgenic lines. The NB2-RDG2A and

@ PLoS ONE | www.plosone.org
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RDG2A proteins had multiple substitution differences in the NB
and CC regions. However, there was only one [conservative)
amino acid difference in the CC motif, and there were no
differences in any of the motifs recognised as being conserved
across the CC-NB-LRR class of resistance protems (not shown).
The LRR domains also showed a number of differences, including
the deletion of three LRR units in NB2-RDG2A relative to
RDG2A (Figure S5). Variation between R gene alleles or
paralogues reported to abolish resistance function include both
single amino acid substitutions [39,40] and the absence or
substitution of a section of the LRR domain encompassing one
to several repeat units [41.42]. Therefore, the substitutions or
deletion within the LRR domain of NB2-RDG2A scem like
plausible reasons for the absence of a resistance function for this
protein. Transeript of Nbs2-Rdg2?a was found © be 2 to 16 times
less abundant than that of Rds?a, depending on the time point and
inoculation treatment (P<<0.05, data not shown). Considering that
transcript abundance correlates with resistance activity for the
potato NB-LRR late blight resistance gene RB [43] and the rice
receptor kinase-like bacterial blight resistance gene Xad [44], lower
expression of Nbs2-Rdg?a may contribute to its inactivity. This
possibility will be explored by testing transgenic plants over-
expressing Nbs2-Rdg?a. Complementation was not attempted using
Nbs3-RdgZa, which produces severely truncated proteins, and while
a role of this gene in resistance would seem unlikely, we cannot yet
rule it out. Insights into the functional consequences of this gene
structure may be revealed by a current re-sequencing study, which
aims to survey the RdgZa locus haplotype variability and gene
structure in other barley genotypes known to carry RdsZa
resistance specificities.

Strikingly, neither Nbsl-rdg2a nor Nbs2-rdg2q are transcribed in
the susceptible cv. Mirco. Given the fimess cost of expressing some
R genes [45], unnecessary K genes may become rapidly inactivated
[46]. Rearrangements in the promoter region caused by insertion/
deletion of transposable elements (Figure 2B) may explain the lack
of expression of the Mirco genes. The alleles of NbsZ-RdeZa are
quite similar (93.1% identical), apart from the MITE insertion in
the Thibaut allele. The PromH program for the prediction of
plant promoters (http://www.softberry.ru/berry.phtml?group =
programs&subgroup = promoter&topic = tssp, [47]) identified po-
tential transeription factor binding sites, a TATA box, and a likely
promoter within the MITE sequence (data not shown). It is
therefore possible that sequences present in the MITE element
contributed to the functionalization of this paralog, similar to the
transcriptional activation of the rice blast resistance gene Pit by
insertion of a Renovator retrotransposon nto its 5’ region [48].
Although expression of NB-LRR R genes has only seldom found to
be responsive to pathogen infection [49,50], transcription of Nbs2-
Rdg? was enhanced up to three fold by 14 days after inoculation by
P. graminea-Dg? (Figure 2D), a time point when several defence-
related genes are transcriptionally up-regulated in the RdgZa
genotype [5]. It would be of interest to identify the regulatory
sequences of Nbs2-Rdg2a involved in this pathogen responsiveness
and determine whether these are located in the MITE insertion.

While the RdzZa resistance allele from cv, Thibaut is used in
breeding and still provides useful field resistance against leaf stripe
disease, it is not effective against all isolates (Table S1) [51].
Therefore, identification of further alleles with different resistance
specificity  should have wvalue, by hroadening the range of
resistance genes available to breeders and thus delaying the
spread of virulent isolates. The cloning of Rdg?a should facilitate
this task, by cnabling sequencing and expression analysis of
homologues from both wild and cultivated barley., Such an
approach has led to the identification of functional Pm3 alleles
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from both wild tetraploid and landraces of bread wheat [52,53],
allowing a significant expansion of the resistance gene repertoire
available against powdery mildew in wheat.

RDG2A localizes in the nucleus and cytoplasm, and
confers resistance in the absence of programmed cell
death

Fluorescence from transiently expressed RDG2A-YFP fusion
protein was abundant in the nucleus and was also present in the
cytoplasm, suggesting that resistance functions of RDG2A might
relate to one or both of these locations. A nuclear activity of a NB-
LRR protein mediated by a WRKY transcription factor was
previously demonstrated for the powdery mildew resistance protein
MLAILO in barey [54]. MLALO interacts with WRKY1 in the
nucleus in the presence of the Blumeria graminis effector AVR 4pp,
leading to a de-repression of basal defence mechanisms and effective
immunity [54]. We previously observed that a WREYT allele
(designated WREY38 in [55]), is up-regulated upon P. graminea-Dg2
infection [5]. Therefore, it may be worth testing if RDG2A interacts
with WRKY38 and whether this interaction is required for the
resistance response. It should however be noted that we determined
subeellular localization in leaves of uninfected plants, and that the
location of the resistance protein might differ in barley embryos
inoculated with P. graminea. Trrespective of this, the intracellular
localization of RDG2A would imply that the recogniton of
avirulence gene products occurs inside the host cell and that the
leaf’ stripe Avr gene products are transported across the plasma
membrane during the infection, This is notable given that the leaf
stripe fungus only grows between cells [3,5], suggesting that there
must be a mechanism for delivery of the avirulence protein into the
host cell In contrast, several characterized Avr gene products of
Cladosporium fulmum, a pathogenic fungus of tomato that shares with
P. gramimea an intercellular mode of pathogenesis, are in cach case
recognized by membrane-anchored resistance proteins containing
extracellular LRRs [56].

While HR is a common component of resistance gene-mecdiated
defence and often used as surrogate for resistance protein activity,
there are a few known cases of NB-LRR genes conferring
resistance without HR, at least based on the failure to observe
macroscopically visible host cell death, For example, the barley
Mial powdery mildew resistance gene can trigger an immune
response without macroscopically visible HR [57] although the
Miai12 allele exhibits clearly a necrotic reaction [58]. It has been
proposed that the absence of HR associated with resistance to
potato virus x governed by the Rx gene in potato is because the
resistance mechanism is so rapid, preventing accumulation of the
avirulence factor to levels that would otherwise trigger a more
extensive host response [59]. Similarly, naturally occurring alleles
of Arabidopsis RPS4 or RPS6 confer bacterial resistance without
development of an HR [60]. In the current study, TUNEL
positive nuclei were observed in the scutellum and in the coleoptile
both in control and inoculated embryos. However, inoculation did
not increase the frequency or distribution of these signals.
Therefore, these observations most likely reflect cell death that
normally occurs with development, as previously observed in
barley germinating seeds and in the corresponding cells of the
scutellum and coleoptile of maize embryos [61,62]. In HR of
barley epidermal cells against the biotrophic powdery mildew
fungal pathogen governed by the Mlal? resistance
autofluorescence and accumulation of phenolic compounds is
observed throughout the whole host cell [23.24]. Autofluorescence
at the junction of the scutellum and scutellar node regions was
observed in the resistance response to leaf stripe, but was
essentially confined to the cell walls and only occasionally observed

gene,
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throughout a whole cell (this study, [5]). No necrotic tissues or cell
collapse was observed under bright views of the embryo regions
showing autofluorescence (data not shown), further indicating that
hypersensitive cell death did not oceur. One could speculate that
an HR-associated resistance response would be too damaging to
the embryo, and therefore unviable in an evolutionary sense. HR
deprives obligate biotrophic pathogens of living host cells required
for successful colonization, but may be favourable to the
hemibiotrophic leaf stripe pathogen, which obtains nutrients at
latter stages of colonization by means of hydrolytic degradation of
host cell walls. Rdz?a resistance terminates P. graminea mycelium
growth at the scutellar node and basal regions of provascular tissue
of the barley embryos, and is associated with the accumulation of
phenolic compounds in the cell walls of the invaded host tissues,
These phenolic compounds are the likely source of the cell wall
localized autofluorescence. Also pathogen-induced up-regulation
of several genes related to cell wall modification was observed in
the resistant NIL but not in the susceptible one [5]. We therefore
propose that inducible secretory immune responses, leading to
physical and chemical barriers to infection in the cell walls and
intercellular  spaces of the barley embryo tissues, represent
mechanisms by which the CC-NB-LRR-encoding Rdg?a gene
mediates resistance to leaf stripe.

Materials and Methods

Plant and fungal materials

Genetic mapping was performed using 93 F, recombinants for
the 3.47-cM RdgZa marker interval ABG704-ScOPQY, previously
selected from an Fy, population of 1,400 plants made from a cross
between barley cvs. Thibaut (resistant, Rdg2a) and Mirco
(susceptble, mgZa) [7]. NIL3876- Rdg?a contains the Rdg2a gene
from Thibaut backcrossed into the genetic background of Mirco
[10]. Barley cv. Morex was used for Southern-blot experiments
while the susceptible variety Golden Promise was used for
transformation tests. The leaf stripe (P. graminea) isolates Dg2
(incompatible on Rds?a) and Dg5 (compatible on RdgZa) were used
in our study. The Dg2 isolate is the most virulent isolate in a
previously described collection of monoconidial isolates [51]. The
P. graminea isolates were grown on PDA (Liofilchem, Italy), in Petri
dishes at 20°C for 10 days i the dark. Seeds were surface-
sterilized in 70% ethanol for 30 s and then in 5% sodium
hypochlorite for 15 min prior to inoculation using the ‘sandwich’
technique [63].

Generation of transgenic barley lines

Genomic DNA  fragments of about 6 kb were used in
transformation experiments, and for Nbsl-Rdg2a and Nbs2-RigZa,
included 1196 or 985 bp of 5" uniranscribed sequence, and 556 or
658 bp of 3" untranseribed sequence, respectively. These were PCR
amplified using primer sequences provided in Table S4 and Phusion
HF Taq DNA polymerase (New England Biolabs), from cosmid 95-
9-3 (Nbsl-Rdg2a) and cosmid 17-1-1 (Vbs2-Rdz24), subcloned in
pDONR201 (Invitrogen) and then transferred to the Gateway
(Invitrogen) compatible version of the Agmwbacterium binary vector
pWBVec8 [64]. Inserts were confirmed as having the same
secquence as the cosmid clones. Transgenic barey plants were
generated by co-cultivation of Agrobactenium tumefaciens with imma-
ture barley embryos of cv. Golden Promise, as described by [57].
Transgenes were detected by PCR with the gene-specific primer
pair Nbs1_25 and Nbs1_26 (Table 83) that amplified a 387 bp
fragment in Thibaut and a 500 bp fragment in Golden Promise.
Transgene copy number for NbsI-Rdg2a was evaluated by Southern
hybridization analysis of genomic DNAs digested with EcoRI and
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Epnl, which respectively have one and two restriction sites in the
RdgZa genomic sequence used for transformation. This identified
one single copy integration for all the lines but one multiple copy
integration for line 8/51 (data not shown).

Subcellular localization of RDG2A and NB2-RDG2A

To generate the YFP fusion constructs, the coding sequences of
Nbsl-Rdg?a and Nbs2-Rdg2a were firstly amplified from the
aforementioned pDONR201 entry clones using 15 ng of plasmid
DNA with Phusion HF Tag DNA polymerase (New England
Biolabs) according to manufacturer’s instructions, and the
products transferred into a Gateway destination vector (pUbi-
Gateway-¢YFP) previously used in barley transient expression
studies [65]. The constructs contain the Nbs/-Rdg?a and Nbs2-
Rdg2a ORFs 3'-fused with the YFP ORF, behind the maize
ubiquitin promoter, Transient gene expression in barley epidermal
cells was performed by particle bombardment as previously
described by [66]. Fluorescence imaging was performed using a
TCS SP2 AOBS confocal laser-scanning microscope (Leica), with
the 514-nm Ar/Kr- ion laser line used to excite YFP, and 525—
580 nm used for image collection. Images were collected and
processed using the software LCS (Leica). Reference emission
spectra of YFP was used to discriminate genuine YFP emission
fluorescence from nonspecific background fluorescence.,

Histology

Sections of inoculated (14, 22 and 26 daij and control embryos
were fixed in freshly prepared 4% p-formaldehyde in phosphate-
buffered saline (PBS) pH=7 (130 mM NaCl, 7 mM Na2HPO4,
3 mM NaH2PO4) for 12 hours and then stored in 70% ethanol at
4°C until use. The terminal deoxynucleotidil transferase-mediated
dUTP nick end labelling (TUNEL) assay was performed according to
the manufacturer’s instructions (Roche Diagnostics, Mannheim,
Germany), and nuclei were stained by incubating in I mM 4’ 6-
Diamidino-2-phenylindole (DAPT) for 20 min, For TUNEL analysis,
three independent replicate experiments were performed. Per
experiment, six embryos (five sections for each embryo) were
observed per time point and inoculation status. For TUNEL assay,
a negative control was provided by omitting terminal deoxynucleo-
tidyl transferase enzyme, and a positive control was provided by
treating samples with DNasel. For calcofluor staining, sections were
incubated in 0.01% calcofluor in PBS pH 7 for 30 min. Samples
were observed with an Olympus BX51 microscope with the settings
(a) excitation at 451490 nm and emission at 491-540 for fluorescein,
or (b} excitation at 335380 nm and emission at >420 nm for
autofluorescence, DAPI and calcofluor staining. Tmages were
recorded using an Olympus DP50 microscope digital camera system.
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Abstract Leaf stripe of barley, caused by Pyrenophora
graniinea. is an important seed-borne disease in organically
grown as well as in conventionally grown Nordic and Med-
iterranean barley districts. Two barley segregating popula-
tions represented by 103 recombinant inbred lines (RILs) of
the cross L94 (susceptible) x Vada (resistant) and 194
RILs of the cross Arta (susceptible) x Hordeum sponta-
neum 41-1 (resistant) were analysed with two highly viru-
lent leaf stripe isolates. Dg2 and Dg5. to identify loci for
P. graminea resistance. A major gene with ils positive
allele contributed by Vada and H. sponfaneum 41-1 was
detected in both populations and for both pathogen isolates
on chromosome 2HL explaining 44.1 and 91.8% R
respectively for Dg2 and Dg5 in L94 x Vada and 97.8 and
96.1% R*, respectively for Dg2 and Dg5 in Arta x H. spon-
taneum 41-1. Common markers in the gene region of the
two populations enabled map comparison and highlighted
an overlapping for the region of the resistance locus. Since
the map position of the resistance locus identified in this

Communicated by B. Keller.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-009-1248-2) contains supplementary
material, which is available to authorized users.

C. Biselli - 5. Urso - L. Bernardo - A. Tondelli - G. Tacconi -
V. Martino « G. Valg (B4)

CRA-GPG Genomic Research Centre,

Via 8. Protaso 302, 29017 Fiorenzuola d”Arda (PC), Iraly
e-mail: giampiero.vale@entecra.it

S. Grando

Biodiversity and Integrated Gene Management Programme,
The International Center for Agricultural

Research in the Dry Areas (ICARDA).

P.O. Box 5466, Aleppo, Syria

report is the same as that for the leaf stripe resistance gene
Rdgla, mapped earlier in Alf and derived from the *botani-
cal’ barley line H. laevigatum. we propose that leaf stripe
resistance in Vada and H. spontaneum 41-1 is governad by
the same gene, namely by Rdg/a, and that Rdg/a resistance
could be traced back to H. spontaneum, the progenitor of
cultivated barley. PCR-based molecular markers that can be
used for marker-assisted selection (MAS) of Rdgla were
identified. An Rdgla syntenic interval with the rice chro-
mosome arm 4L was identified on the basis of rice ortho-
logs of EST-based barley markers. Analysis of the rice
genes annotated into the syntenic interval did not reveal
sequences strictly belonging to the major class (nucleotide-
binding site plus leucine-rich repeat) of the resistance
genes. Nonetheless, four genes coding for domains that are
present in the major disease-resistance genes, namely
receptor-like protein kinase and ATP/GTP-binding pro-
teins, were identified together with a homolog of the barley
powdery mildew resistance gene mio. Three (out of five)
homologs of these genes were mapped in the Rdgla region
in barley and the mlo homolog map position was tightly
associated with the LOD score peak in both populations.

Introduction

Leaf stripe is a widespread seed-borne disease of barley
caused by the fungal pathogen Pyrenophora graminea (Ito
and Kuribayashi). The fungal mycelia survive in seeds
between the parenchymatic cells of the pericarp, the hull
and the seed coat, but not in the embryo. During seed ger-
mination, fungal hyphae grow intercellularly from the cole-
orhiza up all sides to the roots and scutellar node where
they start the infection of the shoot (Haegi etal. 2008).
Infection spreads into the young leaves, where it causes
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longitudinal dark brown stripes between the leaf veins.
Spores produced on the infected leaves of susceptible
plants during flowering spread to infect nearby heads. No
secondary cycles are present in this disease. The disease is
particularly acute in Nordic countries (spring sowing) and
in the Mediterranean’s winter barley districts, where soil
temperatures below 12°C during seed germination promote
the infection of the rootlet. The typical symptoms, spike
sterility and chlorotic stripes on leaves, which gradually
extend to the full length of the leaf and finally become
necrotic, lead to severe yield reductions when seed infec-
tion is high. especially in organic farming systems (Delogu
et al. 1995; Mueller et al. 2003). A variation in pathogenic-
ity among different fungal isolates on the same genetic
material has been reported. and the selective pressure by the
pathogen strains on the host population may explain the
existence of different resistance genes (Boulif and Wilcox-
son 1988; Gatti et al. 1992).

In a search for sources of resistance, 1,029 varieties and
lines from various Nordic barley collections were tested for
their reaction to leaf stripe (Skou and Haahr 1987). Using
pedigree analysis, the resistance of about 50-100 barley
cultivars was traced to a Gull x Hordeum laevigatum
hybrid that had been crossed to introduce the MiLa resis-
tance gene for powdery mildew carried by H. laevigatum
into Gull. It was proposed that this leaf stripe resistance
gene be referred to as the Vada resistance gene, because it
was unconsciously introduced into many spring cultivars,
together with MILa, through Vada (Skou and Haahr 1987,
Skou et al. 1994). The Vada resistance locus was mapped
to the long arm of the chromosome 2H using a doubled
haploid population derived from the cross Alf x Vogelsan-
ger Gold (Thomsen et al. 1997) and designated Rdgla. A
QTL analysis for resistance against the P. graminea isolate
Dg2 conducted on RILs derived from the cross
194 x Vada detected one major gene on chromosome 2H
at the same location as Rdgla (Arru et al. 2002). Based on
common markers it was previously suggested that the resis-
tance of Vada to P. graminea is conferred by the Rdgla
gene (Arru etal. 2002), which governs resistance to leaf
stripe in the barley cultivar Alf (Thomsen et al. 1997). The
hypothesis that Vada and Alf carry the same leaf stripe
resistance gene is further supported by the observation that
the two cultivars share H. laevigatum as an ancestor and as
the donor of the powdery mildew race-specific resistance
gene MiLa. which is in linkage with Rdgla on barley
chromosome 2HL (Giese etal. 1993). Vada resistance
(Rdgla gene) proved to be effective against two highly
virulent leaf stripe isolates and against the natural field
pathogen population of different barley cultivating
countries, thus suggesting that Rdg/a may have a very wide
range of effectiveness (Skou et al. 1994; Arru et al. 2003a;
Mueller et al. 2003).
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In addition to Rdgla, other leaf stripe resistance genes
have been identified. The major resistance gene Rdgla
located distal on the short arm of chromosome 7H (Tacconi
etal. 2001) has been mapped to fine genetic resolution
(Bulgarelli et al. 2004). Rdg2a confers complete resistance
(immunity) to at least three Italian isolates of the pathogen.
including the most virulent one (Dg2), but it is not effective
against the isolate Dg5. The partial resistance of Proctor is
conferred by a gene in the centromeric region of chromo-
some 7H in the spring barley cross Proctor x Nudinka
(Pecchioni et al. 1996). This QTL had a major effect on the
trait and has been designated as the Proctor resistance gene.
Partial resistance of cv Steptoe is governed by major QTLs
mapped to the long arm of chromosome 2H and on chromo-
some 3H (Arru et al. 2003b).

In the course of a barley germplasm screening for leaf
stripe resistance sources with a wide range of effectiveness
against highly virulent monoconidial isolates and the field
pathogen population, H. spontaneum 41-1 and the barley cv
Vada were among the genotypes with the highest level of
resistance, while Arta and .94 were among the most sus-
ceptible (Mueller et al. 2003 and unpublished data). These
genotypes were verified as being parents in two barley
mapping populations (Baum etal. 2003; Marcel et al.
2007a).

In the present work QTL analysis was applied to the
RILs progenies of two crosses that included H. spontaneum
41-1 and Vada as resistant parents, and were therefore seg-
regating for the resistance against two highly virulent leaf
stripe monoconidial isolates. In one of the crosses,
L94 x Vada, a dense molecular marker map was used lo
precisely detect the map position of the Vada resistance.
The other population, Arta x H. spontaneum 41-1, was
used to identify resistance loci contributed by H. sponta-
neum, the wild progenitor of cultivated barley. Markers
added to this latter map also enabled comparisons among
the resistance loci detected in the two populations. A syn-
tenic interval on the rice chromosome arm 4L was identi-
fied on the basis of rice orthologs of EST-based barley
markers, allowing a search for possible candidate genes for
Rdgla resistance among the annotated rice genes. Mapping
of three Rdgla candidates revealed that one of them, a
homolog of the powdery mildew resistance gene mlo, was
tightly associated to the LOD peak of the resistance gene in
both the populations.

Materials and methods

Plant material

Two spring barley segregating populations of RILs
obtained by single-seed descent were tested with their
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respective parents for leaf stripe resistance in an artificial
inoculation test. One barley population (L x V) consisted
of 103 F9 inbred lines obtained from a cross between 1L.94
(leaf stripe susceptible), a two-rowed line with black and
naked seeds, and Vada (leaf stripe resistant), a two-rowed
cultivar with white and hulled seeds (Qi et al. 1998). The
second population (A x H.sp.) comprised 194 F§ RILs of
the cross between Arta (leaf stripe susceptible), a two-
rowed pure line selected from the Syrian white-seeded
landrace “Arabi Abiad”, and H. spontaneum 41-1 (leaf
stripe resistant), a pure line selected for its adaptation to
severe drought stress conditions; this cross was originally
developed to study agronomic traits associated with adapta-
tion to Mediterranean environment (Baum et al. 2003). The
cvs. Rebelle (six-rowed, winter, highly resistant), Thibaut
(six-rowed, winter highly resistant to isolate Dg2 and sus-
ceptible to isolate Dg5) and Mirco (six-rowed. highly sus-
ceptible) were used as reference lines in the inoculation
test. The cv. Gull was tested for resistance to leaf stripe iso-
lates Dg2 and Dg5 to assess derivation of the Vada resis-
tance.

Inoculation test and disease evaluation

The P. graminea isolates used (Dg2 and Dg5) are the most
virulent in a collection of 12 Italian monoconidial isolates
tested on European barley varieties (Gatti etal. 1992;
Mueller et al. 2003). In the L x V population, infection
scores for the isolate Dg2 were determined in a previous
work (Arru et al. 2002), but in the present work 38 lines out
of 103 were scored again with this leaf stripe isolate. In
addition, 91 lines of L x V were screened with the isolate
Dg5. In the A x H.sp. population 122 and 121 lines were,
respectively tested with the isolates Dg2 and Dg5. The
RILs, parents and test cvs. were inoculated using the “sand-
wich” method following the procedure described in Pecchi-
oni et al. (1996).

For each line. sixty seeds were surface-sterilized in
70% ethanol for 30 s and 5% NaOCI for 10 min, rinsed
thoroughly in deionized water. left to dry and then incu-
bated in three Petri dishes (20 seeds each) between two
potato dextrose agar (PDA: Liofilchem. Teramo, Italy)
layers colonized by an actively growing mycelium.
After 20 days of incubation in the dark at 6°C, the
emerged seedlings were transplanted to pots 12 cm in
diameter and grown in the greenhouse until heading at
12°C night (10 h dark) and 20°C day (14 h light at a
quantum flux density of 28 pE m—>s~"). A randomized,
complete-block design with three replications of 20
plants per line was used. At heading, infected (showing
leaf stripes) and healthy plants were counted. Resistance
was assessed as the incidence of infection, i.e. the
percentage of infected plants.

DNA marker analysis

Genomic DNAs of the parents and each RIL was isolated
by placing leaf tissues in 96 x 1.2-ml-well microtube
plates. Plant material was ground using the Retsch®
MM300 Mixer Mill instrument and for DNA purification
the Wizard® Magnetic 96 DNA Plant System (Promega)
was used following manufacturer’s instructions. In order to
identify molecular markers, L94. Vada, Arta and H. sponta-
neum 41-1 were screened for polymorphisms. PCRs for
STS, CAPS and dCAPS analyses were performed in vol-
umes of 20 pl, containing 2.0 mM MgCl,, 0.2 mM of each
dNTP, 0.3 pM of each primer, 5% DMSO, 0.5 U Taq poly-
merase, and 60 ng template DNA. The PCR conditions
comprised one cycle of 2 min at 94°C, 36 cycles of 40 s at
94°C, 50 s at 60°C (66°C for marker TC163743), 1 min
20 s at 72°C. and a final extension 72°C for 10 min. Gel-
purified PCR products were directly sequenced to confirm
identity (by comparison to the original sequence), and to
identify polymorphisms between the parents of the map-
ping populations. When amplification products were longer
than 1kb, sequencing primers were used to extend
sequence reading to the whole amplified fragments.
Restriction sites covering polymorphic sites were identified
using the RestrictionMapper V3.0 program (hup:/
www.restrictionmapper.org/). while primers for dCAPS
analysis were identified with the program dCAPS Finder
V2.0 (http://helix.wustl.edu/dcaps/dcaps.html). For CAPS
and dCAPS markers, 20 pl of PCR mixture was digested
overnight in a volume of 25 pl containing 1x restriction
enzyme buffer, 1.5 U of restriction enzyme and 0.5 pg/ul of
acetylated BSA. The resulting fragments were size fraction-
ated in 2% agarose gels. For SSR analysis each reverse
primer was 3'-tailed with the M13 forward consensus
sequence. The M13-tailed reverse primers were then used
in combination with the forward primers and with a stan-
dard M13 primer dye-labelled at its 5' end (Boutin-
Ganache et al. 2001). PCRs were performed in volumes of
10 pl, containing 1.5 mM MgCl,. 0.25 mM of each dNTP,
0.2 uM of forward primer, 0.02 uM of M13-tailed reverse
primers, 0.08 uM of M13 dye-labelled primer, 0.5 U Taq
polymerase. and 60 ng template DNA. The PCR conditions
comprised one cycle of 2 min at 94°C, 36 cycles of 45 s at
04°C, 45 s at 55°C, 1 min at 72°C, and a final extension
72°C for 7 min. Microsatellites polymorphisms were visu-
alized using an ABI PRISM 3130xl genetic analyzer
(Applied Biosystems, Foster City, CA).

The InDel-based HvCSG STS marker applied on the
L x V population was obtained with primers reported in
Table 1 designed from position 4.500 to position 5,205 of
GenBank sequence X58339 coding for the barley chalcone
synthase gene (Becker and Heun 1995). Additionally, the
CAPS marker MWG2068 (Marcel et al. 2007b) and the
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Table 1 STS, dCAPS (d) and CAPS markers tested for linkage to Rdgla

Marker Primer Restriction enzyme
L=V A x Husp.
HVCSG 5" -CCTTCTCGACCGTTTATCTTCGTCATGG
5'-CTGCAGGGCTGCTTCAATGAGC
NP450530(d) 5"-GCAGCGTCAGCGTGTCAAGAACCGTTCCGTCGTCA Bsell
5'-TTCCCGGAGGACCAGACCTAC
TC163743 5"-AAGGAGTTCAACTGGAACTTTGAA Hinfl
5'-CCAGTCATAGTCGCATACTATC
FD526114 5'-TCTCTCATCTATGATATGATCCTAGC Aftli Tasl

5"-CAACAGGATCAGAGAAACCATGC

For each marker the sequence of the primers and the restriction enzyme used to detect the polymorphisms are shown

SSR  markers GBM1047, GBMI1462 and GBMI1475
(Varshney et al. 2007) were applied on the A x H.sp. popu-
lation. Sequences of barley ESTs representing putative
orthologs of Rdgla candidates identified on the rice chro-
mosome 4L (see below) were also used for primer design
(Table 1) using procedures previously described (Chen
et al. 2009) in order to include intron sequences within the
amplified genomic fragments.

Linkage analysis

For the L x V, the segregation data of 958 markers were
obtained from the L94 »x Vada 2006 map data of GrainG-
enes (http://wheat.pw.usda.gov/GG2/index.shtml) (Marcel
etal. 2007b), and for A x H.sp.. the segregation data of
193 markers were obtained from Baum et al. (2003). Map
position of the molecular markers added in the present
work was established with the software JoinMap 4.0 (van
Ooijen 2006) using Kosambi’s (1944) mapping function.
All mapped markers were tested for the expected 1:1 segre-
gation ratio using a /2 goodness-of-fit test and were joined
into the corresponding linkage groups using LOD score of
3.0 or higher using the “Second Order” mapping in Join
Map 4.0. Mapping of TC163743. NP450530, HVCSG and
FD526114 into the chromosome 2H of the L x V popula-
tion was conducted by adding the order of the microsatellite
markers HVMS54, GBMI1200, GBMI1047 GBMI1462,
Bmag0749 and GBM1475 as a “fixed order file” into Join
Map 4.0. “Fixed order files” were not used for mapping of
GBM1047, FD526114, GBMI1462, MWG2068 and
GBM1475 into the A x H.sp. map.

Statistical and QTL analyses
ANOVA and correlation analyses of the resistance data
were performed using SYSTAT v.9 software (Systat

Software Inc., CA, USA). Broad sense heritabilities
(h* = 6%g/8°p) were calculated for the four experiments
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(reaction scores to Dg2 and Dg5 in L % V and A x H.sp
populations) on ANOVA results. For QTL analysis, mean
data of infection scores were first used for simple interval
mapping (SIM) to identify the markers most significantly
associated with variation in leaf stripe resistance. To
improve the QTL detection capacity, automatic co-factor
selection (ACS) analysis was performed to identify markers
significantly associated with leaf stripe resistance. Co-fac-
tors were then used in a multiple-QTL model (MQM) in
MapQTL v. 5. The QTL analysis was repeated by selecting
the markers associated with the QTLs as co-factors as
described by van Ooijen (2004). Permutation tests (1,000
iterations) were performed for each experiment to deter-
mine the threshold at which the LOD score became signifi-
cant (P < 0.05) and highly significant (P < 0.001) for QTL
identification (van Ooijen 2004). For QTL mapping, co-
segregating markers were removed from L x V.

Syntenic relationship with rice

Identification of orthologous rice genes for the markers
GBM1498, GBM 1462, and GBM1012 is described in Stein
et al. (2007}, while identification of orthologous rice genes for
the marker WBE110 is described in Marcel et al. (2007a). The
same procedure has been used in this work to identify a rice
ortholog of the barley Gln2 locus coding for a glutamine syn-
thetase 2 (accession number X53580). Rice genomic sequence
from the leaf stripe resistance locus syntenic region of chromo-
some 4 was scanned for resistance proteins of all classes, as
defined in Table 2 of Hammond-Kosack and Parker (2003) by
using the release 6.1 of the MSU rice genome annotation pro-
ject database (http://rice.plantbiology.msu.edu/pseudomole-
cules/info.shtml; Ouyang etal. 2007). Initial searches were
conducted using 20-kb sections and, for sections of interest.
additional searches were performed using 10 kb sections. Puta-
tive barley orthologs of the rice genes were identified by Blast
search in the barley gene indices at DFECI (http://compbio.
dfei.harvard.edw/tgi/plant.html).
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Results
Phenotypic analysis

The analysis of variance on the percentage of infected
plants in the two segregating populations for the two leaf
stripe isolates showed a highly significant effect of the
genotype (P < 0.001) on the incidence of barley leaf stripe,
with no significant differences observed in the replications.
H. spontaneum 41-1 and Vada were resistant to both iso-
lates while Arta and L94 were highly susceptible (Fig. 1).
In this work, when L94 was infected with isolate Dg2 the
infection score recorded (85%) (Fig. la) was higher than
that previously observed (38%) by Arru etal. (2002).
Because of this difference. resistance tests on L94 were
carried out in three additional independent infection experi-
ments though results always confirmed the higher infection
score (data not shown). Figure 1 shows the distribution of
the leaf stripe resistance to each isolate in the two segregat-
ing populations, calculated as percentage of infected plants.
The infection score dataset for isolate Dg2 used for QTL
mapping in the present work was based on 103 RILs. For
65 of these RILs the infection data for isolate Dg2 were the
same as those used in the mapping experiment of Arru et al.
(2002), while for the remaining 38 lines new infection
experiments with isolate Dg2 were carried out in the
present work. For these 38 lines, previous infection scores
for isolate Dg2 (Arru etal. 2002) were contrasting with
infection scores obtained for isolate Dg5 in the present
work. while for the remaining 65 lines there was a substan-
tial agreement for Dg2 and Dg5 infection values. This evi-
dence prompted a new detailed evaluation to be carried out.
As previously observed (Arru et al. 2002), the higher infec-
tion scores of the population means for Dg5 (at least in
L x V) together with the higher values observed for the
parents may indicate that Dg5 is a more virulent isolate
than Dg?2.

In the two RIL populations the distribution of resistance
to both isolates deviated significantly from normality, even
though fitting a U-shaped (or sigmoid shaped for L x V
population infected with isolate Dg2) frequency distribu-
tion separated by a region of very low frequencies (Fig. 1).
Although the phenotypic distribution could fit the segrega-
tion of a single gene (at least for distributions in Fig. 1b—d).
lines belonging to intermediate resistance classes were also
observed, thus raising the possibility that more than one
locus could be involved in the resistance. For this reason
data were subsequently processed by means of a QTL
analysis.

The estimates of heritability in broad sense for resistance
to isolates Dg2 and Dg5. respectively within L x V and
A x H.sp populations were 0.998 and 0.997 for L x V, and
0.999 and 0.999 for A x H.sp. These high heritability val-

ues indicated that the majority of the phenotypic variance
was due to genetic effects. A significant correlation was
found between the disease incidence of isolate Dg2 and that
of isolate Dg5 in both the L x V (r=10.796; P < 0.001) and
A x Husp (r=0.941:; P < 0.001) populations.

Genetic mapping and QTL analysis

SSR markers GBM1047. GBM 1462, GBM 1475 and the
CAPS marker MWG2068 were mapped on the A x H.sp.
population, while the STS marker HVCSG was mapped in
the L x V population (Fig. 2). These additional markers
were used because, on the basis of preliminary mapping
experiments, loci for resistance were shown to be localized
in this distal region of chromosome 2HL. Markers cited by
several authors as being linked to this region (Marcel et al.
2007b; Varshney et al. 2007) were therefore added to the
two maps both to increase the marker density of the gene
region and to obtain bridge markers allowing comparison
of the locus position. In addition, markers derived from the
barley chromosome 2H/rice chromosome 4L syntenic rela-
tionship (see below). represented by NP450530 (dCAPS
marker), TC163743 and FD526114 (CAPS markers) were
mapped in L x V. while FD526114 was mapped in
A x H.sp. (Fig. 2: ESM Fig. S1). In this latter population.
mapping of NP450530 and TC163743 was not possible
because of the absence of polymorphisms between the two
parents. An inverted order was observed for the markers
GBM 1047 and HVCSG in the two maps obtained, which
was unexpected, and so segregation data for the two mark-
ers were visually scored in the two populations to control
for incoherencies with the assigned map position but, even
after this analysis, the results of the linkage analysis were
confirmed. The different map order of the two markers
could therefore depend on a genuine inversion of the two
markers, or, more likely, on the lower density of markers
within the A x H.sp. map not allowing for a precise map
position assignment.

In the L x V population, a resistance gene with major
effects for resistance to P. graminea isolates Dg2 and Dg5
was detected on chromosome 2HL with LOD scores of
12.9 and 42.7, respectively (Fig. 2: Table 2). The parent
Vada contributed the resistance alleles for this gene to
both isolates and the percentage of phenotypic variance
explained was 44.1% for Q-Vada-Dg2 and 91.8% for
Q-Vada-Dg5 (Table 2). The region of the locus conferring
resistance to the two isolates was completely overlapping
(the LOD score peak was included in the same marker
interval) and is in agreement with the position of the one
previously detected for the isolate Dg2 in Arru etal
(2002), which represents the Rdg/a gene. The gene confer-
ring resistance to isolate Dg2 was in fact previously local-
ized (Arru etal. 2002) on the chromosome 2ZH region
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Fig. 1 Frequency distribution
of phenotypic reaction to leaf
stripe isolates Dg2 and Dg5
expressed as percentage of
infection in RILs derived from
L94 x Vada (a, b) and

Arta x H. spontaneum 41-1
(c. d). Resistance values of the
parents and means of the
populations are shown and their
position is indicated by arrows
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) and estimated additive effects of the detected QTLs in the RIL popula-

Locus Marker interval® Donor LOD R (%)° Additive effect”
0-Vada-Dg2 P15M53-83-FD526114 Vada 12.9 4.1 18.9
0-Vada-Dg5 P15M53-83-FD526114 Vada 427 01.8 40.6
Q-H.sp.-Dg? GBM1047-FD5261 14 H. sp. 68.3 97.8 48.0
Q-H.sp.-Dg? GBM1047-FD526114 H. sp. 559 96.1 46.4

" The marker interval including the QTL peak position

" The amount of total trait variance explained by a QTL at this locus

¢ The positive values indicate that alleles of the gene from Vada or from H. spontaneum positively contributed to the resistance or reduced the

severity of disease

delimited by AFLP markers E40M32-590 (this marker is
presented in Fig. 2) and E42M40-644 (this marker is 1 cM
distal to GBM1462). The present work therefore supports
that Q-Vada-Dg2 and Q-Vada-Dg5 represent effects of the
leaf stripe resistance gene Rdgla.

In the A x H.sp. population, MQM mapping detected
a resistance gene with major effects for resistance to iso-
lates Dg2 and Dg5 on chromosome 2HL with LOD
scores of 68.3 and 55.9, respectively (Fig. 2: Table 2).
The resistance allele of this gene was contributed by the
parent H. spontaneum 41-1 and the percentage of pheno-
typic variance explained was 97.8% for O-H.sp.-Dg2
and 96.1% for Q-H.sp.-Dg5 (Table 2). Also in this map-
ping population, the resistance to both isolates mapped
to the same location.

No additional loci were found above the threshold using
MOQM either in L x V or in A x H.sp. populations. The
minor QTL detected by Arru et al. (2002) as a subthreshold
peak (LOD=2.04) on chromosome arm 7HL was not
detected in any of the experiments in the present work.

In the two populations QTL peaks were defined by an
interval of 3 cM between P15M53-83-FD526114inL x V,
and about 5cM between GBMI1047-FD526114 in
A x H.sp.(Table 2: Fig. 2). The SSR marker GBM1462 is
just distal to the gene region in both populations (Fig. 2). In
the two populations. allelic variation at markers FD526114
and GBM 1462 was associated to leaf stripe resistance. as
demonstrated by the observation that alternate alleles of the
two markers were the most predictive for the average level
of resistance or susceptibility in the RILs from the L x V
and A x H.sp. populations (Fig. 3). This locus—marker
relationship was further tested by mapping the resistance
gene loci as qualitative traits using JoinMap 4.0. Mapping
was carried out for resistance to isolates Dg2 and Dg5 in
A x Husp. and only for resistance to Dg5 in L x V by
excluding RILs with intermediate infection values (from 20
to 60%) from the mapping dataset. In A x H.sp., a locus for
resistance to both isolates was mapped between markers
GBM1047 and FD526114 (1.5 cM distal to GBM 1047 and
2 ¢M proximal to FD526114), while in L x V the resistance
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Fig. 3 Average infection response (percentage of infected plants) af-
ter inoculation with isolate Dg2 or Dg5 of lines from the L x V (a}and
A x H.sp (b) populations with the resistance (V or H.sp.) or the sus-
ceptibility (L or A) alleles at molecular markers linked o Rdgla.
Along the X-axis the marker names and their distances in ¢cM are indi-
cated. Different scales were used to define marker distances in aand b

gene was localized between the markers P15M53-83 and
FD526114 (1.0 cM distal to P15M53-83 and 2.2 ¢cM proxi-
mal to FD526114) (Fig. 2). These JoinMap 4.0 mapping
results were therefore in complete agreement with QTL
mapping data.

A hypothetical origin for Rdgla

Leaf stripe resistance test supports that Rdg/a gene in Vada
can only be derived from H. laevigatum. because the other
parent (Gull) scored as highly susceptible to the two leaf
stripe isolates (Fig. 4). On the basis of the present mapping
result, it can be postulated that Rdg/a confers resistance to
the two leaf stripe isolates tested. The QTL peak for resis-
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H. spontanenm 41-1

D2 = (%
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Redgla
Gull I, distichum var. Laevigatum
Dg2 = 100% Rdgla
Dg5 = 83%
rdgla
|
Vada
Dg2 = 2%
Dg3 =4%
Rdgla

Fig. 4 Diagram depicting the proposed derivation of Rdgla from
H. spontaneum 41-1

tance against Dg2 and Dg5 was flanked by the markers
HVCSG and GBM1462, common to both the populations
used in the study. which corresponded to a genetic interval
of 7.8 and 7.1 ¢M in L x V and A x H.sp.. respectively
(Fig. 2). This overlapping interval therefore, strongly sup-
ports the hypothesis that leaf stripe resistance in Vada and
H. spontaneum 41-1 is governed by the same gene. namely.
by Rdgla. and that Rdgla resistance derived from H. lae-
vigatum could be traced back to H. spontaneum, the pro-
genitor of cultivated barley (Fig.4). This hypothesis is
further supported by the nearly identical level of resistance
of the two barley genotypes (H spontaneum 41-1 and Vada)
to the two leaf stripe isolates (Figs. 1, 4).

Syntenic relationship with rice

A syntenic relationship between the long arm of the chro-
mosome 2 region bearing the leaf stripe resistance locus
identified in this work and the rice chromosome arm 4L
was highlighted in previous studies (Marcel et al. 2007a;
Stein et al. 2007; Chen etal. 2009). Figure 5 depicts the
syntenic relationship between this barley chromosome
region and the corresponding region of rice chromosome
arm 4L. Rice orthologs of the EST-based SSR markers
GBM 1498, GBM1462 and GBM1012 were identified by
using the MoMaVis program (htip://pgrec.ipk-gatersle-
ben.de/transcript_map/momavis.php; Stein etal. 2007),
while information on the rice homolog of the barley EST
marker WBE110 was taken from Table S1 of Marcel et al.
(2007a). For the barley gene Glin2, a rice ortholog with a
high level of similarity (E = 2.107"%) was identified in the
TIGR (The Institute for Genomic Research Rice Genome
Annotation project. http://rice.tigr.org, release 6.1) locus
0s04247066. Markers GIn2 and GBMI1498 were not
directly mapped in the L x V population but their map
position was extrapolated on the basis of loci shared
between two maps: the map position of Gln2 was assigned
by comparing L x V with the consensus map of Marcel
et al. (2007b), while GBM 1498 was assigned by comparing
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Fig. 5 Alignment of the L94 x Vada genetic linkage map covering isolate Dg2 and Dg35 in the two segregating populations. The eight rice

the Rdgla region on barley chromosome 2HL with the homologous re- orthologs identified are connected with lines to the corresponding bar-
gion on rice chromosome 4L. Asterisks denoted markers whose map ley homologs and define a rice physical contig of 2.219409 Mb. The
position was extrapolated on the basis of loci shared between two column position indicate. in bp, the 5' end of the corresponding rice lo-
maps. Distances are given in Kosambi cM. Black and grey rectangles cus on the Nipponbare chromosome arm 4L. ripkl, ripk2, ripk3. nbs
indicate the significant LOD interval for resistance, respectively to and mlo are codes for Rdgla candidates in rice. as indicated in Table 3

L x V with the consensus map of Varshney et al. (2007), as  receptor-like protein kinases and one gene coding for an
hereafter described. Marker GIn2 was mapped 0.022c¢cM  ATP/GTP-binding (or nucleotide-binding sites, NBSs) pro-
distal to the AFLP marker P15M53-285 in a barley consen-  tein. In addition, also an Mlo-like protein was present in
sus map (Marcel et al. 2007b) and GBM1498 was mapped  this region (Table 3). Putative barley orthologs of these
between markers GBM1200 and GBM1047 (0.9 ¢cM from  sequences were identified by searching the barley gene
the first and 4.0 cM from the second marker, respectively) indices (Table 3). thus enabling development of dCAPS/
in a microsatellite consensus map of barley (Varshneyetal.  CAPS markers for three of them (TC163743, NP450530
2007). We attempted to map these two markers in the two  and FD526114) (ESM Fig. S1) and assignment of their map
segregating populations used in the study but, for GIn2, no  position within the Rdg/a genomic region (Fig. 5). For two
SNP or In/Del polymorphisms were identified after amplifi-  barley ESTs, TC191004 and BY841818, it was not possible
cation and sequencing of about 3,160 bp of genomic  to obtain the corresponding markers. In TC191004, no
sequences amplified from the four parents using primers  SNPs were detected even after sequencing approximately
designed on the accession number X53580 (data not  1.300 bp in the four parents, and in BY841818. the pres-
shown). Similarly, amplification products of the SSR  ence of multiple amplification fragments. despite the use of
marker GBM 1408 were monomorphic between the parents  five different primer combinations, did not allow sequenc-
of the two segregating populations. ing of the amplification products. Among the candidates
The five barley EST-based markers for which a rice  tested FD526114, a sequence coding for an Mlo-like pro-
ortholog was identified, allowed alignment of the L x V' tein, was the most tightly associated with the leaf stripe
map to a rice physical contig of about 2.212 Mb that  resistance locus (ESM Fig. S1; Fig. 5) and its map position
includes the Rdgla syntenic region of barley (Fig.5).  was under the QTLs LOD plots in both the populations, but
Inspection of all predicted genes annotated in the leaf stripe  not coincident with the map position of the QTL peak.
resistance syntenic interval in rice revealed the presence of
507 sequences coding for putative expressed proteins, 32
putative retrotransposons and 9 putative transposons.  Discussion
Among the 507 putative proteins genes, four were identi-
fied as coding for domains conserved within the major clas-  In the present study, two barley populations segregating for
ses of disease-resistance proteins, three genes coding for  leaf stripe resistance were evaluated for their response to
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Table 3 Rice genes encoding domains conserved in disease-resistance proteins identified in the Rdg/a rice syntenic region

Code® Putative function Position” Rice locus Barley homolog® E value®
ripkl Receptor-like protein kinase 32,890,650 Loc_0s04g55620 TC191004 9.6E-86
ripk2 Receptor-like protein kinase 33,375.236 Loc_0s04g56360 NP450530 9.6E-124
ripk3 Receptor-like protein kinase 33,422222 Loc_0s04g56430 BY841818 1.2E-87
nbs ATP/GTP-binding protein 33,521,336 Loc_0s04g56590 TC163743 2.8E-143
mlo Mlo-like protein 34,542,155 Loc_0s04g58420 FD326114 1 4E-42

* Identification code reported in Fig. 5

" Position in bp for the 5" end of the corresponding rice locus on the Nipponbare chromosome arm 4L

© Best barley homologs retrieved after Blast search of barley gene indices with the rice EST sequences

! E value obtained with the Blast alignment of rice sequences against the barley gene indices

two highly virulent P. graminea isolates in order to identify
resistance loci. In the two populations only one genomic
region, defined by a marker interval that included the LOD
score peaks, was identified as responsible for leaf stripe
resistance. This result is also supported by the high portion
of phenotypic variance explained by the loci identified and
from a previous study on the Vada resistance to leaf stripe
isolate Dg2 in which only one major QTL was detected on
chromosome 2H (Arru et al. 2002). The genomic region of
resistance loci towards the two isolates was coincident in
L x Vand A x H.sp. populations; in addition, no recombi-
nant lines for resistance to Dg2 and Dg5 (i.e. highly resis-
tant to one isolate and highly susceptible to the other) were
identified in the RILs analysed in either populations, thus
supporting that the same gene is responsible for resistance
to both isolates.

In this work we demonstrated that H. spontaneum acces-
sion (H. spontaeum 41-1) possesses the leaf stripe resis-
tance gene Rdgla. H. spontaneum 41-1 is a line selected
from an accession originally collected in Israel, Beit Shean
Valley, at an altitude ranging between 225 and 150 m
below sea level (S. Grando, personal communication). The
presence of the gene in this accession suggests that Rdgla
is present with some degree of frequency (currently
unknown) within the H. spontaneum gene pool, and that, as
a consequence, H. spontaneum accessions may have con-
tributed the Rdg/a resistance allele to H. distichum laeviga-
tum. It is known that H. spontaneum is a rich source of
genes that impart resistance against important barley dis-
cases and a high frequency of resistance (60-98%) to leaf
blotch, leaf rust, net blotch and powdery mildew has been
found in accessions from Jordan and Israel (Fetch et al.
2003). Although no studies have been performed to
evaluate the frequency of leaf stripe resistance genes in
H. spontaneum, this disease is typical of Mediterranean
environments and leaf stripe is definitely present in the fer-
tile crescent where H. spontaneum occurs (Yahyaoui 2004;
Tunali 1995: Golzar 1995). Since the presence of the patho-
gen should increase selection for disease resistance, it is
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likely that an overlapping of the P. graminea and H. spon-
taneum areas may have lead to an increased frequency of
leaf stripe resistance genes in the H. sponfanewm gene pool.
Very little information is available about the ancestry and
provenance of H. laevigatum (Skou and Haahr 1987) or
about the possibility of having introgressed genes from
H. spontancum. However, the fact that H. laevigatum is a
landrace of H. vulgare ssp. vulgare suggests that no cross-
ing barriers would have limited gene transfer between
H. spontaneum and H. laevigatum (Asfaw and von
Bothmer 1990). It is therefore possible that Rdgla in
H. laevigatum is derived from H. spontaneum.

A QTL for partial resistance to leaf stripe isolates Dg2
and Dg5 derived from the barley cultivar Steptoe was
mapped to the long arm of chromosome 2H (Arru et al.
2003b); the peak marker of this QTL was the molecular
marker Perl that. on the basis of the barley consensus map
of Marcel et al. (2007b), is 4.3 cM distal to GBM1462. This
marker relationship therefore excludes that the resistance of
Vada and the Steptoe QTL is conferred by alleles of the
same Rdgla gene but support the hypothesis that this
region of barley chromosome 2H is enriched of sequences
conferring resistance to the leaf stripe pathogen P. grami-
neda.

In a previous work, only AFLP markers were identified
as associated with the Rdg/a gene (Arru et al. 2002). In this
work, the PCR-based markers HVCSG, FD525114 and
GBM1462 demonstrated to efficiently predict the resistant/
susceptible phenotype within the RILs analysed. These
markers can therefore be used for marker-assisted selection
(MAS) of Rdgla in segregating populations when using
Vada or H. spontaneum 41-1 as the donor of Rdgla leaf
stripe resistance. The same is true when using some of the
many two-rowed spring varieties that were indicated as
possessing the Vada resistance gene (Skou etal. 1994:
Kraakman et al. 2006). In addition to their use in MAS,
these markers should enable recombinant screening in large
F2 segregating populations with the aim of mapping the
Rdgla gene at a higher genetic resolution. The region of the
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long arm of chromosome 2 belongs to the 2L1.0 section
defined as a gene-rich and highly recombinogenic region
(Dilbirligi etal. 2005) with physical to genetic distance esti-
mates of 1.1 Mb/cM (Kiinzel et al. 2000). This should facili-
tate the fine-mapping procedure through the identification of
markers with a tight physical association with the Rdg/a gene.

Previous studies highlighted a syntenic relationship
between the Trificeae chromosome 2 and the rice chromo-
somes 4 and 7 (Moore et al. 1995; Devos 2005). This syn-
tenic relationship was in agreement with the present study
for eight barley EST marker loci in the Rdgl/a genomic
region for which the corresponding rice homologs were
identified. Except for two possible discontinuities in the
barley—rice colinearity that can be explained by an inver-
sion of segments, the marker order in the barley map was in
agreement with the order of the predicted genes on rice
chromosome 4. Two possible inversions were observed in
the order of the EST-based markers Gln2-GBM1498 and
WBE110-GBM1012 (Fig. 5). Since the map position of the
first two markers (GIn2 and GBM1498) was extrapolated
and not assigned by segregation mapping, the first inversion
observed may be due to inaccuracies of their marker-locus
assignment. Nonetheless, inversion events in the region that
includes the marker HVM54 were previously observed in a
barley—rice colinearity analysis for this region of chromo-
some 2HL (Chen etal. 2009), supporting that the one
abserved in this work represents a genuine rearrangement.
The second possible inversion refers to tightly associated
loci (distance between WBE110 and GBM1012 is 0.2 ¢cM)
and can therefore represent a small translocation/inversion.
like those observed when saturating regions of barley resis-
tance genes Rph7 and Rph5 (Brunner et al. 2003; Mamm-
adov etal. 2005). Until now. using the rice genome
sequence for the identification of Triticeae resistance genes
during map-based cloning has been a rather fruitless
approach. A homologue of the barley Rpg/ kinase-encod-
ing stem rust resistance gene, for example, is absent from
the rice syntenic region and the whole rice genome (Han
et al. 1999; Brueggeman et al. 2002) and similarly, no can-
didates for the barley leaf stripe resistance gene Rdgla.
which maps to chromosome arm 7HS, were identified in the
syntenic region of rice chromosome 6 (Bulgarelli et al.
2004). Nonetheless, with the double purpose of identifying
additional markers derived from rice for the Rdg/a region,
together with possible candidates, a search for genes con-
taining domains conserved within the major classes of dis-
ease-resistance proteins was conducted for the rice Rdgla
syntenic region. Analysis of the Nipponbare rice genes
annotated into the 2.219 Mb leaf stripe resistance syntenic
interval in rice did not reveal sequences strictly belonging
to the major class (nucleotide-binding site plus leucine-rich
repeat) of resistance genes. A homolog of the barley pow-
dery mildew resistance gene mlo, which maps to barley

chromosome 4H (Hinze et al. 1991), was identified within
the rice Rdg/a syntenic region. This was the only candidate
to map under the QTLs LOD plot area. High-resolution
genetic mapping of the locus will clarify whether this gene
represents an Rdg/a candidate. or its map localization is a
positional coincidence. Furthermore, other rice EST
derived from the interval defined by Loc_0Os04g56590 and
Loc_0s4g58240 may enable the generation of additional
genetic markers in barley that are closer to Rdgla.
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