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General Introduction



Barley and stem rust
Barley Hordeum vulgare L.) is the fourth most widely grown cereal croptime

world after corn, rice and wheat. The United Statesks as one of the world’s major
barley producing countries with over 1 million ¢udtted hectares and annual production
of about 5 million tonnes. Most of the barley cwdtied in the United States is in the
northern tier states from Minnesota in the ea8/a&shington State in the west. Barley is
used primarily for animal feed, but a substantiattipn of the crop is also used in

malting and specialty foods.

Barley production can be severely reduced by a munolb different foliar, head,
root and crown diseases. Stem rust, causedubginia graminis Pers.:Pers. f. spritici
Eriks. & E. Henn., is one of the most devastatirgpases of barley. It causes shriveled
grain and lodging, which greatly reduce vyield. Barley, statewide yield losses as high
as 15% were reported in North Dakota and Minnesotang epidemic years prior to
1940 (Steffenson, 1992). Ever since the releaskadty cultivars with the resistance
geneRpgl in the mid-1940’s, yield losses caused by stemmase been minimal in the
northern Great Plains even though pathotypes withence forRpgl have been reported
periodically (Steffenson, 1992). In 1990 and 1981pathotype ofP. graminis f. sp
tritici, Pgt-QCCJ, with virulence folRpgl caused minor stem rust epidemics in the
northern Great Plains (Steffenson, 1992); howesiace that time, no significant losses
have been recorded in barley. Today, a new thoehoth wheat and barley exists in the
form of pathotypePgt-TTKSK (original described race designati®gt-TTKS with

isolate synonym of Ug99), which was first charaeest from Uganda in 1999 (Pretorius
2



et al., 2000). Pathotyp@®gt-TTKSK can attack the vast majority of wheat andlda
varieties cultivars worldwide and is spreading. eAffirst being reported in Uganda,
pathotypePgt-TTKSK has been confirmed in Kenya, Ethiopia, Sydéemen (Singlet
al., 2008) and Iran (Nazaet al., 2009). It is predicted to move into North Africather
parts of the Middle East, Asia and beyond, threatemuch of the world’s wheat and

barley production.

Stem rust fungusPuccinia graminis
Stem rust or black rust is caused by the funBuscinia graminis. It is a

heteroecious, macrocyclic rust fungus with the cetepcomplement of five distinct
spore stage$?. graminis needs an alternate host (primarily common barb@&egberis
vulgaris) to complete its sexual stage. The asexual ur@datage can undergo repeated
reproductive cycles on gramineous hosts every 1d4&8& under favorable conditions.
Because of the barberry eradication program inthited States during the early 20
century, aeciospores developing from infected baybglants seldom initiate infection
foci on cereal crops. Instead, the stem rust funguvives during the winter as
urediniospores on autumn-sown winter wheat in tbathern Great Plains and is
dispersed by wind northward to infect winter wheatthe central Great Plains and

eventually spring-sown cereals in the northern Geéains (Leonard and Szabo, 2005).

The diagnostic signs of stem rust are the brickenestlinia containing masses of

rust-colored urediniospores that form chiefly oa #tems and leaf sheaths (Leonard and



Szabo, 2005). Based on the most prominent gramgéleost attacked?uccinia graminis
was subdivided into differerformae speciales, including tritici (wheat), secalis (rye),
avenae (oat), agrostidis (Agrostis spp.), poae (bluegrass) andirae (Aira caespitosa)
(Leonard and Szabo, 2005). In North America, badag be attacked by twkormae
speciales of Puccinia graminis: tritici (the wheat stem rust pathogen) aachlis (the rye
stem rust pathogen). To further characterize thbgbgpes (races) d?. graminis f. sp.
tritici, a standard set of differential wheat lines wiiffedent resistance genes were

established (Jiet al., 2008; Roelfs, 1993; Roelfs and Martens, 1988).

Rust resistance genes in barley

Incorporation of resistance genes into barley calts has been the primary and
most economical strategy to control stem rust {&bsbn, 1992). Currently, seven genes
for stem rust resistance have been identified mepaRpgl, Rpg2, Rpg3, rpgd, Rpgs,

rpgBH, andrpg®6.

Rpgl. The inheritance of resistance in barleyPtaggraminis f. sp.tritici was first
investigated by Powers and Hines (1933). In cultReatland, Powers and Hines (1933)
identified a single dominant gene, which was omadjindesignated “T” since it conferred
resistance to théritici forma specialis of P. graminis, but now designate@®pgl for
Resistance td’uccinia graminis (Powers and Hines, 1933; Sggaard and von Wettstein-
Knowles, 1987) . Several other studies on the genef resistance in Peatland, Chevron,

or their derivatives corroborated the finding thaingle dominant gene confers stem rust
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resistance (Andrews, 1956; Brookins, 1940; Shath@89). Rpgl is present in almost
every commercial barley cultivar in the Upper Midiveegion of the United States and
has provided durable resistance agafsgraminis f. sp. tritici since the mid-1940’s
(Steffenson, 1992Rpgl was cloned using a map-based method and encode®@tor
kinase-like protein with a uniqgue combination ofotuandem protein kinase domains

(Brueggemaret al., 2002).

Rpg2. Pattersoret al. (1957) reported adult stage resistance in cultiiatpas-5
(Clho 7124) and identified a resistance gene thag different fromRpgl in Chevron.
This gene was designated Rsg2 (Pattersoret al., 1957; Sggaard and von Wettstein-

Knowles, 1987).

Rpg3. Jedelet al. (1989) identified a new gene for stem rust resistain the
Ethiopian landrace P1382313. This gene was diftefemm Rpgl based on genetic
studies using crosses between PI382313 and a nuvhlirley accessions possessing
Rpgl (Jedelet al., 1989). The resistance gene in PI1382313 was dasidnasRpg3

(Jedel, 1990).

rpg4. In an effort to identify barley germplasm with istance against wheat stem
rust pathotypd>gt-QCCJ, Jinet al. (1994a) evaluated over 18,000 accessions and found
barley line Q21861 (Pl 584766) exhibited the highHesel of resistance at both the
seedling and adult plant stages. Genetic analyghQ21861 indicated that resistance to

5



pathotypePgt-QCCJ was conferred by a recessive gene desigaatgub4 (Jin et al.,

1994b).

Rpg5. In a subsequent study of the genetics of resistamdarley line Q21861
against the rye stem rust pathog8nnet al. (1996) reported a partially dominant gene
that cosegregated with tinpg4 locus. Based on high-resolution mapping, Brueggeeha
al. (2008) resolved that the gene conferring rye stest resistance (previousipgQ,
now designate®®pg5) was different fronrpg4 and that both genes co-localized on a 70-
kb region of chromosome 7(5H). The predictedg4d gene encodes an actin
depolymerizing factor-like protein, an®pg5 encodes an R protein with novel
combinations of three domains: a nucleotide bindiitg (NBS) domain, a leucine-rich
repeat (LRR) domain and a serine/threonine protkinase (S/TPK) domain

(Brueggemaret al., 2008).

rpgBH. Johnson and Buchannon (1954) reported that bategssion Black
Hulless (Clho666) was resistant o graminis f. sp. secalis. By investigating progeny
from crosses between Black Hulless and susceptildievars, Steffensomt al. (1984)
found a single recessive gene (originally desighate the “S” gene, now apgBH)
conferring resistance to pathotype HQ@Pofyraminis f. sp.secalis at the adult plant stage.
Seedling tests by Sun and Steffenson (2005) shaivad Black Hulless was only
resistant to pathotype HQ Bf graminis f. sp.secalis at low temperature, but susceptible

to all otherP. graminis pathotypes/isolates tested.
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rpg6. By introgressingHordeum bulbosum chromatin into cultivated barley
chromosomes, Pickerirg al. (2000) developed a number of lines with improvestase
resistance. After testing these introgression liagainst stem rust, Fetah al. (2004)
found two (119Y4 and 212Y1) resistant to pathotipgeQCCJ. Subsequently, Feteh
al. (2009) investigated the inheritance of resistandsme 212Y1. The introgression was
positioned on chromosome 6HS, a region where neraiem rust resistance genes have
been reported. This new recessive gene frbrioulbosum was designatedog6 (Fetchet

al., 2009).

Function of plant disease resistance proteins

By studying the inheritance of plant resistance gathogen virulence in flax
(Linum usitatisssmum) and the flax rust fungudvelampsora lini), respectively, H. H.
Flor (1971) developed the gene-for-gene hypotheBisease resistance would be
triggered upon specific interactions between a qumgh avirulence(avr) gene and
corresponding plant disease resistan@e dene. Resistance is commonly manifested
through the induction of a hypersensitive respoft$éR), i.e. programmed cell death
within infected tissues. Based on their structunakifs, R genes are now classified into
five classes: (1) serine/threonine (S/T) proteinake; (2) receptor-like protein with
leucine-rich repeats (LRRs) domain, a putative entole binding site (NBS), and an N-
terminal leucine zipper (LZ) or other coiled-co@@) motif; (3) intracellular NBS-LRR

proteins with an N-terminal domain similar to thellTand hterleukin 1_eceptor (TIR)

7



proteins; (4) proteins lacking an NBS but insteaslihg a trans-membrane (TM) and an
extracellular LRR (i.e., Cf proteins from tomatand (5) riceXa2l protein that has a
cytoplasmic serine/threonine kinase domain in @atdiio an extracellular LRR and a TM
(Martin et al., 2003). Also, there are a few R proteins that do fit into these five
classes, such as the toxin reductase dgehd of maize (Johal and Briggs, 1992),
powdery mildew resistance geRPW8 in Arabidopsis (Xiao et al., 2001), and the stem

rust resistance gerpgl in barley (Brueggemagt al., 2002).

The barley stem rust resistance g&pgl is unique because it encodes a receptor
kinase-like protein with two tandem protein kinakemains (Brueggemagt al., 2002).
Only a few other cloned R genes were reported todan S/T protein kinases, including
the Pto gene in tomato conferring resistance to bactspalck caused biyseudomonas
syringae pv. tomato (Martin et al., 1993), thePbsl gene inArabidopsis required for
resistance td’seudomonas syringae pv. phaseolicola (Swiderski and Innes, 2001), and
the riceXa2l gene conferring resistance Xanthomonas oryzae pv. oryzae (Songet al.,
1995). Rpgl showed homology te<a2l in the kinase domain, b{a2l contains an
extracellular ligand-binding LRR domain, where&gl has no known receptor
sequences (Brueggemahal., 2002).Rpgl shares more similarity with the toma@to
gene, which also contains a S/T domain, but no a®/imembrane-spanning or
extracellular domain to serve as an external recgBrueggemat al., 2002; Martinet
al., 1993). In support of the receptor-ligand modéle tirect physical interaction

between thdPto gene product and corresponding avirulence gémeP{o) product has



been detected using the yeast two-hybrid systewfight et al., 1996). Upon AvrPto-Pto
recognition, Pto kinase is activated and inducessphorylation of downstream
components in the signal transduction pathwaysnately leading to elicitation of HR,
expression of defense-related genes, and an oxedatist (Sessa and Martin, 2000). Pto
autophosphorylation sites Thr-38 and Ser-198 appedne required for AvrPto-Pto
mediated HR (Sessa al., 2000). In significant parallels with the tomd&t gene, the
barley RPG1 protein has been shown to have autppbogation activity, and functional
kinase activity is required for stem rust resiseaidirmalaet al., 2006). Both protein
kinase domains of RPGL1 are required for diseagstaese, although only one domain
(pK?2) is functional for autophosphorylation as detmed by site-specific mutagenesis
(Nirmala et al., 2006). Further investigation revealed that, ispmnse to avirulent
pathotypes oP. graminis f. sp.tritici, RPG1 degrades to undetectable levels through a
proteasome-mediated pathway (Nirmaaal., 2007). In resistant barley lines, the
degradation of RPG1 occurs rapidly (between 20-@4rs) after stem rust inoculation,
and the degradation is correlated with diseassteegie (Nirmalat al., 2007). Another
recent study reported that RPG1 protein is phospdied within five minutes after
inoculation with avirulent stem rust urediniospo(B&malaet al., 2010). Nirmalaet al.
(2010) proposed that phorphorylation of RPG1 thiougeraction with an unknown
stem rust urediniospore product is required foristasce to avirulent stem rust
pathotypes. A similar R gene irabidopsis is the S/T kinase resistance gerigSl,
which is required folRPSb-mediated resistance teéseudomonas syringae expressing

avirulence genavrPphB (Swiderski and Innes, 2001). Similar to RPG1 indg PBS1



can autophosphorylate, and the cleavage of PBSAviyphB is required for RPS5-
mediated resistance (Shetoal., 2003). It is proposed that the cleavage prodti&B51

possibly binds to RPS5 to activate resistance (hab, 2003). However, with RPG1,
no degradation product has been detected, andotinespondingAvrRpgl gene has not

been identified. Thus, the mechanisnRp§l-mediated resistance is still unclear.

Two closely linked barley stem rust resistance geneg4 and Rpg5, were
recently isolated by map-based cloning (Brueggermaal., 2008). Rpg5 encodes a
protein containing three typical R protein domaiN&S, LRR, and S/T protein kinase.
The combination of all three domains in a singéas&cript is unusual (Brueggemetral.,
2008). The NBS-LRR gene family is the largest gradiR genes in plants, with two
functionally distinct groups, TIR-NBS-LRR and CC-NB.RR. Genome-wide analysis
of disease resistance gene homologues revealeNB89_RR genes ifrabidopsis and
approximately 500 NBS-LRR genes in rice (Meyetrsl., 2003; Monosiet al., 2004).
However, no TIR-NBS-LRR genes were found in rice] ¢the absence of TIR-NBS-LRR
in cereal species suggests the loss of these gettas early angiosperm ancestors of the
cereal lineage (McHalet al., 2006; Monosiet al., 2004). For NBS-LRR proteins, the
amino-termini (TIR or CC) are thought to act asirgeraction platform for downstream
signaling partners; the NBS domain contains charestic motifs for ATP binding and
hydrolysis for releasing signals, whereas the LR#nain may be involved in the
modulation of activation (Belkhadet al., 2004). The NBS-LRR domains Bpg5 share

high similarity with the rice resistance gelieta, while the S/T kinase domain 8pg5
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shows significant similarity to the tomato R geR&o (Brueggemanet al., 2008).
Interestingly,Pto requires the function of an NBS-LRR gdpr for resistance (Salmeron
et al., 1996). Also, theArabidopsis S/T kinase resistance geRBSL requires an NBS-
LRR geneRPb for resistance (Swiderski and Innes, 2001). Astioead aboveRpgb is

a novel R gene with the presence of all three dospaand allele analysis of the
susceptible barley cultivar Harrington proves tthet S/T kinase domain is required for

resistance (Brueggemahal., 2008).

The predicted barlegpg4 gene encodes an actin-depolymerizing factor-likaf)
protein (Brueggemaset al., 2008). Actin microfilaments are known to play ionant
roles in all aspects of plant growth and have hksen reported to be involved in non-host
resistance in higher plants (Kobayashal., 1997). The polymerized, filamentous state
of actin is required for plants to block fungal ptation (Kobayashet al., 1997). In
Arabidopsis, cytochalasin E, an inhibitor of actin microfilamigpolymerization, severely
compromised non-host resistance against wheat pgwdéddew in edsl Arabidopsis
mutants, indicating the important function of aatytoskeleton organization during non-
host resistance (Yugt al., 2003). However, the report of actin-depolymemziactor-

like protein in gene-for-gene interactions is nowetl needs further investigation.

Genetic engineering of crops to enhance resistance

Incorporation of durable disease resistance indp cultivars is a great challenge

for breeders in reducing losses to biotic agentsl aecuring crop production.
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Conventional breeding methods have vastly improdisgéase resistance in many crop
cultivars. However, these breeding methods have esodisadvantages: e.g.
crosses/backcrosses are usually time-consuming sardal incompatibility between
species prevents transferring novel genes acressespbarriers. Moreover, it is difficult
for conventional breeding programs to react toehelution of new virulent variants in
pathogen populations. With our growing knowledgeplaint-pathogen interactions and
isolation of plant disease resistance genes, atteingve been made to incorporate
disease resistance genes into plants using gesegineering. Transgenic technology
offers breeders a powerful tool for developingttrdéinat are otherwise difficult to achieve
through conventional breeding and can even famlitae introduction of genes from
species outside the cultivated gene pool. The piatdor transgene technology has been
well demonstrated by the commercializatiorBbimaize andt cotton for insect control,
where the incorporation of the insecticidal genesnfBacillus thuringiensis has led to
increased yields and reduction in insecticide a@ppibns (Sheltoret al., 2002). For
engineered resistance to fungal diseases, a beoagk rof genes has been utilized by
researchers, including the expression of variouguaigal proteins (i.e. pathogenesis-
related proteins, chitinases, glucanases, riboSoawivating proteins, etc.) and
expression of R genes on the basis of specificant®ns between R and Avr genes
(Melchers and Stuiver, 2000). With respect tofangal proteins, chitinase, a hydrolytic
enzyme capable of degrading cell walls of mostifd¢atous fungi, has been widely used
for genetic engineering to enhance fungal resistamplants (Punja, 2001). Brogstal.

(1991) reported that transgenic tobacco expressingean chitinase gene showed

12



enhanced resistance to fungal pathod#mzoctonia solani (Brogue et al., 1991).
Transformation of rice with a chitinase gene unitier CaMV 35S promoter generated
transgenic plants with resistanceRiaizoctonia solani, the sheath blight pathogen (Lgh
al., 1995). Many other transgenic plant species whiitaoase also exhibit reduced fungal
disease symptoms (Punja, 2001). Different fromfangal proteins, R-gene mediated
resistance often results in a hypersensitive respdriggered by specific recognition
between a pathogen Avr gene product and host R gesguct. Genetic engineering
enables breeders to efficiently transfer R gena® fresistant landraces, wild relatives or
sexually incompatible plant species into adaptdtivews. For example, expression of the
tomato Cf-9 gene, which confers resistance to race€lafiosporium fulvum, has been
shown to induce a rapid hypersensitive cell deatlransgenic tobacco and potato in
response to Avr9 peptide injection (Hammond-Kosaick., 1998). Also, the barley stem
rust resistancdlpgl was successfully transferred into the susceptiblévar Golden
Promise, providing an even higher level of resistato stem rust than that expressed in
the original source of the gene, cultivar Morex (¥dh et al., 2003). For stem rust
control in wheat, researchers are aiming to packiage or more resistance genes into a
single gene construct and introduce them togethter adapted cultivars. This process
will eliminate undesirable genes with quality andlg defects that are carried along in
linkage drag and at the same time hasten the mgguocess (Dennit al., 2008). Due

to the complexity and diversity of host-pathogetetiactions for fungal diseases, the
production of transgenic resistant plants has lddgehind compared to the successful

commercialization of transgenic crop plants witlrbiede, insect, and virus disease
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resistance. However, the tremendous progress mnmatksearch holds great promise for
using genetic engineering techniques to provide memially useful broad-spectrum

disease resistance for many crops (Punja, 2001).

Transgene silencing in plants

In the development of transgenic plants, it isicaltto have stable expression of
transgenes in order to obtain the desired novélstrélowever, transgene expression
levels may vary among independent transgenic liagghenomenon that can be caused
by the sites of integration, transgene copy numgenetic background of the host, and
environmental conditions (Zhong, 2001). In 1990, t@nsgene co-suppression
phenomenon was reported by van der Kaal. (1990) in an attempt to increase flower
pigmentation in petunia by transferring more copaésflavonoid genes, but instead
yielded white flowers. Co-suppression is now redoggh as post-transcriptional gene
silencing (PTGS), a sequence-specific gene silgnpilenomenon that has also been
found in fungi and animals (review, Vance and Vaareh 2001). In addition to PTGS,
transgene silencing also can occur at the trarigmmgd level (TGS), which is often
associated with heavily methylated and inactivenmter sequences (review, Meyer and
Saedler, 1996). Although early reports of transggfencing are mostly in dicots, it is
apparent that transgene silencing is also very comim monocots (review, lyeat al.,
2000). For example, in rice, Kumpatgal. (1997) introduced Bt gene Btt ylll1A) with
a selectable herbicide resistance gdsae)(and found silencing dfar in R; plants due to
methylation of theJbil promoter drivingoar. In barley, by particle bombardment with a

14



plasmid containing théar and uidA genes, Wan and Lemaux (1994) generated large
numbers of independently transformed fertile bapkeyts and found that severallihes
had an intacbar gene insert, but were sensitive to herbicide caiiing the occurrence of

transgene silencing.

Three natural pathways of RNA silencing have beewvealed in plants: (1)
cytoplasmic small interfering RNAs (siRNAs) silengi that is important for virus
infection defense; (2) silencing of endogenous em@$sr RNAs by microRNAs
(miRNAS) to regulate gene expression; and (3) RNAnsing associated with DNA
methylation and suppression of transcription totgmbthe genome from transposons
(review, Baulcombe, 2004). Both miRNAs and siRNAs 31-25 nucleotides long, but
they consist of two different classes of small RNABRNAs are encoded by miRNA
genes, while siRNAs are processed from long dostrleided RNA precursors (Bartel
and Bartel, 2003). All of these three pathways imea@ouble-stranded RNA (dsRNA) as
an intermediate, which is cleaved into short 2In@8leotide RNAs by an enzyme, Dicer,
with RNase Il domains. Mature siRNAs are incogied into a complex called RISC
(RNA-induced silencing complex), while mature miR&lAre incorporated into a similar
ribonucleoprotein complex known as the miRNP (miRNBonucleoprotein particle).
The RISC endonuclease cleaves mMRNA based on theleorantarity between the
SsiRNA and target mRNA region, whereas miRNP atteggiranslation by binding to the

3’-untranslated regions (UTR) of the target mMRN8ome heterochromatic siRNAs are
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thought to be involved in histone methylation ofrarhatin, triggering TGS (review,

Bartel and Bartel, 2003).

In developing transgenic plants, it is not possiblentroduce a defined number of
transgenes into specific positions in the recipigahome, regardless of whether the
Agrobacteriumr-mediated transformation or particle bombardmentthoe is used.
Independent transgenic lines usually differ in $gene copy numbers, integration sites,
and transgene arrangements in the genome, resuhlingariability of transgene
expression levels. Transgene expression levelthatght to relate to PTGS according to
the RNA threshold model, which hypothesizes thahggenes produce a level of RNA
that exceeds a critical threshold, thereby trigge@ silencing mechanism that removes
all homologous RNAs (review, Stast al., 1997). The RNA threshold hypothesis was
supported by a study on transgenic tobacco plaqressingTobacco Etch Virus (TEV)
coat protein, where a 12- to 22-fold reductionrahsgene transcript occurred in resistant
plant tissues aftefEV infection (Lindboet al., 1993). Also, based on a systematic study
of transgene expression Amabidopsis thaliana, Schubertt al. (2004) demonstrated that
RNA silencing was triggered if the transcript levadl a transgene exceeded a gene-
specific threshold (Schubeat al., 2004). However, PTGS is not always associated wit
high transgene expression levels. For exampleuppression of the pigmentation gene
chs in Petunia hybrida was neither related to a high level nor a low lexfetransgene

expression (Van Bloklandt al., 1994). Other factors, such as the integratioessdf
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transgenes, methylation of transgenes, and presgihbemologous endogenous genes

may also be involved in PTGS (review, Stamal., 1997).

Virus-induced gene silencing (VIGS)

Based on an RNA silencing mechanism, virus-indwgste silencing (VIGS) was
developed as a gene function analysis tool to 8pakty silence or knock down target
genes in plants. When virus vectors carrying igssgdm a host gene are introduced into
plants, antiviral defenses generate siRNAs thgetaand silence the corresponding host
MRNA. In Nicotiana benthamiana, Kumagaiet al. (1995) first demonstrated that the
expression of the endogenous phytoene desatureBS) gene was knocked down after
infection with a recombinanfobacco Mosaic Virus (TMV) strain carrying a partial PDS
gene sequence, resulting in leaves with a bleaegltete phenotype (Kumagast al.,
1995). The same bleaching phenotype was observéddcotiana benthamiana after
infection with Potato Virus X (PVX) vectors carrying PDS gene inserts (Raizal.,
1998). Using a recombinaVX vector, Thomast al. (2001) investigated the size
constraints for triggering PTGS and found that animum of 23 nucleotides with
complete identity was sufficient to direct silengiof target mMRNA (Thomast al.,
2001). Initially, VIGS was mostly performed ddicotiana benthamiana, due to the
limitation of suitable viral vectors. Fortunatetize development of new viral vectors has
expanded the range of dicot plant species whereSVt@n be employed, including
tomato (Liuet al., 2002a), potato (Brignedt al., 2004), andArabidopsis (Burch-Smithet
al., 2006; Pfliegeet al., 2008). A viral vector using modifieBarley Stripe Mosaic Virus
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(BSMIV) has now successfully been used for VIGS in mohptants such as barley and
wheat (Holzbergt al., 2002; Scofieldt al., 2005). A comprehensive list of viruses used

for VIGS on different hosts was reviewed by Unwved 8udak (2009).

Conventional loss-of-function approaches for playeserally involve chemical or
physical mutagenesis, T-DNA insertion, or transpostsertion techniques, which are
time-consuming and sometimes result in embryo leth#ations. VIGS can overcome
these limitations and generate a rapid phenotypleowi plant transformation or causing
embryonic lethality. VIGS provides a powerful taol study the functions of disease
defense genes in plants. The basis of this teckngto induce susceptibility in resistant
host plants by silencing genes required for diseesistance. For example, usiNgyene-
transformeadNicotiana benthamiana plants, Liuet al. (2002b) silencedRar1-, EDSL- and
NPR1/NIM1-like genes bylobacco Rattle Virus (TRV)-mediated VIGS and demonstrated
that these genes are required Mimediated resistance. Using VIGS, other disease
defense related genes also have been identified,asNbSGT1 andNbSKP1 for N-gene
mediatedTMV resistance (Liuet al., 2002c), tobacco chloroplast carbonic anhydrase
(CA) gene forPto:avrPto-mediated HR (Slaymaket al., 2002), andNicotiana Protein
Kinase 1 (NPK1) gene for viral and bacterial resistance (éiral., 2002). Recently,
several VIGS systems have been successfully dex@légr monocotyledonous hosts,
including BaVV-mediated VIGS for barley and wheat (Holzbet@l., 2002; Scofieldt
al., 2005),Brome Mosaic Virus (BMV) mediated VIGS for barley, rice and maize (Ding

et al., 2006), and several other potential virus veci{oeview, Scofield and Nelson,
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2009). In wheat, Scofielet al. (2005) demonstrated that silencing the NBS-LRRegen
Lr21 usingBSMV-VIGS could convert incompatible interactions irdompatible ones.
Additionally, theRAR1, SGT1, andHSP90 genes were implicated in this21-mediated
leaf rust resistance. In a recent study of theelyadtem rust resistance geRggb,
Brueggemaret al. (2008) reported that silencirRpg5 in resistant barley seedling plants
could result in susceptible reactions. With furtlefinements of VIGS vectors and
associated methodology, significant advances wall rbade in large-scale functional

genomics analyses for plant disease resistancarofse
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Chapter 1

Highly expressed RPG1 protein in a five-copfRpgl-transgenic
barley line results in susceptibility to stem rust
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Introduction

Barley (Hordeum vulgare L.) is the fourth most widely grown cereal croptime
world after corn, rice and wheat. In the Unitedt&abarley is grown on over 1 million
hectares and is primarily used for cattle feed also® malt in the brewing industries.
Historically, stem rust, caused Byccinia graminis Pers.:Pers. f. spritici Eriks. & E.
Henn., has been a major biotic constraint to bgskegluction in the region and caused a
number of major epidemics prior to 1940 (Roelfs7&)9 Since 1942, the losses caused
by stem rust have been minimal due to the releddsardey cultivars with stem rust
resistance (Roelfs, 1978). Genetic studies revahldhe resistance in these cultivars is
due to a single dominant gene, initially called “3ihce it conferred resistance to the
tritici forma specialis of P. graminis, but now designatedRpgl for Resistance to
Puccinia graminis (Powers and Hines, 1933; Sggaard and von WettKisinvles, 1987).
Rpgl was the first stem rust resistance gene identifidzhrley and remains the principal
source of stem rust resistance in nearly everyinggltarley cultivar in the northern Great
Plains region of North America. The gene was poséd on the extreme subteleomeric
region of the short arm of barley chromosome 1 (dsing molecular markers (Kiliagt
al., 1994). Later, Brueggemaat al. (2002) developed a high-resolution genetic and
physical map of th&®pgl region and identified three candidate genes. ©nk/ could be
the likely Rpgl gene based on sequence comparisons between shiecapt resistance
alleles (Brueggemast al., 2002). Successful map-based cloning and sequemalgsis
of Rpgl revealed that it encodes a receptor kinase-likéepr with two tandem protein

kinase domains (Brueggemainal., 2002). Structure of the predict&bgl gene product
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is similar to the tomat®to gene product, a serine/threonine kinase that conésistance
against Pseudomonas syringae by direct interaction with AvrPto protein and the

development of a hypersensitive response (HR) é€Sasd Martin, 2000).

To explore the molecular mechanismRpigl, Rostokset al. (2004) characterized
the structure ofRpgl MRNA and measured the expression of Rpgl gene using
guantitative real-time PCHRpgl transcript intrinsically has alternative splicimgriants
and is transcribed at relatively uniform and lowdks in almost all organs of barley and
at all developmental stages. However, Rosteksl. (2004) also found that in leaf
epidermis, theRpgl transcript level was up to 30 times higher thanmimole leaves.
Nirmala et al. (2006) investigated the subcellular localizatiomd aphosphorylation
properties of the RPG1 protein. The protein wasgmemainly in the cytosol, but also on
the plasma membrane and intracellular membranealysis of barleyRpgl loss-of-
function mutants revealed that both of the kinas®mains are required for resistance, but
only the second domain has kinase function actiNiymalaet al., 2006). Further study
on the phosphorylation and proteolysis of RPGL1 fotivat, after infection with avirulent
stem rust pathotypes, the protein disappeared tmdatectable level in barley seedlings
and that RPG1 degradation is correlated with, $ubit alone sufficient to confer disease
resistance (Nirmalat al., 2007). Another recent study revealed that thesphorylation
of RPG1 protein occurred within five minutes afteoculation with urediniospores of
avirulent stem rust pathotypes, suggesting thabhay have a role in the very early

response against stem rust infection (Nirnehla., 2010).
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After the map-based cloning 8pgl, Horvathet al. (2003) developed transgenic
stem rust resistant barley lines by transferfRpgl from barley cultivar (cv.) Morex into
the susceptible cv. Golden Promise Agrobacterium-mediated transformation. Initial
transformation vyielded 42 primary transgenico)(Tplants, eight of which were
characterized using Southern blot analysis to edérthe number of transgene copies. T
progeny of 23 primary g'plants were tested for stem rust resistance add¢bdling stage
and 21 had plants with highly resistant or resistaactions (Horvattet al., 2003).
Transgenic line H228.2c, containing a single cdgggl insertion, showed a 3:1
segregation ratio for resistance : susceptibiligoag the T progeny when selfed,
indicating the sufficiency of onBpgl copy for resistance. Interestingly, transgenie lin
H228.19, with five copies oRpgl, showed a wide range of different infection types
among the T progeny. One susceptiblg $eedling from H228.19 still retained a high
number of transgene copies, and the transcripidevere three times higher than the
positive control of cv. Morex. Based on these nssithere appeared to be no strong
correlation between stem rust resistance levelRpgd copy number or transcript level

(Horvathet al., 2003).

In the northern Great Plains region of the Unitedte€s and Canada, it is
important to have resistance gene expression atdbk plant stage due to the late arrival

of stem rust inoculum from the southern United &tgSteffenson, 1992). As a follow-
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up investigation to the seedling test, ffansgenic lines were increased over several
successive generations (tg, T3 and T,) and evaluated for adult plant resistance in the
field. Transgenic lines with differefRpgl copy numbers continued to exhibit different
stem rust phenotypes at the adult plant stage.pgartecularly intriguing result was that
one transgene copy &pgl was sufficient to confer a high level of stem rieistance,
whereas five transgene copies resulted in susdéytidt both seedling and adult plant
stages (Horvathet al., 2003; B. Steffenson, unpublished). Thus, to itigate the
relationship betweeiRpgl transgene copy number and stem rust resistanet, e
selected fivdransgenic lines containing different copy numhsrRpgl and tested them
for stability of transgene inheritance, level RHgl mRNA transcript, level of RPG1

protein expression, and degradation of RPG1 prateon stem rust infection.

Materials and methods

Transgenic plant generations fto Ts

Cultivar Golden Promise was transformed with tRggl genomic clone as
described by Horvatlet al. (2003). Originally, 42 primary transgenicgfTlines were
produced. T progenies from 23 gllines were initially tested for stem rust resise@rat
the seedling stage. Segregation for stem rusttaesis was observed within most T
lines, although two lines (H228.5 and H228.3) gase to all resistant progeny (Horvath
et al., 2003). § seed was then harvested from singleplnts based on their rust

phenotype. In 2003, the, Tines were sown in the field and evaluated forlaplant stem
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rust resistance. A total of 30, Tines from three different primary transgenic p$an
(H228.2c, H228.5 and H228.19) were again seleaefufther study based on their rust
phenotype. Five J seeds derived from each selecteg lihe were grown in the
greenhouse to produce $eeds. In 2004 and 2006, lihes were tested in the field for
adult plant stem rust resistance.seed was harvested from thegeneration in the field

in 2006 and used for all subsequent seedling steinresistance assays in 2007, 2008,
and 2009. Transgenic line selections and stemtestt on seedling and adult plant were
conducted collaboratively by the laboratories of Biian Steffenson from the University

of Minnesota and Dr. Andris Kleinhofs from WashimgtState University.

Stem rust inoculation and disease assessment

Seedling stem rust assays were conducted enpldnts in two separate
experiments. Seeds were sown in cones (20 cm mdhdacm in diameter) filled with
50% so0il/50% Metro Mix 200 (Vermiculite, peat mogserlite, and sand mix, Green
Island Distributors, IncRiverhead, NY) and grown in a growth chamber sét2ap5°C
with a 14-hour photoperiod provided by 160 W VHOdilescent and 60 W incandescent
lamps (525 mmol photon/ts). Seven days after planting, plants were indedlavith
urediniospores of pathotype MCCJ suspended intawigight mineral oil (Soltrol 170,
Phillips Petroleum, Bartlesville, Oklahoma). Inaoul (3.7 mg urediniospores/0.7 ml oil)
was applied at a rate of ~0.025 mg per plant usisginoculators pressurized by an air
pump (27.5 kPa). Then, plants were placed in niatibers and subjected to 30 minutes
of continuous misting by ultrasonic humidifiersléaed by 16 hours of periodic misting
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(2 minutes of misting every 60 minutes) in the datkxt, the mist chamber doors were
opened and lights (150-250 mmol photofigyprovided by 400 W sodium vapor lamps)
were turned on with the misters set to run for Autes every 15 minutes for the next 2
hours. Finally, the misters were turned off, fdating the slow-drying of the plant

surfaces over the next 3-4 hours. When the plaete wompletely dry, they were moved
back to the growth chamber under the conditionsipusly described. Eleven to twelve
days after inoculation, plants were scored forrtiv@iection types (ITs). The IT scale

used for barley is based on uredinial size as de=stby Miller and Lambert (1955), and

is patterned after the original 0-4 scale develdpedavheat by Stakmaet al. (1962).

Adult plant stem rust resistance was assayed infitld at the § and T,
generations. Barley lines were planted in mid-atedApril at the Minnesota Agricultural
Experiment Station in St. Paul, MN. The test estueere planted as paired 1.0 m long
rows within two outside “spreader” rows consistioiga 30:70% mix of the stem rust
susceptible cv. Steptoe (Clho15229) and line &Bt{Clho16130). Standard agronomic
practices were used to ensure proper fertility weed control in the plots. To initiate
stem rust infections in the field, freshly collettarediniospores of pathotype MCCJ
were suspended in sterile distilled water (0.3 grep/300 ml water with ~200l of
Tween 20 added) and then injected into the stersprafader row plants prior to flag leaf
emergence in early June. Injections were madedri@lants per meter of row using a 2
ml self-refilling syringe (Wheaton Science Produdtslville, NJ) with 0.5 cc needle (B-

D Cornwall, Franklin Lakes, NJ). If the needle-intation failed to initiate sufficient
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levels of infection, additional inoculations wereae by applying a foliar application of
urediniospores (1.4~3 g spores /1400 ml Soltrol dif¢ctly onto test and spreader rows
using a low volume applicator (Ulva+, Micron Spresyétd., Bromyard Industrial Estate
Bromyard, UK). In mid-July, stem rust severity (v percentage of tissue covered by
uredinia on a 0-100% scale) was estimated usingntbéified Cobb scale (Petersen
al., 1948). Additionally, infection responses (IRskg(isize and type of uredinia) were
assessed following the descriptions of Roedfsal. (1992), with categories as R
(resistant), MR (moderately resistant), MS (modsyasusceptible), and S (susceptible).
An additional category of highly resistant (HR) wadded for “fleck” reactions, i.e.

obvious stem rust infection sites with no sporolati

Ts transgenic line selection

For this study, a total of fivesltransgenic lines (G04-271, G04-273, G04-288,
G04-266, and G03-210) were selected for testsayh sust resistance, transgene copy
number,Rpgl transcript level and RPG1 protein level (Figurg)1The selection of these
lines was based on their reported transgene copybeuand also previous stem rust
phenotype (Tables 1.1 and 1.2). Previously, Sonthést analyses were performed on
eight To lines and revealed a range from one to five copié¥gl (Horvathet al., 2003).
T1 progeny from three gllines (H228.5, H228.19, H228.2c) also were analyipe their
transgene copy numbers (Horvathal., 2003). The five T lines derived from the
assayed Tlines were ultimately selected for this study heseathey exhibited a range of
Rpgl copy numbers (putative copy numbers from one \e)fand stem rust reactions
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(from highly resistant to susceptible) (Tables lafhd 1.2). Barley cvs. Morex
(Clho15773) withRpgl and Golden Promise (P1343079) with no known rass¢ gene

were included as the controls.

Southern blot analysis on F plants

To compare the transgene copy number obtained amspfrom the §and T
generations (Horvat#t al., 2003), Southern blot analysis was performed oa T lines
in this study. Three arbitrarily selected plantsnireach ¥ line were sampled at day 17
after planting. For each plant, a total of one graimleaf tissue (fresh weight) was
collected for genomic DNA isolation using the MiDiethod as previously described
(Kleinhofs et al., 1993). Ten micrograms of genomic DNA was digest&th Hindll1 at
37°C overnight and then separated by electropl®iiesia 1% agarose gel. Digested
genomic DNA was then blotted onto nylon membramg$yridized to theRpgl probe,
and labeled withd-32P]dCTP using the All-in-one Random Labeling 8ys{Sigma, St.

Louis, MO). TheRpgl probe was developed and described by Horstash (2003).

Quantitative real-time PCR

For Rpgl transgene mRNA quantification, the same threetrarily selected
plants from each slline were used. The second leaves (~100-200 mg)anitpwere
harvested for total RNA extraction using the maaifihot (60°C) phenol/guanidinium
thiocyanate method developed by Chirgwtnal. (1979). Trizol-like reagent contained

38% saturated phenol (pH 4.3), 1 M guanidine thao@te, 0.1 M sodium acetate (pH
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5.0), and 5% glycerol. One microgram of total RNAsased for single-strand cDNA
synthesis, using the Superscript First Strand ®gihSystem (Invitrogen, Carlsbad, CA,
USA) and oligo (dT) as the primer. Quantitativel#tdae PCR reactions were carried out
on the Rotor-Gene 2000 real-time PCR cycler (CorBesearch, Mortlake, New South
Wales, Australia). Primers foRpgl and reference gen@APDH were described in

Horvathet al. (2003). PCR amplification was performed at 50°€ Zamin; hot start at

95°C for 15 min; 50 cycles of 95°C for 15 s, 60%®@ £0 s, 72°C for 30 s, and data

collection at 72°C for 60 s.

ELISA

RPGL1 protein level from the same three arbitrasélected plants of each lihe
was quantified by ELISA using RPG1-specific polyab antibodies. For RPG1 protein
isolation, approximately 40Qg of leaf tissue was ground with a mortar and pestl1
ml of ice-cold extraction buffer [0.5 M sorbitol05mM Tris-HCI (pH 7.5), 10 mM
MgCl,, 1 mM Dithiothreitol(DTT)]. Cell debris was remayéy centrifugation at 13,000
rpm for 10 min at 4°C. Approximately 1Q0 of the crude protein extract were coated
onto ELISA plates and incubated at 4°C for 12 Hre Bupernatant was discarded, and
the wells were washed three times with PBST [PB&ogPhate buffered saline)
containing Tween 20] and refilled with ~200 mg of ttross-absorption antiserum buffer
prepared from cv. Golden Promise. The plates werrbated for 4 hr at room
temperature on moist paper towels. Wells were washee times with PBST, and then
200 ul of the goat anti-rabbit 1gG-horseradish peroxedasnjugate was added. This
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reaction was allowed to incubate for 2 hr before wrells were washed five times with
PBST and allowed to dry on clean paper towels. @uedred microliters of TMB

(3,3",5,5"-tetramethylbenzidine) substrate was dqu well, and the color development
measured at 405 nm using an ELISA plate reader-i®id, Hercules, CA). Purified
RPG1 protein or the peptide used to develop théba@ay was used to construct a

standard curve for ELISA.

Western blot
For Western blot assays, a different set of antiyraelected plants from eachy T

line was used. Eleven-day-old plants were inocdlatéh urediniospores of pathotype
Pgt-MCCF by gently rubbing spores onto both the fastl second leaves at a rate of
0.25 mg urediniospores per leaf using talc (Sig&tal.ouis, MO) as a carrier. Controls
were mock-inoculated with talc only. After inocutat, plants were misted and then
placed in a covered plastic bin filled at the bottavith water to maintain saturated
conditions for the infection period. Plants wespkin this environment in the dark for
20 hr. Then, both rust-inoculated and mock-ino@adgpblants were sampled at 0, 4, 20,
28, 36, and 48 hrs after inoculation. Three plémt®ach treatment were sampled at each
time point. Leaves from three plants subjectedh® same treatment were pooled
together and immediately frozen in liquid nitrogend stored at -80°C until used for

protein isolation.
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Crude protein was extracted as described aboveparally purify the RPG1
protein from crude protein samples, immunoprediitawas performed: 500 of crude
protein extract was combined with RPG1 antibodiethe extraction buffer and 50 of
2x immunoprecipitation buffer (1 M KCI/0.02 M EDTA/mM PMSF) and rotated end-
over-end at 4°C for 12 hr. Protein A-agarose {BGvas then added and incubated on ice
for 1 h to preclear the immunocomplexes, which weddlected at 13,000 rpm.
Immunocomplexes were washed three times with 1fndescold immunoprecipitation
buffer, resuspended in 50 of Laemmli sample buffer boiled at 95°C for 3 mand

analyzed by SDS/PAGE.

After being separated on an SDS/PAGE gel, protemptes were electroblotted
to PVDF (Polyvinylidene fluoride) membranes andchked in TBST [20 mM Tris/500
mM NaCl/0.1% Tween-20 (pH 7.5)] containing 10% raindiry milk. The blots were
reacted with the RPG1-specific polyclonal antibedier 12 hr at room temperature and
then with horseradish peroxidase-conjugated secygralatibodies (Alpha Diagnostics,
Austin, TX). Bands were visualized with the Nu Gloemiluminescent detection system

according to the manufacturer’s instructions (Alfhagnostics, Austin, TX).

31



Results

Stem rust phenotypes oRpgl-transgenic lines

Seedling tests for stem rust reaction were condumtetransgenic plants at the T
generation (Table 1.1). The resistant and susdeptiintrols reacted as expected based
on previous studies with pathotypgt-MCCF: cv. Morex gave low ITs (12 with range of
0;1 to an occasional 3-), whereas cv. Golden Pegease a high IT (3 with range of 2 to
33+). Plants from the selected; Tines exhibited consistent reactions over repeated
experiments. Transgenic lines G04-271, G04-266,@08-210 exhibited very low ITs
(00;) with no sporulating uredinia. Of note, thsistance level of these three lines was
higher than that exhibited by Morex, the cv. fromiet Rpgl was cloned. Although lines
G04-271 and G04-273 shared a very similar line&ague 1.1), the latter consistently
exhibited slightly higher ITs (i.e. sporulating “Ifype uredinia) than the former.
Interestingly, line G04-288 exhibited high ITs (&wrange of 1 to 3) to stem rust even

though it presumably contains five copiedRpfl.

Adult stage stem rust resistance tests were coadwn plants at the,Tand T,
generations (Table 1.1). Resistant and susceptinrols reacted similar to previous
stem rust experiments: cv. Morex was highly resiséxhibiting a stem rust severity of
0% and highly resistant to resistant IRs, wheraasGolden Promise was susceptible
exhibiting a severity of 20-25% and moderately spsible to susceptible IRs.
Transgenic lines G04-271, G04-266, and G03-210bgei a severity score of 0% and

highly resistant IRs as no sporulating urediniaevebserved. Line G04-273, derived
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from the same resistant plant as G04-271 (Fig. 1.1), exhibited a slightlgher rust
severity (3% to 4%) and more compatible IRs thad-GD1 (0%) in 2004 and 2006. As
in the seedling tests, line G04-288 was susceptiblaoderately susceptible, exhibiting

stem rust severities ranging from 30 to 35%.

Transgenecopy numbers asassessetty Southern blot analysis

Since transgene copy number can vary through geoesaof selfing, Southern
blot analysis was performed o dlants to estimat®pgl copy number. Genomic DNA
from three individual plants of each line were axted and analyzed using tRpgl-
specificprobe. Rpgl copy numbers estimated by Southern blot analysgI(€ 1.2) are
listed in Table 1.2 in comparison with the origiredtimates made at the ®r T;
generation by Horvatbt al. (2003). Of the five transgenic lines investigatedy lines
(G04-288 and G04-266) retained the same copy nusr(fiee and two, respectively) as
found earlier in the Jand T, generations for all three individual plants invgasted. Line
G03-210 showed one transgene copy for two plar&zsf #3), which is consistent with
the copy number found in they &nd T, generations. However, one plant (#1) from this
line showed no band in the Southern blot, a rebkélly due to improper DNA
preparation since the mRNA and protein quantifaratests conducted on the same plant
revealed the presence IBpgl transcript and protein (see below). The same rdigely
occurred with the missinBpgl band in plant #1 of line G04-273 as the other phamts
(#2 and #3) clearly showed one copyRpigl. All three plants of line G04-271 showed
only one copy oRpgl. Of note, these two lines (G04-271 and G04-27&e&om the

33



same five-copy d plant; however, at the;lgeneration, th&pgl transgene copy number
was reduced to three copies and at tBeg@neration to only one copy. No strong
correlation was found betwedpgl copy number and the stem rust phenotype (Tables
1.1 & 1.2). Lines with the same copy number exbithitin some cases, very similar rust
reactions (G04-271 vs. G03-210) and in other cak#srent reactions (G04-271 vs.
G04-273), whereas lines with different copy numbetkibited either similar (G04-271

vs. G04-266) or different rust reactions (G04-281®04-288).

Rpgl transcript levels

Quantitative real-time PCR was used to meadgpgl mRNA levels in the
transgenic lines. Mean values of three samples &aah line were used to estim&agl
transcript levels (shown in Figure 1.3) in compamisvith Golden Promise (0%) and
Morex (100%). All transgenic lines had higher levelf Rpgl transcript than Morex.
Transgenic lines G04-271, G04-273 and G03-210y@H one copy ofRpgl, exhibited
MRNA levels that were abouk95x and Z greater than Morex, respectively. Transgenic
line G04-266, with two copies &pgl, had an mRNA level abouxyreater than Morex.
Finally, the five-copy transgenic line G04-288 sleowthe highest level oRpgl
MmRNA—about 29 greater than Morex. The association betwBpgl transgene copy
number and transcript level was not particulartgrsg in this small sample of transgenic
lines (Table 1.2 and Figure 1.3). Yet given time five-copy line G04-288 had a much
higher Rpgl transcript level than the other lines, it appedat thigher copy numbers

generally have a positive effect on transcript leV@ariation in transcript level was not
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strongly correlated with stem rust resistance (@abll and Figure 1.3). This was
especially true for line G04-288, which exhibiteg far the highestRpgl mRNA

transcript level, but showed moderately susceptibkusceptible reactions to stem rust.

RPG1 protein levels

Using quantitative ELISA, RPG1 protein expressievels were assayed in 10-
day old seedlings of the transgenic lines (Figue®.1ELISA revealed that the RPG1
protein was expressed in all transgenic lines. fil'e-copy transgenic line G04-288
exhibited RPGL1 protein levels nearly Bigher than cv. Morex and about Bigher than
other transgenic lines. Compared to the quantéateal-time PCR result, line G04-288
exhibited both the highest transcript and protesmel;, however, the protein levels
assayed by ELISA were not proportional with thensipt levels. Also, differences in
RPGL1 protein levels were not strongly correlatethwtem rust resistance (Table 1.1 and
Figure 1.4). This was especially true for line G&88, which had the highest RPG1

protein level, but was susceptible to stem rust.

Degradation of RPGL1 protein

Degradation of RPG1 protein is critical for resi&ta after stem rust infection in
cv. Morex (Nirmalaet al., 2007). InRpgl-transgenic lines with various copy numbers, it
is important to ascertain whether the degradatiborRBG1 protein is essential for

resistance. Thus, Western blot analysis was usadgay the level of RPGL1 protein up to
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48 hr post-inoculation (Figure 1.5). Western blstsowed that in all the resistant
transgenic lines and Morex control, RPG1 proteirs wWagraded to undetectable levels
between 20 and 28 hr post-inoculation. Howevertha moderately susceptible to
susceptible line G04-288, RPG1 protein remainediigh levels, even 48 hr after
inoculation. Thus, the susceptibility of line GO8&Rappears to be due to the failure of

RPG1 to degrade.

Discussion

In this study, we characterized the stem rust m@astof five selectedRpgl
transgenic barley lines at both the seedling andt atant stages over several generations
and their relationship to transgene copy numbemsigene expression level, RPG1
protein level, and RPGL1 protein degradation. Stast phenotype data showed that a
single copy ofRpgl (as in line G03-210) is sufficient to confer résige against stem
rust (Table 1.1). ThaRpgl can confer resistance at the seedling stage wasgopsly
reported (Horvathet al., 2003), but in this study we also clearly dematstt the
effectiveness of a single transgene at the adaltpstage under field conditions. In
general, the level of resistance found in the rebpe transgenic lines at the seedling
stage (as assessed by infection types) was veiasimthe level found in the adult plant
stage (as assessed by severity). This result amates the all stage resistance phenotype
conferred byRpgl in different cultivars as reported previously (&eson, 1992). Adult
plant resistance is essential for the control efrstust because the pathogen usually
infects the crop after the heading stage. Furthemib barley cultivars genetically
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modified for stem rust resistance are to ever loe@ed by growers, they must perform
well under field conditions. Our field tests clgagdhowed that the transgenic lines

provided a high level of stem rust resistance uihégr inoculum pressure in the field.

To investigate the stability of different transgeruarley lines carryindRpgl,
assays for stem rust resistance (phenotype) asasifigl copy number (genotype) were
made over several generations,(T: and ). Based on the phenotype data of plants
from the T, and T generations, all transgenic lines gave consisiemh rust reactions in
several repeated seedling stage and adult stage t®sggesting a high level of
phenotypic homogeneity and consistency (Table 1SlQuthern blot analysis was
subsequently used to estimdpgl copy numbers in three individual plants at the T
generation from each transgenic line showing stphkenotypic expression. Lines G04-
288, G04-266 and G03-210 remained stable acrossaens forRpgl copy number at
two, five and one, respectively (Table 1.2). Howeliaes G04-271 and G04-273, which
were reported to contain three copieRpfl at the T generation, retained only one copy
at the T generation. As shown in the lineage diagram adcdetl transgenic lines (Figure
1.1), both G04-271 and G04-273 were derived froensdime five-copy olline (H228.19)
and subsequently the same three-copylifie (G02-448L-5R). These results clearly
demonstrate the instability ¢&¥pgl transmission across generations in certain lireage
The site of integration, known as the “position#fleet”, can play a major role in
transgene stability, resulting in deletions, dugdilcns, rearrangements, epistatic

interactions, and mitotic/meiotic recombinationstbé transgenes (review, Ye al.,

37



2004). A study on successive generations of sisframed wheat lines by Srivastasta
al. (1996) revealed the deletion lmdr andgus transgenes in fplants, and this instability
was speculated to be due to the characteristitteeahtegration site. Unstable inheritance
of the transgenbar also was reported in a maize transgenic line (Sgrest al., 1992).
For the three primary transgenic lines selectetiisnstudy, Horvatlet al. (2003) studied
the sites ofRpgl transgene insertion and found that the one-copy H228.2c was
flanked by 48-bp repetitive DNA,; the two-copy lir228.5 had one copy linked to 209-
bp repetitive DNA and the other copy to a flanksgguence with 190-bp of thirpgl
transgene DNA; and the five-copy line H228.19 hathdgene copies integrated at four
independent locations with two copies inserted taradem direct repeat configuration.
To resolve the genetic basis of variaBj@gl transgene inheritance at the generation,
additional research should be undertaken to chamaetthe left and right border flanking

sequences of the T-DNA integration sites.

Expression levels of transgenes can vary consitderdepending on the copy
numbers integrated, insertion sites, genome baakgkoand even the environment
(review, Zhong, 2001). In this study, we found snsceptible transgenic line (G04-288),
and it had five copies d®pgl. When two or more copies of a transgene are iatedr
into a plant genome, a phenomenon called transgi@arecing may occur. There are two
types of transgene silencing: transcriptional galencing (TGS) and post-transcriptional
gene silencing (PTGS). Since PTGS was frequentported in high copy number

transgenic plants, the susceptibility of line G@82was thought to be due to this
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phenomenon. However, assays for both mRNA and iprtdeels showed thdapgl was
highly expressed and that transgene silencing wathe cause for susceptibility. In line
G04-288, the high transgene copy number actuallyshpositive effect on expression as
shown by a 29 greater mRNA level and<3greater protein level compared to cv. Morex
(Figures 1.2 and 1.3). According to the RNA thrédhmodel, PTGS would occur when
RNA produced by a transgene exceeds a criticashioid, thereby triggering a silencing
mechanism that removes all homologous RNAs (revi&m et al., 1997). This
hypothesis was supported by a systematic transggpeession study i\rabidopsis
conducted by Schubest al. (2004) where they reported that RNA silencing was
triggered if the transcript level of a transgenepagsed a gene-specific threshold. For
example, using reporter ge@&P under the control of promoter CaMV 35S, Schubert
al. (2004) found that higleFP transcript levels were observed for plants hargptip to
four copies, but the same transcripts were baretgafable in plants with five or more
transgene copies. Additionally, the threshold cangbne-specific: for transger&®T,
nine or 12 copies severely reduced transcript gewghile for transgen&US, three or
more copies resulted in pronounced reductionsaimstript levels (Schubest al., 2004).

In our study, it is possible that the transcriptelefor line G04-288 was still under the
threshold and therefore PTGS was not triggeredo, Ale PTGS was triggered in any of
the other transgenic lines even though they exddbinarkedly higher levels d®pgl
transcript than Morex (Figure 1.3). The higher esgion levels observed were not due to
an enhanced promoter region since tHgggl-transgenic lines were developed using the

native promoter regions &gl (Horvathet al., 2003). Although the five-copy line G04-
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288 exhibited higher transcript and protein levilan lines with fewer copies, gene
dosage (i.e. copy number) is not the only causeftianced expression since even one-
copy transgenic lines showed higher expressioriddtian one-copy cv. Morex. Thus, it
is conceivable that the higher expression levelRgfl in transgenic lines were largely
due to positional effects, where integration ocedrin transcriptionally active areas and
transgene expression was influenced by proximalaecdr sequences. Transgene
integration may not be strictly random. Rather, ciain preferentially occur in
transcriptionally active regions of the genome (@iog et al., 1991). In barley, Statst

al. (2002) investigated the patterns and sites of TADNtegrations into the barley
genome and found that twelve of the 46 integratiaese within actively transcribed
BARE-1 retrotransposons (Sta#tl al., 2002). Isolation of the flanking sequences of T-
DNA insertion sites in these transgenic lines wobklp elucidate the influence of

regulatory elements upd®pgl transgene expression levels.

Without challenge from the stem rust pathogRpgl-transgenic lines showed
high but differentRpgl mRNA and protein levels compared to cv. Morex. Rnes
studies revealed in Morex, and several other @asidiarley cultivars carryingpgl, that
the RPG1 protein disappears between 20 to 24 hesponse to avirulent stem rust
pathotypes such @gt-MCCF (Nirmalaet al., 2007). Thus, it is important to investigate
whether the variation observed in transcript armtgin levels caused the differences in
RPGL1 protein degradation and consequently therdifteesponses to stem rust infection.

Western blot degradation assays revealed that RpGtein level in line G04-288
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remained high 48 hr after inoculation with patheygt-MCCF. In contrast, with all
other resistant transgenic lines, RPG1 disappetrathdetectable levels within 28 hr
after inoculation. This sequence of events is &test with previous studies that the
degradation occurred rapidly between 22-23 hr pustulation (Nirmalaet al., 2007).
The stem rust infection period from inoculationtb@ time when the fungus begins to
form a penetration peg and enter stoma is abouhr2PRoelfs et al., 1992). It is
interesting that the degradation of RPG1 occuriexliathe same time period, indicating
a role of the RPGL1 protein in the early stagediefdtem rust defense response. A recent
study revealed that the RPG1 protein became phogphed within five minutes after
inoculation with urediniospores of an avirulentnsteust pathotype (Nirmalat al.,
2010), suggesting a role of RPG1 as a rapid respgnurotein during the very early
stages of the resistance signaling pathway. Phoglalion is required for the
degradation of RPGL1 protein through the proteaspatbway, and the degradation of
RPG1 protein is correlated with stem rust resigtafiirmalaet al., 2007). Our study
confirmed that, inRpgl-transgenic lines, stem rust resistance would motriggered

without degradation of RPG1 protein.

One possible role of protein degradation in plasease resistance is removal of
negative regulators of plant defense responsestifMeral., 2003). For example, the
degradation ofArabidopsis RPM1 gene product was coincident with the hyperserssitiv
response, suggesting negative regulation contepltall death (Boyest al., 1998).

However, RPG1 may not be the factor that negatilneligs hypersensitivity, because the
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absence of RPG1 is not sufficient for resistancevinGolden Promise d8pgl needs to
be introduced into this cultivar in order to actavaesistance. Observations about the
dynamics of RPG1 protein are consistent with tharduhypothesis for plant disease
resistance (review, Jones and Dangl, 2006). Oneailgesmechanism proposed by
Nirmalaet al. (2007) is that, upon infection by the stem rughpgen, the RPG1 protein
either directly or indirectly recognizes the pateogelicitors and then is degraded to an
undetectable level. Either the degradation prooessome breakdown products would
then be perceived by the plant cell, which subsetiy@ctivates the signaling pathway
for resistance (Nirmalet al., 2007). InArabidopsis, Shacet al. (2003) reported a similar
mechanism involving the cleavage of a protein lken&#BS1 duringRPH-mediated
resistance tdPseudomonas syringae bacteria expressing the AvrPphB protein. It was
speculated that the cleavage of PBS1 by AvrPphB thed phosphorylation of the
cleavage product activates RPS5. However, unlik8 PBio degradation product from
RPG1 protein has been detected yet (Nirnead., 2007). FoiRpgl-mediated resistance,
other genes are required: a fast neutron-induceatiole mutant from barley cv. Morex
showed susceptibility to stem rust pathotgg-MCCF, and the loss of resistance was
presumed to be due to a mutation in REl (Required forPuccinia resistance) gene
(Zhanget al., 2006). On the pathogen side, the genomPB.aframinis f. sp.tritici has
been sequenced, and corresponding stem rust \Geuleffectors are actively being
pursued based on bioinformatic analysis (Les Szpersonal communication). Further

studies about other genes that may directly oréatly interact with RPG1 and the roles
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of the corresponding AvrRPG1 protein frdPngraminis f. sp.tritici will help elucidate

the mechanism d®pgl-mediated resistance to stem rust.

Another interesting result found in this study was recovery of transgenic lines
with enhanced stem rust resistance. We found se@maen Promise transgenic lines
(G04-271, G04-266 and GO03-210) that exhibited airsidy higher level of seedling
resistance than Morex, the cultivar from whigpgl gene was cloned. The reason for the
enhanced resistance over that conferred by Morexdcbe due to the presence of
additional or more highly inducible genes for fRegl-mediated resistance pathway in
the recipient cv. Golden Promise. Genome-wide faratanscript profiling is now
available for barley after the development of ti2K Barleyl GeneChip (Closet al.,
2004). Using this gene array platform, Zhagtgal. (2008) conducted transcriptome
comparisons between cv. Golden Promise anBpgi transgenic line G02-448F-3R in
response to stem rust. A total of 15 upregulated @ndownregulated genes were
identified without challenge by stem rust, and altof 34 probe sets were found to have
different expression between cv. Golden Promiseteargsgenic line G02-448F-3R after
challenge with pathotypd>gt-MCCF (Zhanget al., 2008). The majority of these
differentially expressed genes have predicted fanstin cellular metabolism, signal
transduction, regulation of gene expression, andtplefense (Zharg al., 2008). These
genes could be candidates for the enhanced stemrasistance observed in some
transgenic lines. Phenotype analysis revealedth®two single copy transgenic lines

G04-271 and G04-273, which share a very similagdge, exhibited slightly different
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phenotypes at both seedling and adult plant stéfesle 1.1). In both lines, thiepgl
transgene had high expression levels as revealegRByPCR (Figure 1.3) and ELISA
(Figure 1.4). Also, Western blot showed degradatbRPG1 in both lines between 20
and 28 hr post-inoculation (Figure 1.5). Considgtiime close lineage of these two lines,
the phenotype differences might be caused by iategr site shifts or gene mutations
occurring independently that affect the signalimghgvays forRpgl-mediated resistance.
Transcriptome analysis, using either the barley MRMNofiling microarray or next-
generation whole transcriptome sequencing, woulé lggeat tool to help elucidate the

phenotype differences between lines G04-271 andZ334

Transfer of the cloned stem rust resistance dgepgl into Golden Promise
resulted in the conversion of the highly susceptihlltivar into a resistant one. A single
copy of Rpgl is sufficient to confer resistance, and the rasist is effective not only at
the seedling stage (Horvaghal., 2003), but also at the adult plant stage in ekl fas
shown in this study. Although stem rust has notsedumajor losses since the 1930s in
North America due to the protection offered Bygl, a recently emerging pathotype
called Pgt-TTKSK poses a great threat to global cereal prodacbecause the vast
majority of wheat and barley cultivars are susdagtiPathotyp&gt-TTKSK has already
spread throughout East Africa (Singhal., 2008) and is now present in the Middle East
(Nazariet al., 2009). Resistance tegt-TTKSK has been found in barley line Q21861
(Steffensoret al., 2009), but it does not possess sufficient qudtitymalting purposes.

The most rapid means of developingPat-TTKSK-resistant malting barley is to
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transform an already industry acceptable cultivéh wesistance genes derived from
Q21861. The success Bpgl-transformation in barley demonstrates the greétriial

for improving disease resistance levels of currbatley cultivars by transferring
available resistance genes. However, developingcaessful transformation program
requires reliable information on the stability agression of the transgene. As shown in
this study through repeated phenotyping and genujypests, transgenes may not be
inherited stably over generations, and copy nundmedd affect the function of the
transgene. Specifically, in the caseRyggl, introducing one copy can achieve a high
level of stem rust resistance, while over-expre&sBogl in high copy number transgenic
lines can have a negative effect on resistancelyBig the molecular mechanisms during
host-pathogen interactions is of great importarme successfully developing disease
resistant transformants, as the stable inheritanceexpression of transgenes depend on

the interactions between the transgene, the retigenome, and the pathogen.
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Table 1.1.Reaction of Golden Promi$pgl-transformed lines and controls to wheat
stem rust pathotypegt-MCCF at the seedling stage and adult plant stage

Adult Stage Evaluation Seedling Stage Evaluation
i - 0,
Lines and Ste;?\(;ﬁg;;}’::%égoln(;oe/((’lgiéle) Infection types (ITs) (0-4 scalé)
Controls 2007/2008/2009 (*
2003 (T)* | 2004 (Ty)* | 2006 (Ty)* Most Range
Common
G04-271 O HR O HR OHR 00; 0 to 00;
G04-273 O HR 3MS-MR | 4 MS-S 0;1 00; to 20;
G04-288 30 MS-S | 30 S-MS 35S 3 1to3
G04-266 O HR O HR OHR 00; 0 to 00;
G03-210 O HR --° --° 00; 00; to O;
Morex OHR OHR OHR 12 0;1to 3-
Golden Promise| 25MS-S | 20 S-MS | 20 MS-S 3 2 to 33+

! Stem rust severity is the visual percentage ohstad leaf sheath tissue covered by uredinia d%-a 0
100% basis. The mean severity of two replicatggvisn here.

2 Infection responses (IRs) at the adult plant stage assessed based on the size and type ofiaredin
observed following the description of Roe#fsal. (1992), where R=resistant, MR=moderately resistant
MS=moderately susceptible, and S=susceptible. Alitiadal category of highly resistant (HR) was adide
for “fleck” reactions, i.e. obvious stem rust infien sites with no sporulation.

¥Seedling infection types (ITs) were assessed baseke size and type of uredinia observed accoriding
the 0-4 scale developed for wheat by Staketah. (1962) as modified by Miller and Lambert (1955) fo
barley. For each accession, the one or two mostmmmnmTs observed are given in addition to the raofge
ITs observed (lowest and highest types).

*Year experiment was conducted and transgenic gémetasted.

®>Not tested.
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Table 1.2.Transgene copy numbers in Golden ProrRggl-transformed lines based on
Southern blot analysis

Lines and Controls ofcopy number Jcopy number Jcopy number
G04-271 5 3 1
G04-273 5 3 1
G04-288 5 5 5
G04-266 2 2 2
G03-210 1 1 1

Morex 1 1 1
Golden Promise 0 0 0

! The copy numbers for they&nd T, generations were given by Horvathal. (2003); whereas copy
numbers for thedgeneration were estimated by Southern blot arsmlgghis study.

Southern blot assays were done on three individiaaks per line. Copy number estimates were carsist
for all plants within a line, except for G04-273daB03-210 where one plant each showedRpgl band
(See Figure 1.2).
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Transgenic generation

To |9‘ Tl ‘9‘ T2
Line
> | ©C02448LSR | 5 | Go2-448L-5R-P1
(3-copies)
H228.19
(5-copies)
o> | ©G02-448L-4R | 5 | 505 4481 -4R-Bulk
(5-copies)
H228.5 > | GU2448B-2R | 5 | 505 448B-2R-Bulk
(2-copies) (2-copies)
H228.2¢ > | CO2448F2R | 5 | Gop-448F-2R-2R
(1-copy) (1-copy)

Disease Phenotype Tests Conducted

Seedling stage | ‘ Seedling stage ‘ ‘ Adult stage
Molecular Assays Conducted
Southern blot Southern blot N/A

gRT-PCR

T; = Ty Ts
G04-271 | G04-271 G04-271
G04-273 | G04-273 G04-273
G04-288 G04-288 G04-288
G04-266 G04-266 G04-266
G03-210 G03-210 G03-210
N/A Adult stage Seedling stage
Southern blot
gRT-PCR
N/A N/A ELISA

Western blot

Figure 1.1.Ancestry of Golden Promidgpgl-transgenic lines used in this study and the desphsnotype and molecular assays
performed during each transgenic generatiripTls. The five transgenic lines used in this study werginally selected based on
copy number and a consistent stem rust phenotype.
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Golden Promise  G04-271 G04-273 G04-288 G03-210 G04-266 Morex

Y12 3% 2 3"y o2 3y o2 3ty o 3t 2 3Ty 3l

Rpgicopy 9 90 1 11 01 1 5565 5 0 1 1 222 1 1 1
numbers

Figure 1.2.Southern blot analysis &pgl copy number in Golden PromiBpgl-transformed lines. For each line, three individual
plants (marked as 1, 2, 3 at top) were investiga@eatrol cv. Morex showed one band and cv. GoRlemmise showed no band. The
estimatedRpgl copy numbers for transgenic lines are given abtittom of each lane. Copy number estimates warsistent for all
plants within a line, except for G04-273 and GO®-2here one plant each showedRpyl band.
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% Rpgl mRNA
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2800 -
2700 4
2600 -
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1100 +
1000
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Golden Morex  G04-271  G04-273  G04-288  G04-266  G03-210
Promise

(0-copy) (1-copy) (1-copy) (1-copy) (5-copies) (2-copies) (1l-copy)

Figure 1.3. Rpgl transcript levels in Golden PromiBpgl-transformed lines containing
different copy numberspgl mRNA levels were normalized agail3APDH as a
reference gene. THepgl mRNA level in Morex was considered as 100% andthikr
transgenic lines were compared with Morex mRNA leMeimbers given above each
column are the mean valuesRggl mRNA level (as a percentage of Morex) from three
individual plants per line. Error bars represeetstandard deviations.
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Figure 1.4.Results of ELISA for RPG1 protein expression inde§~old Golden
PromiseRpgl-transformed lines. RPGL1 protein concentration maasured as moles per
gram of total protein. For each barley line, thp&ts were sampled individually and the
mean RPGL1 protein levels are given above the Barsr bars represent the standard
deviations.
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Figure 1.5.Western blot assays for RPG1 protein after indechy wheat stem rust
pathotypePgt-MCCF in Golden PromisBpgl-transformed lines. The first leaves were
inoculated and, for each time point, the inoculdiesue from three plants was pooled for
protein samples. Time point 0 was sampled righbteeiihoculation. Other time points
were 20 hr, 28 hr, 36 hr, and 48 hr post-inocukafipi).
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Chapter 2
Stem rust resistance gendlpg5 and HVAdf2 (rpg4) are both

required for resistance to wheat stem rust pathotyes
Pgt-TTKSK and Pgt-QCCJ
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Introduction

In the Upper Midwest region of the United Statésirsrust has been an important
disease threatening barldygrdeum vulgare L.) production. There are two different stem
rust pathogens that can attack barley: the wheat stust pathogerP(ccinia graminis
Pers.:Pers. f. sptritici Eriks. & E. Henn. orPgt) and the rye stem rust pathogen
(Puccinia graminis Pers.:Pers. f. specalis Eriks. & E. HennPgs). Historically, wheat
stem rust has been the most important of the twlogans on barley in North America,
causing frequent yield losses during epidemic ypam to the 1940s (Roelfs, 1978). In
1942, the first barley cultivar with stem rust stance was released to farmers in the
United States (Steffenson, 1992). The stem russteexe of this and all subsequent
barley cultivars released for the northern Greairi3lof the United States is conferred by
a single geneRpgl (Steffenson, 1992). The emergence of a virulentaviséem rust
pathotype Pgt-QCCJ) in 1989 rendereBpgl ineffective and caused minor stem rust
epidemics in 1990 and 1991 in North America (Roetfal., 1991; Steffenson, 1992). A
newly emerging wheat stem rust pathotygegt{TTKSK, original described race
designation TTKS with isolate synonym of Ug99) ffidetected in Uganda in 1999
(Pretorius et al., 2000) poses a great threat to both barley andatvpeoduction
worldwide because of its wide virulence on manyticais (Singhet al., 2006;
Steffensoret al., 2009). PathotypBgt-TTKSK has spread throughout eastern Africa and
has subsequently been reported in Yemen (Seagi., 2008) and Iran (Nazast al.,
2009). New variants within the original Ug99 lineafj.e. pathotype®gt-TTKST and

Pgt-TTTSK) were detected in a rust screening nurséridjaro, Kenya from 2006 to
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2007 (Jinet al., 2008; Jinet al., 2009). In 2009, another pathotype (PTKST) witthia
Ug99 lineage was detected in South Africa and etehid virulence pattern similar to
pathotypePgt-TTKST with the exception d&21 avirulence (Pretoriuet al., 2010). The
virulence variation reported within the Africansteust population poses an even greater

challenge to the world’s barley and wheat crops.

In Minnesota and North Dakota, rye stem rust isragically found on
commercially grown barley, although it is not asi@es a problem as wheat stem rust
(Steffensoret al., 1984). However, the rye stem rust pathogen lisasfiotential threat to
barley production because some isolates are viralermany barley cultivars, including
those carrying the widely used geRpgl (Steffensoret al., 1984; Sun and Steffenson,

2005).

Developing resistant cultivars is an effective waycontrol stem rust in barley.
Seven major stem rust resistance genes have bestifietl in barleyRpgl, Rpg2, Rpg3,
rpg4, Rpgb, rpgBH, andrpg6. Rpgl was the first stem rust resistance gene identified
barley (Powers and Hines, 1933), but it is ineffechgainst wheat stem rust pathotypes
Pgt-QCCJ andPgt-TTKSK as well as rye stem rust isolaRgs-92-MN-90. After a
preliminary screening of 18,000 barley accessi@anst pathotyp®gt-QCCJ, Jiret al.
(19944a) identified only 13 with a useful level efsistance. Of these 13 accessions, line
Q21861 exhibited the highest level of resistancéah the seedling and adult stages.

Line Q21861 originated from the barley breedinggpam at the International Maize and
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Wheat Improvement Center (Centro Internacional dgokémiento de Maiz y Trigo,
CIMMYT) in Mexico and was later selected and fouedbe resistant to stem rust in
Australia (Dill-Mackyet al., 1992). To study the inheritance of resistandegieQCCJ in
this line, Jinat al. (1994b) crossed Q21861 with several barley cutieand identified a
recessive gene (namegdg4) conferring resistance at low incubation tempeesy(18-
20°C). In addition to conferring resistanceRgt-QCCJ, line Q21861 also is resistant to
rye stem rust (Suat al., 1996). Genetic studies involving Q21861 revedhad a single
dominant gene at the same locus @ was responsible for conferring resistance to the
rye stem rust pathogen (Sehal., 1996). High resolution mapping and sequencing of
candidate genes in the region revealed that the gemnferring rye stem rust resistance is
not rpg4, but rather a closely linked gene (now narRpd5) acting with dominant gene
action (Brueggemaret al., 2008). Initially, rpg4 was mapped to the long arm of
chromosome 7 (5H) using RAPD and RFLP markers (Bmra et al., 1995). More
detailed high-resolution genetic and physical magguositioned thepg4/Rpg5 locus to

a 70-kb region of this chromosome (Brueggensharal., 2008). Sequence analysis
indicates that the actin depolymerizing factor-ldeneHvAdf2 is the probablepg4 gene
andRpg5 encodes an R protein with a nucleotide binding EiBS) domain, a leucine-
rich repeat (LRR) domain and a serine/threoninetemmokinase (S/TPK) domain

(Brueggemaret al., 2008).

Line Q21861 is one of the most resistant barlegdindentified againsPgt-

TTKSK (B. Steffenson, unpublished). Genetic studiegealed that this resistance is
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conferred by a single gene at theg4/Rpg5 locus within the resolution of the small
population used in the investigation (Steffensbal., 2009). Further characterization of
recombinants at thepg4/Rpg5 locus revealed that resistance to rye stem rgstate
Pgs-92-MN-90) is conferred bRpg5 alone, independent opg4; however, resistance to
wheat stem rust pathotyp@gt-QCCJ appears to require bottpgd and Rpg5
(Brueggemaret al., 2008; Brueggemast al., 2009). Due to the close linkage between
rpg4 and Rpg5 (physical distance of ~40kbp), it is uncertain whigene confers
resistance againfgt-TTKSK in line Q21861 based on available barleyticals and
recombinants. As a highly resistant barley lineygag bothrpgd and Rpgs as well as
Rpgl, Q21861 is a very valuable source of stem russtaxe that can be utilized in
barley breeding programs. Thus, resolving the fonel resistance genes in Q21861

against the virulent wheat stem rust pathotygeTTKSK is of great significance.

For gene function analysis, virus-induced genensiteg (VIGS) can be used to
rapidly silence target genes in plants. VIGS does rely on the often difficult and
laborious transformation process or time-consunpogulation development schemes.
VIGS is a virus vector technology that harnessesplant's RNA-mediated anti-viral
defense mechanism. After infecting plants with mauwicarrying target sequences with
homology to a host gene, the virus triggers the plast’'s defenses, degrading any RNA
with sufficient homology to the target sequencewvi@w, Vance and Vaucheret, 2001).
VIGS has been successfully applied on both dicetel asNicotiana benthamiana

(Kumagaiet al., 1995) andArabidopsis (Burch-Smithet al., 2006)) and monocots (such
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as barley (Holzbergt al., 2002) and wheat (Scofietd al., 2005)).Barley Stripe Mosaic
Virus (BSMV) is a tripartite, positive-sense RNA virus thatswekeveloped as a vector for
VIGS on monocot hosts (Holzbesy al., 2002). For example, by infecting barley with
BSMV containing a phytoene desaturase (PDS) gene imseant theyRNA, host plants
will show a photo-bleached symptom--a result of R§&8e silencing (Holzberg al.,
2002). UsingBSMIV-mediated VIGS, Brueggemaat al. (2008) showed that silencing
Rpg5 rendered line Q21861 susceptible to rye stem isslate Pgs-92-MN-90,
confirming the gene’s role in conferring resistat@ehis stem rust pathogen. Resistance
to bothPgt-TTKSK andPgt-QCCJ in line Q21861 was mapped to tpg4/Rpg5 locus.
The aim of this study was to determine the roletladse two genes in conferring
resistance to wheat stem rust pathotypgisTTKSK andPgt-QCCJ. VIGS was used to
individually knock down the expression EvAdf2 (rpg4) andRpg5. Then, assessments
were made to determine whether the silencing oh egene resulted in phenotypic

changes in response to stem rust infection.

Material and methods

Plant materials and growth conditions

Four barley accessions (Q21861, Steptoe, HQ18 @4d Bwere selected for this
study because they possess different recombinatibribe complexpg4/Rpg5 locus
(Figure 2.1). Q28161 is a line of unknown parentsglected from a CIMMYT (Centro
Internacional de Mejoramiento de Maiz y Trigo) bgrlbreeding nursery. It has

functional rpg4 and Rpg5 genes that confer resistance to bBti-TTKSK and Pgt-
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QCCJ. Steptoe (Clho 15229) is a stem rust sudsdepteed barley cultivar from
Washington State University that lackRpg5 and differs from Q21861 in thevAdf2
(rpgd) allele by only three amino acids (Q39H, A101T35&) (Brueggemaret al.,
2008). HQ18 is a progeny derived from the crossrikigion/Q21861 that contains the
Harrington HvAdf2 (rpg4) allele (which encodes the same amino acid segueisc
Q21861) in combination with the Q218&pg5 allele (Brueggemast al., 2008). SQ41
is a progeny line derived from the cross Stepto&882 that contains the Q218&pg5
allele and a recombination withirlvAdf2 (rpg4), which produces an amino acid
sequence that contains glutamine at the 39 pogi@@1861-like), but with threonine and

glycine at positions 101 and 135, respectivelyftte-like) (Brueggeman et al., 2009).

Due to the wide virulence and threat to agricultofg@athotypePgt-TTKSK, all
experiments were done in the Bio-Safety Level-3L@3Containment Facility on the St.
Paul campus of the University of Minnesota during winter months. Experiments with
pathotype Pgt-QCCJ were conducted in growth chambers within Bient Growth
Facility on campus. Plants were grown in plasticspd3 cm x 13 cm x 13 cm) filled
with 50% soil/50% Metro Mix 200 (Green Island Dibtrtors, Inc., Riverhead, N.Y.) and
fertilized with Osmocote 14-14-14 at planting (Ss0Company, Marysville, OH) and
Peters Dark Weather 15-0-15 every two weeks (ScGwmpany). The BSL3 greenhouse
was maintained at 20-22 with a 14 hr photoperiod (supplemented by 400Whhi

pressure sodium lamps emitting a minimum of @@l photons/s/ff) and the growth
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chamber at 20-2Z with 14 hr photoperiod (400 W metal halide langpsitting 550

umol photons/s/f).

Virus-Induced Gene Silencing (VIGS)

BSMV consists of three genomic RNAsP andy (Figure 2.2A). The genome of
BSMIV was modified to silence eithepg4 or Rpg5 with their respective antisense RNA,
and the empty genome vector with only the multiple cloning qikCS) was included
as a control. Brueggemaah al. (2008) developed theasRpg5 andy-asAdf2 constructs
used in this study with a 297-bp fragment and 189agment from cDNA sequences of

Rpg5 andHVAdf2 (rpg4), respectively (Figure 2.2B).

The VIGS inoculation protocol used in this studysves described by Holzbegy
al. (2002).BSMV a, p andy genomes were transcribed into RNA using mMessage
mMachine T7 kit (Ambion, Austin, TX). For each ptapne micro liter of eacBSMV
RNA genome components, (3 andy-aRpg5 or y-asAdf2 or y-MCS) were mixed (1:1:1)
with 22.5 pl inoculation buffer FES (0.1 M Glycine, 0.06 MxHPQO,, 1.0% Sodium
Pyrophosphate, 1.0% Bentonite, 1.0% Celite) and theculated onto the second leaves
of 10-day old barley plants by firmly rubbing thetiee lamina 3-5 times according to the

described procedures fBEMV-VIGS (Scofieldet al., 2005).
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Stem rust inoculation

Plants were inoculated with the stem rust pathab@rdays afteBSMV-VIGS
inoculation. Fresh urediniospores of stem rust qgpes Pgt-TTKSK and Pgt-QCCJ
were increased on a susceptible host (wheat aoccel8kiNair701), collected on the same
day as the rust inoculation, suspended in a ligigtwtanineral oil (Soltrol 170, Phillips
Petroleum, Bartlesville, Oklahoma) at a concerdgratif 14 mg urediniospores/0.7 ml oil,
and applied at a rate of approximately 2.5 mg/plaitit an atomizer pressured at 25-30
kPa. Then, plants were placed in mist chambers sngected to 30 minutes of
continuous misting by ultrasonic humidifiers folled/by 16 hours of periodic misting (2
minutes of misting every 60 minutes) in the darlexi\ the mist chamber doors were
opened, and lights (150-250 mmol photofifprovided by 400 W sodium vapor lamps)
were turned on with the misters set to run for Autes every 15 minutes for the next 2
hours. Finally, the misters were turned off, fdating the slow-drying of the plant
surfaces over the next 3-4 hours. When the plaete wompletely dry, they were moved

back to the greenhouse or growth chamber undexatheitions previously described.

Disease assessment

All four barley accessions were subjected to tHeiong four treatments “No
VIGS”, “VIGS-MCS”, “VIGS-asRpg5” or “VIGS-asAdf2” and then infected with either
stem rust pathotypBgt-TTKSK or Pgt-QCCJ. Twelve days after stem rust inoculation,
plants were scored for their infection types (ITEe 0-4 IT scale used for barley is a

modification of the one developed for wheat (Stakneh al., 1962) and is based
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primarily on uredinial size as described by Milemd Lambert (1955). The systemic
spread of virus symptoms (i.e., mosaic pattern librosis) was a guide to assess
successful infection bBIVIV and the potential for VIGS. For each plant, thengest
leaves (i.e. the™ 5" and & leaves) were scored for ITs. For VIGS-treated fslali's

were scored where virus symptoms were present.

Results and Discussion

Reaction of barley to stem rust pathotype®gt-TTKSK and Pgt-QCCJ without
VIGS

In response to stem rust pathotypegt-TTKSK and Pgt-QCCJ, accessions
Q21861 and HQ18 exhibited low ITs (0;1 and 0;), ws Steptoe and SQ41 exhibited
high ITs (33+, 3 and 3-) (Table 2.1, Figures 2.2 4). In general, Steptoe was more
receptive than SQ41 to stem rust infection by bp#thotypes since it had higher
numbers of uredinia (Figures 2.3 & 2.4). Based lm gene structure at tmpg4/Rpgs
locus among these accessions (Figure 2.1), theestigitity of SQ41 suggests that a
functionalRpg5 allele alone (as in SQ41) is not sufficient fonfasring resistance. Also,
for the HVAdf2 (rpg4) allele, only two amino acids (position 101 and)a&re different in
SQ41 compared to resistant line Q21861. Thesetsesudicate that these two amino
acids in theHvAdf2 (rpg4) allele are important for resistance to pathotypgisT TKSK

andPgt-QCCJ.
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For recombinant line HQ18, it was already knownt tiparental cultivar
Harrington is susceptible to both pathotypegs-TTKSK (preliminary data, unpublished)
andPgt-QCCJ (Brueggemas al., 2008). Harrington lacks the protein kinase donain
the Rpg5 gene; however, thélvAdf2 (rpg4) allele in Harrington encodes the same
predicted protein product at the amino acid lewelQ21861 (Brueggemaat al., 2008).
The susceptibility of Harrington to both pathotypesgigests that tHevAdf2 (rpg4) allele
in Harrington is not sufficient for resistance. Apwith theHvAdf2 (rpg4) allele from
Harrington, recombinant line HQ18 also carries mgleteRpg5 gene from Q21861 with
all three domains (NBS-LRR-S/TPK) and expressedstaasce to bothPgt-TTKSK and
Pgt-QCCJ. These results indicate that béthAdf2 (rpgd) and Rpg5 are required for

resistance to pathotyp@gt-TTKSK andPgt-QCCJ.

Silencing of Rpg5

In response t®gt-TTKSK infection after silencindrpg5 with VIGS, Steptoe and
SQA41 again exhibited high ITs of 3. The other twoessions carryinfpgb (Q21861
and HQ18) exhibited markedly higher ITs (12, 21 &ydhan in the No-VIGS (IT=0;1)
or VIGS-MCS (IT=0;1) treatments, suggesting tRpg5 is critical for conferring a high
level of resistance in these two accessions. Alaimmesult was found in response to
pathotypePgt-QCCJ: the silencing dRpg5 resulted in higher ITs in Q21861 (IT=21)
and HQ18 (IT=2) than observed in the control treatts of No-VIGS (IT=0;) or VIGS-
MCS (IT=0;), while the ITs remained the same actosatments for Steptoe (IT=3) and
SQ41 (IT=3). VIGS results confirmed the requiremehRpg5 for conferring resistance

63



to pathotyped’gt-TTKSK andPgt-QCCJ, because silencing the gene markedly reduced

the resistance level in both Q21861 and HQ18 (leigar3 & 2.4).

Silencing of HVAdf2 (rpg4)

After silencingHVAdf2 (rpg4), Q21861 and HQ18 continued to exhibit low ITs
(0;1 and 0;) similar to the No-VIGS or VIGS-MCSdtments in response to bddgt-
TTKSK andPgt-QCCJ. Likewise, Steptoe exhibited no marked ckang its high ITs
(3) across these treatments to both pathotype® BiQ41 also exhibited no marked
changes in response (IT=3) Ryt-QCCJ after silencingdvAdf2 (rpg4). However, in
response tdPgt-TTKSK infection, SQ41 exhibited lower ITs (2) aftelvAdf2 (rpg4)
silencing compared to the No-VIGS (IT=3) or VIGS-E{IT=3) controls, suggesting
that the suppression bivAdf2 (rpg4) expression actually increases the resistance ileve
line SQ41. The recessive nature of géh&\df2 (rpgd) suggests that its gene product
might be non-functional. The non-functiortdVAdf2 (rpg4) in lines Q21861 and HQ18
might explain why silencing this gemesulted in no changes in the ITs of these registan
lines, since neither the expression nor silencintiis gene would trigger susceptibility.
On the other hand, the Steptoe-liHeAdf2 (rpg4) gene in SQ41 may act as a dominant
functional geneRpg4) that encodes a susceptibility factor that is geioed by the stem
rust pathogen (Brueggemanal., 2009). In response to pathotyg&g-TTKSK andPgt-
QCCJ, the product from the domindriig4 allele in SQ41 triggered susceptibility, and
thus silencing this gene made SQ41 less susceptili?gt-TTKSK. Yet in response to
Pgt-QCCJ infection, there was no reduction in susbdjtyi for line SQ41 after silencing
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HVAdf2 (rpg4). Although pathotypePRgt-QCCJ andPgt-TTKSK exhibited a very similar
virulence pattern against tmpg4/Rpg5 locus for the accessions tested in this study, the
difference with respect to SQ41 after silencidgAdf2 (rpg4) might be that the two
pathotypes do not trigger the exact same respanskarley during the host-pathogen
interaction, and there might be other susceptybiittors in barley interacting witRgt-
QCCJ, the latter scenario nullifying the silencio§ HvAdf2 (rpg4) in reversing

susceptibility.

Both Rpg5 and HVAdf2 (rpg4) are required for resistance

To corroborate the silencing &pg5 and HVAdf2 (rpg4) in VIGS-treated lines,
total RNA from each treatment was isolated and bl subjected to quantitative real-
time PCR to assay the silencing levels; howevearsdhresults are not available at this
time. Nonetheless, based on our phenotype resiudigpears that botRpg5 andHvAdf2
(rpg4) are required for resistanceRgt-TTKSK andPgt-QCCJ in barleyRpg5 acts as a
dominant gene and requires all three domains (NB84IS/TPK) to be functional,

whereagpg4 acts in a recessive manner and possibly encodes-éunctional protein.

The presence of all three domains in the n&®pgl5 gene suggests its function in
both pathogen recognition and signal transductRmeggemaret al. (2008) predicted
that the LRR domain might serve as a pathogen tecemutside cell, while the
intracellular NBS and S/TPK domains may play a iolsignal transduction. The S/TPK

domain of Rpgb shares significant similarity with the tomato résice genePto
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(Brueggemaret al., 2008). Interestingly, in tomato, resistancd”teudomonas syringae
pv. tomato expressing thewvrPto gene requires botRto and another NBS-LRR class
genePrf (Salmeroret al., 1996). Also, genetic and physical mapping rewk#he close
proximity of Prf andPto within thePto gene cluster in the tomato genome (Salmeton
al., 1996). The combination of all three domaing_pg5 and the physical proximity of
Pto and Prf may suggest a common strategy in plants for utibnaof both NBS-LRR

protein and protein kinase for disease resistaigrakng.

The gene product oHVAdf2 (rpg4) is an actin-depolymerizing factor-like
protein. Such proteins have been documented inhesh+esistance, but not gene-for-
gene interactions (Brueggemanal., 2008). Brueggemasat al. (2009) speculated that
Rpg5 may directly or indirectly interact withpg4 through phosphorylation and lead to
activation or deactivation of the actin depolymigrggzfactor. There are three other genes
identified in therpgd/Rpg5 complex, including a NBS-LRR gendvRGAlL, an actin
depolymerizing factor gendvAdf3, and a protein phosphatase 2C protein ¢gévieP2C
(Brueggemaret al., 2008). The functions of these additional genessél unknown, but
it is very likely that they also play certain rolesconferring stem rust resistance. The
complete model for the mechanismrpf4/Rpg5-mediated stem rust resistance has yet to
be discovered. Key questions regarding pathogeogretion, signal transduction, and
cytoskeleton organization should be addressed enfuture to elucidate the molecular

basis forrpgd/Rpg5-mediated resistance.
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Table 2.1.Infection types of selected barley accessionsspaonse to wheat stem rust
pathotypedgt-TTKSK andPgt-QCCJ under different VIGS treatments. The most
common ITs observed on the youngest leav8s§2and &' leaves) and the range of ITs
observed are given.

Pgt-TTKSK Pgt-QCCJ
VIGS Accession Most Range Most Ranae
treatment Common 9 Common 9
Q21861 0;1 0;to0 0;1 0; 0to O;
Steptoe 33+ 23-t0 33+ 3 2t03
No-VIGS
SQ41 3 23- to 33+ 3- 2t03
HQ18 0;1 0; to 210; 0; 0;to 2
Q21861 0;1 0;t0 0;1 0; 0;t0 0;1
Steptoe 3 2to 33+ 3- 2 to 33+
VIGS-MCS
SQ41 3 2 to 33+ 3 2 to 33+
HQ18 0;1 0; to 10; 0; 0;t00;1
Q21861 12 0;to 21 21 0;1to 2
Steptoe 3 2103 3 32 to 33+
VIGS-asRpg5
SQ41 3 23-t0 33+ 3 210 3+
HQ18 21 0;1to 2 2 10;t0 3
Q21861 0;1 0;t00;1 0; 0;t00;1
Steptoe 3 23- to 33- 3 21to 3+
VIGS-asAdf2
SQ41 2 2-1t0 3-2 3 23- to 3+
HQ18 0;1 0;to 12 0; 0;to 12
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Protein structure for Protein structure for

HVAdf2 (rpg4) gene HVRGAZ (Rpg5) gene
aa 0 20 40 60 80 100 120 140 160 aa 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 (x100)
Q A S
Q21861 e ——— RES TRR STTPK
39 101 135 1378
Q A s
Harrington S——— L IR G |
39 101 135 1075
H T G
Steptoe L ; — —
39 101 135 161
Q T G
SQ41 - i i 1 NBS RR__JEE se< |l
39 101 135 1378
Q A S
HQ18 e ——— NES IRR SITPK
39 101 135 1378

Figure 2.1. Predicted protein structures of tRpg5 andHvVAdf2(rpg4) genes for barley
accessions Q21861, Harrington, Steptoe, SQ41, §1BHThe differentpg4 alleles
exhibit variation at three amino acid positions, (B91, 135)Rpg5 alleles differ on the
basis of whether they encode functional proteiralahree domains (NBS-LRR-S/TPK)
(i.e. lines Q21861, SQ41, HQ18) or truncated pnst€i.e. Harrington, Steptoe). (All
protein structures and amino acid position datédbased on Brueggemahal. (2008))
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Figure 2.2. BSMV genomic RNAsd,  andy) (A) and the barley cDNA fragments (B)
used for silencingrpgb andrpg4. Grey boxes represeBEMV Open Reading Frames
(ORFs), and the arrows represent cDNA fragmentxted into tha8SVV y genome

vector in antisense orientatioB§MV genome structures are based on Holzkeeat
(2002);BSMIV-y-asRpg5 andBSVIV-y-asAdf2 constructs were developed and provided by
Robert Brueggeman, North Dakota State University.)
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Pgt -TTKSK (isolate Ug99) infected
No stem rust
No VIGS No VIGS VIGS-MCS  VIGS-Rpg5 VIGS-Adf2

Q21861

HQ18

SQ41

Steptoe

Figure 2.3Pgt-TTKSK infection types (ITs) of barley accessioreated with VIGS. All
accessions were subjected to the treatments oMIE&”, “VIGS-MCS”, “VIGS-

aRpgs” or “VIGS-asAdf2” and then inoculated with stem rust pathotiAge TTKSK.

The most typical ITs for each treatment are givethe figure with the corresponding ITs
scores provided underneath.
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No stem rust Pgt-QCClJ infected

No VIGS No VIGS VIGS-MCS  VIGS-Rpgd VIGS-Adf2

Q21861

Steptoe

Figure 2.4Pgt-QCCJ infection types (ITs) of barley accessiorated with VIGS. All
accessions were subjected to the treatments oVI8&”, “VIGS-MCS”, “VIGS-
afRpgs” or “VIGS-asAdf2” and then inoculated with stem rust pathotiAge-QCCJ. The
most typical ITs for each treatment are given mfigure with the corresponding ITs
scores provided underneath.
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Conclusions
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Stem rust remains a great threat to world cerealymtion today, especially given
the recent emergence of highly virulent pathotyfpemn eastern Africa. It is therefore
important to study the function of known resistageees to facilitate the development of
more durably resistant cultivars. The major parthig thesis focused on three important
stem rust resistance genes in barkpgl, rpg4, andRpg5. These three genes have great
importance for barley stem rust resistarigegl has been a durable resistance gene for
over 60 years in the Upper Midwest region of theAUSteffenson, 1992), and the
rpgd/Rpg5 complex confers resistance to the notoriouslylgiupathotypdPgt-TTKSK
(Steffensoret al., 2009). These three genes are also among thewedistharacterized
resistance genes in barley at the molecular léRadl, rpg4, and Rpg5 have all been
cloned using a map-based cloning approach (Brueggetal., 2002a; Brueggemagt
al., 2008). However, the mechanisms Rpgl-mediated andpgd/Rpg5-mediated stem
rust resistance are still unknown, especially réigar the interactions between these
genes and their corresponding pathogen effectodstla@ mechanisms for triggering
resistance signaling pathways. The primary object¥ this thesis was to further our
understanding on the mechanisms of these genesniierang stem rust resistance in

barley.

In the first chapter of this thesis, the primaryealive was to investigate the basis
of phenotypic variation for stem rust resistancdransgenic lines containing different
copy numbers oRpgl. Five transgenic lines with 1, 2, 3, and 5 copéfpgl were

investigated for stem rust resistance, stabilitytr@insgene inheritance over several
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generations, the level &pgl mMRNA transcript, level of RPG1 protein expressiand
degradation of RPG1 protein upon stem rust infectiSBouthern blot analysis for
transgene copy number estimation revealed thehitisfeof transgene inheritance over
several generations of selfing in some lines (ikes G04-271 and G04-273 were
reduced from 5 copies ato o 3 copies at Tand only 1 copy at 5}, but stable
inheritance in others (i.e. lines G03-210, G04-266 G04-288 retained 1 copy, 2 copies
and 5 copies, respectively, from 10 Ts). Post-transcriptional gene silencing (PTGS)
was not triggered in the five-copy line G04-288a0r other transgenic line. Moreover,
Rpgl transgene copy numbers were not strongly corekhatth transcription and protein
levels: e.g. the five-copy line G04-288 exhibitefix2and 3x greater transcript and
protein levels than the one-copy cv. Morex, fromahitRpgl was cloned, while all other
transgenic lines (with either one or two copieshibited 2-9x greater transcript levels
and 1.2-1.4x greater protein levels than cv. MorEpon stem rust infection, all
transgenic lines exhibited RPG1 protein degraddbeimveen 20-28 hr post-inoculation.
The one exception was susceptible line G04-288¢hvbontinued to exhibit high RPG1
protein levels even at 48 hr post inoculation. Th&ult suggests that the failure of RPG1

protein to degrade rapidly resulted in susceptibith stem rust.

In the second chapter of this thesis, we used \W&iBvestigate the role of two
closely linked resistance gen&pg5 andHVAdf2 (rpgd) in conferring resistance against
wheat stem rust pathotypeRgt-QCCJ andPgt-TTKSK. Four barley accessions

(Q21861, Steptoe, SQ41 and HQ18) were selectedl lmaséheir genetic structure at the
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rpgd/Rpg5 locus. Q21861 and HQ18 are resistant to both pgtke, while Steptoe and
SQA41 are susceptible. SilenciRpgb in Q21861 and HQ18 resulted in higher infection
types compared with non-silencing controls, sugggsthat Rpg5 is involved in the
resistance pathway for both pathotypes. Also, ispoaese toPgt-TTKSK infection,
silencingHvVAdf2 (rpg4) made SQ41 less susceptible, suggesting thaRpgé allele in
SQ41 might encode a susceptibility factor and tloeeesilencing this gene reduces the
level of susceptibility in SQ4Rpg5 encodes a protein with a novel combination oféhre
domains: NBS, LRR and S/TPK, whildvAdf2 (rpg4) encodes an actin depolymerizing
factor (Brueggemast al. 2008). The involvement of both genes for resistandicates a

complex mechanism in the host-pathogen interactioing stem rust infection.

With the emergence and rapid spread of the virupathotypePgt-TTKSK,
breeding for resistance is of paramount importastadying the mechanisms of these
resistance genes could help breeders incorporatel aad more durable resistance into
barley cultivars. Researchers are currently makiaigeful investigations to unlock the
molecular basis dRpgl- andrpg4/Rpg5- mediated resistance. Further studies on the role
of RPG1 phosphorylation in conferring resistant® tunctions of other genes in the
rpgd/Rpg5 complex, as well as the identification of corresfiog stem rust effectors are
under way. As our understanding of stem rust deseaschanisms in barley develops,
yield losses caused by stem rust should be mitigatel the world’s cereal production

further secured.
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