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Abstract

Plant nucleotide-binding leucine-rich repeat (NLRs) immune receptors directly or indirectly recognize pathogen-secreted ef-
fector molecules to initiate plant defense. Recognition of multiple pathogens by a single NLR is rare and usually occurs via mon-
itoring for changes to host proteins; few characterized NLRs have been shown to recognize multiple effectors. The barley
(Hordeum vulgare) NLR gene Mildew locus a (Mla) has undergone functional diversification, and the proteins encoded by dif-
ferent Mla alleles recognize host-adapted isolates of barley powdery mildew (Blumeria graminis f. sp. hordei [Bgh]). Here, we
show that Mla3 also confers resistance to the rice blast fungus Magnaporthe oryzae in a dosage-dependent manner. Using a
forward genetic screen, we discovered that the recognized effector from M. oryzae is Pathogenicity toward Weeping Lovegrass 2
(Pwl2), a host range determinant factor that prevents M. oryzae from infecting weeping lovegrass (Eragrostis curvula). Mla3 has
therefore convergently evolved the capacity to recognize effectors from diverse pathogens.

Introduction

Plants are routinely exposed to a diverse array of microbes, and
their interaction is governed by active processes that recognize
self and nonself molecular patterns. The plant immune system
comprises membrane-localized extracellular receptors and
intracellular receptors that detect pathogen molecules or

host-derived molecules generated during pathogen infection
(Jones and Dangl 2006). Plant pathogens secrete effector mo-
lecules to promote virulence through manipulation of the host
environment and suppression of the plant immune system.
Effectors are highly sequence and structurally diverse mole-
cules, evolving to evade plant recognition while maintaining
virulence function (Franceschetti et al. 2017).
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Background: Nucleotide-binding leucine-rich repeat (NLR) proteins are intracellular immune receptors that recog-
nize molecules from plant pathogens, known as effectors. The majority of NLRs confer resistance to 1 pathogen by
recognizing a specific effector. In barley (Hordeum vulgare), the Mla locus contains multiple NLR genes, and alleles
of the NLR Mla recognize Blumeria graminis, the causal agent of powdery mildew. In the barley cultivar Baronesse,
resistance to the blast pathogen Magnaporthe oryzae has been mapped to the Mla locus, but the causal gene within
this locus is unknown.

Question: How is the barley cultivar Baronesse resistant to multiple pathogens? Which gene in the Mla locus provides
resistance to the rice blast pathogen? Does the Mla allele Mla3 in Baronesse recognize M. oryzae in addition to B. gra-
minis? What effector is being recognized from M. oryzae?

Findings: We show that the barley NLR MLA3 recognizes the effector Pwl2 from M. oryzae. Resistance to blast disease
was mapped to the Mla locus. Three candidate genes were cloned and introduced into a susceptible barley cultivar.
Infection assays with M. oryzae in transgenic barley lines found that only barley carrying Mla3 showed resistance and
required multiple copies. To identify the M. oryzae effector recognized by Mla3, mutants were generated by randomly
knocking genes out in M. oryzae using UV mutagenesis. Sequencing mutants found that the effector gene PWL2 was
always lost. PWL2 was first discovered in 1995, as it prevents blast isolates from infecting weeping lovegrass (Eragrostis
curvula). MLA3 was shown to directly recognize and associate with Pwl2 through expression and protein—protein
assays.

Next steps: The main question that remains to be addressed is how does MLA3 recognize M. oryzae and B. graminis?
Future efforts will involve finding the molecular principles of Pwl2 recognition by MLA3 and identifying the recognized
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effector of B. graminis to understand the mechanism by which MLA3 recognizes multiple pathogens.

Nucleotide-binding leucine-rich repeat (NLR) proteins are
the largest class of immune receptors in plants and are
grouped by their variable N-terminal domains: coiled coil
(CQ), Toll, interleukin-1 receptor, resistance protein (TIR),
or RESISTANCE TO POWDERY MILDEW 8 (RPW8) domain
(Ngou et al. 2022). The majority of characterized NLRs recog-
nize single species- or isolate-specific effectors, initiating im-
mune signaling and plant defense upon recognition (Kourelis
and van der Hoorn 2018).

The mechanism of recognition by NLRs is broadly classified
by the direct and indirect perception of pathogen-derived
molecules (Kourelis and van der Hoorn 2018; Saur et al.
2021). Direct recognition involves physical interaction of
the NLR and effector to initiate NLR activation (direct mod-
el) (Jia et al. 2000), whereas indirect recognition by NLRs oc-
curs through monitoring host targets or guardees for
effector-mediated modifications (guard model) (Van Der
Biezen and Jones 1998). Host targets can also become inte-
grated into NLRs within the same ORF via fusion events,
forming additional domains for effector interaction and rec-
ognition (integration model) (Cesari et al. 2014; Cesari 2018).
These NLRs with integrated domains routinely require a se-
cond NLR to initiate defense signaling (Cesari et al. 2014;
Cesari 2018). Extensive functional analysis has been per-
formed on NLRs from each of these modes of recognition;
however, the evolution and maintenance of these diverse
recognition mechanisms are complex and often unclear
(Mérkle et al. 2022).

The majority of characterized NLRs confer resistance to 1
pathogen species or recognize single effectors present in

pathogen populations. Across plant species, recognition of
the same effectors or host targets can be conferred by ortholo-
gous NLRs or by unrelated NLRs through convergent evolution.
For example, the host protein kinase AVRPPHB SUSCEPTIBLE 1
(PBS1) is guarded by unrelated NLRs in Arabidopsis thaliana,
barley (Hordeum vulgare), and soybean (Glycine max), which
convergently recognize the bacterial effector AvrPphB-induced
modifications of PBS1 (Caldwell and Michelmore 2009;
Kim et al. 2016; Sun et al. 2017; Carter et al. 2019; Helm et al.
2019). RPM1 INTERACTING PROTEIN 4 (RIN4) is another ex-
ample of a conserved guarded component of the plant immune
system. The A. thaliana NLRs RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1 (RPM1) and RESISTANT TO P. SYRINGAE 2
(RPS2) (Mackey et al. 2002; Axtell and Staskawicz 2003;
Mackey et al. 2003; Kim et al. 2005, 2009), soybean Resistance
to Pseudomonas glycinea 1b (Rpglb) and Resistance to
Pseudomonas glycinea 1r (Rpglr) (Ashfield et al. 2004, 2014;
Russell et al. 2015), and wild apple (Malus X robusta) Malus X
robusta 5 (Mr5) (Prokchorchik et al. 2020) all recognize RIN4
perturbation by pathogen effectors. Overall, convergent recog-
nition of effectors by distinct NLRs commonly requires monitor-
ing conserved host targets.

In contrast, recognition of multiple pathogens by single
NLRs is rare. Reported cases include the NLR
HOPZ-ACTIVATED RESISTANCE 1 (ZART1) from A. thaliana,
which recognizes the effector AvrAC from Xanthomonas
campestris, and HopZ1a and HopF2a from Pseudomonas syr-
ingae by guarding the receptor-like cytoplasmic kinases
PBS1-LIKE 2 (PBL2), RESISTANCE RELATED KINASE 1
(RKS1), HOPZ-ETI DEFICIENT (ZED), and ZED1-RELATED
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KINASE 3 (ZRK3) (Lewis et al. 2013; Wang et al. 2015; Seto
et al. 2017). The paired NLRs RESISTANT TO RALSTONIA
SOLANACEARUM 1 (RRS1)/RESISTANT TO P. SYRINGAE 4
(RPS4) recognize the effectors Pop2 and AvrRps4 from the
bacterial pathogens Ralstonia solanacearum and P. syringae,
respectively, and an unknown effector from the fungal
pathogen Colletotrichum higginsianum. Recognition of Pop2
and AvrRps4 is mediated by the integrated WRKY domain
at the C-terminus of RRS1 through direct binding and also
acetylation by Pop2 (Williams et al. 2014; Le Roux et al.
2015; Sarris et al. 2015; Saucet et al. 2015; Ma et al. 2018;
Mukhi et al. 2021). The tomato (Solanum lycopersicum)
NLR Mi-1 confers resistance against taxonomically divergent
pathogens including root-knot nematodes (Meloidogyne
spp.), potato aphid (Macrosiphum euphorbiae), and sweet
potato whiteflies (Bemisia spp.) (Vos et al. 1998; Nombela
et al. 2003; Goggin et al. 2006; Santos et al. 2020). Mi-1 re-
quires the helper NLR NRC4 for cell death signaling, but
the molecular mechanism of pathogen recognition remains
unknown. Lastly, Mla8 in barley confers resistance to barley
powdery mildew (Blumeria graminis f. sp. hordei) and wheat
stripe rust (Puccinia striiformis f. sp. tritici) (Bettgenhaeuser et
al. 2021). Interestingly, MLAS8 does not contain an integrated
domain, and no interacting partner NLRs have yet been im-
plicated for functional resistance.

The barley Mla locus on the short arm of chromosome 1H is a
resistance gene complex showing extreme intraspecific diversity
in barley haplotypes (Briggs and Stanford 1938; Jargensen and
Wolfe 1994; Zhou et al. 2001; Wei et al. 2002; Seeholzer et al.
2010). Characterization of the Mla locus in the reference gen-
ome Morex identified a complex region containing 3 NLR
gene families—RGHT (Mla), RGH2, and RGH3—that are located
in 3 gene-rich regions flanked by repetitive and mobile elements
(Wei et al. 2002). Allelic variants of the Mla CC-NLR gene
(RGHT) confer isolate-specific immunity against the host patho-
gen barley powdery mildew Bgh (Jergensen and Wolfe 1994;
Kinizios et al. 1995; Halterman et al. 2001; Seeholzer et al.
2010). The LRR region of Mla determines recognition specificity
and shows signatures of positive selection (Shen et al. 2003;
Halterman and Wise 2004; Seeholzer et al. 2010; Maekawa et
al. 2019). A direct recognition mechanism for MLA has been
proposed, shown by the direct interaction between MLAT,
MLA7, MLA10, MLA13, and MLA22 and the Bgh effectors
AVR,;, AVR,;, AVR,10, AVR,15, and AVR,,,, respectively (Lu et
al. 2016; Saur et al. 2019; Bauer et al. 2021).

Recognition of diverse pathogens has been genetically linked
to the Mla locus including susceptibility to Bipolaris sorokiniana
(Reaction to Cochliobolus sativus 6 [Rcs6]) (Bilgic et al. 2006; Leng
et al. 2018, 2020) and resistance to Magnaporthe oryzae (syn.
Pyricularia oryzae; Reaction to Magnaporthe oryzae 1 [Rmo1])
(Inukai et al. 2006). Previous work found that Rmo1 was in gen-
etic coupling with the Mla locus in the barley accession
Baronesse (Mla3) (Inukai et al. 2006). In this study, we find
that RmoT is in complete genetic coupling with Mla3 through
performing a high-resolution recombination screen. Using
RNA-seq, RenSeg-PacBio, and chromosome sequencing, we
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show that all 3 NLR gene families at the Mla3 locus—RGHT,
RGH2, and RGH3—are present and expressed in Baronesse.
We report that Baronesse carries 4 near-identical copies of
Mla3 (RGH1). Characterization of a diversity panel and Mla
introgression  lines  suggested that Mla3 underlies
Rmo1-mediated resistance. Agrobacterium-mediated trans-
formation provides evidence that Mla3 (RGH1) specifically con-
fers resistance to M. oryzae isolate KEN54-20 (AVR-Rmo1) in a
dosage-dependent manner. Using association genetics and mu-
tagenesis combined with high-throughput sequencing, we re-
port the unexpected finding that MLA3 (RMO1) recognizes
the known host species specificity determinant Pwl2
(AVR-Rmo1) from M. oryzae.

Results

Mla3 is in complete genetic coupling with Rmo1

To elucidate the genetic relationship of Mla3 and Rmo1, a re-
combination screen using a Baronesse X BCD47 F, popula-
tion (N=2304 gametes) was performed over a wide
22.9 cM region on chromosome TH encompassing the Mla
locus (markers K_3_1144 and K_2_0712) (Fig. 1). Among
169 recombinants, 80 recombinants were identified between
the flanking markers of the Mla locus (K_963924 and
K_206D11). Marker saturation of the region encompassing
Mla was performed using 12 Kompetitive allele specific
PCR (KASP) markers spanning a wide genetic interval from
markers K_3_0933 to K_4261. Homozygous recombinants
were identified for 53 F,; families. Suppressed recombination
was observed at the Mla3 locus, with 18 markers in complete
genetic coupling with K_Mla_RGH1, that spans a ~240 kb
physical region in the reference sequence cv. Morex (Wei
et al. 2002). The marker K_MIla_RGH1 was designed on a sin-
gle nucleotide polymorphism (SNP) between Mla3 coding se-
quence and the RGHT1 allele in BCD47 (RGH1-BCD47).

To determine if the marker K_Mla_RGH1 is in coupling
with barley powdery mildew (Bgh) resistance, recombinants
within the interval surrounding the Mla3 locus were pheno-
typed with Bgh isolate CC148 (AVR,3). Using these 165 F,.3
families, resistance to Bgh isolate CC148 cosegregated with
marker K_MIla_RGH1. Baronesse and BCD47 show clear dif-
ferential phenotypes upon inoculation with the M. oryzae
isolate KEN54-20 carrying AVR-Rmo1. To map Rmol, 42
homozygous F,., families with recombination events near
the Mla locus were inoculated with M. oryzae isolate
KEN54-20 using leaf spot inoculation (Fig. 1B) and whole
plant spray inoculation (Fig. 1C). Resistance to M. oryzae iso-
late KEN54-20 cosegregated with marker K_Mla_RGH1.
Therefore, Rmo1 is in complete genetic coupling with Mla3.

Mla3 (RGHT), RGH2, and RGH3 are present and
expressed in the Mla3 haplotype from Baronesse

In the reference genome Morex, the Mla locus includes mul-
tiple members of 3 CC-NLR gene families—RGH1, RGH2, and
RGH3—of which all 3 are present within a 40 kb tandem du-
plication (Wei et al. 1999, 2002). Due to high repetitive
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Figure 1. RmoT is in complete coupling with Mla3. A) The distal end of the short arm of chromosome 1H based on nonredundant KASP markers in
the Baronesse X BCD47 population (2,304 gametes). RE, number of recombination events between markers. Twenty additional markers (not shown)
are in complete genetic coupling with K_MIla_RGH1_2920 at the Mla locus. B) Phenotype by genotype plot of homozygous F,.;, recombinants in-
oculated with M. oryzae isolate KEN54-20 using a spot-based inoculation. Scores 0 and 1 = resistant and 2 to 4 = susceptible. C) Phenotype by geno-
type plot of homozygous F,., recombinants inoculated with M. oryzae isolate KEN54-20 using a spray-based inoculation. Scores 0 and 1 = resistant

and 2 to 4 = susceptible.

content and presence of large near-identical duplications, the
Mla locus fails to assembly correctly using short-read sequen-
cing technology (Mascher et al. 2021). We therefore used sev-
eral approaches to resolve the genomic region encompassing
Mla3.

Using chromosome flow sorting and Chicago long-range
linkage (Thind et al. 2017), we assembled chromosome 1H
from barley accession Baronesse. Genomic scaffolds were
fragmented at the boundaries of the Mla locus, with the dis-
tal and proximal regions defined by scaffold1235 and scaf-
fold1874, respectively (Fig. 2; Supplemental Fig. S1).
Genomic sequence of Mla3 (RGHT) was fragmented, with
fragments found on scaffold1874 and 3 small contigs (contigs
38,297, 42,637, and 63,307), whereas RGH2 and RGH3 were
found to be in a head-to-head orientation on scaffold1874.
The flanking intervals for the Mla3 haplotype are highly co-
linear with the Morex haplotype (Fig. 2A; Supplemental
Fig. S1). Using a complementary approach, we applied
RenSeq-PacBio (Witek et al. 2016) with a capture library de-
signed on NLRs that included baits designed on Mla3 (RGHT1),

RGH2, and RGH3 gene families (Brabham et al. 2018). Mla3
and RGH2/RGH3 were assembled on 15.3 and 14.0 kb contigs,
respectively (Fig. 2B).

We hypothesized that the fragmented assembly is due to
repetitive gene content or large near-identical duplications,
such as observed in the reference genome (Mascher et al.
2021). To identify potential duplications, we used k-mer
counting with flow-sorted chromosome 1H sequencing
data using genomic contigs encompassing Mla3 and RGH2/
RGH3 identified by RenSeq-PacBio as template (Fig. 3).
Based on local regression of k-mer coverage, the single
copy gene Barley Pumilio/Mpt5/FBF-like (Bpm) located im-
mediately proximal to the Mla locus had an estimated cover-
age of 161.6 (5’ region) and 165.1 (3’ region) (Fig. 3A),
whereas Mla3 had an estimated coverage of 800.1 (Fig. 3B).
Evaluation of individual k-mer coverage found that the aver-
age coverage is an overestimate due to high-copy k-mers pre-
sent in the central region of Mla3. Analysis using k-medoids
found that individual k-mers of Mla3 clustered at 146, 619,
and 790, corresponding to 1, 4, and 5 copies, respectively
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Figure 2. The Mla locus in Baronesse is highly divergent in sequence and structure. A) Sequence alignment of the region encompassing Mla in barley
accessions Morex (mla) and Baronesse (Mla3) found high conservation in the flanking intervals (left and right boxes) but no conservation within the
Mla locus. The central region of Mla region is a breakpoint in the assembly of chromosome 1H from barley accession Baronesse. RGH1, RGH2, and
RGH3 family members are indicated in orange, blue, and green, respectively. KASP and CAPS markers are indicated with “K_" and “C_" prefixes,
respectively. B) RenSeq-PacBio identified genomic contigs encompassing Mla3 (15.3 kb) and RGH2/RGH3 (14.0 kb). In the barley accession
Baronesse haplotype, RGH2 and RGH3 are in head-to-head orientation. C) In the barley accession Baronesse haplotype, Mla3 and RGH3 encode
CC-NB-LRR, whereas RGH2 encodes an CC-NB-LRR with integrated Exo70F1.

(Supplemental Fig. S2). The same approach found Bpm and
RGH2/RGH3 had k-medoids of 175 (k= 1) and 162 and 315
(k=12), respectively (Supplemental Fig. S2). RGH2 and
RGH3 are single copy, although fragments of the
C-terminal encoding regions of the NLRs are present in scaf-
folds 1235 and 1874, respectively, that flank the Mla locus
(Figs. 2A and 3C). For Mla3, k-mers contributing to 5 copies
are concentrated in the regions encoding the CC and
nucleotide-binding (NB) domains (Fig. 3B). Two regions in
the leucine-rich repeat region of Mla3 were found to have
a reduction in k-mer coverage suggesting that a single copy
of Mla3 had diverged from other copies (Fig. 3B).
Evaluation of aligned genomic reads found heterogeneity in
Mla3 copies, with 1 copy carrying a 6 base pair deletion re-
sulting in 2 deletions and 1 change in the amino acid se-
quence. This copy was designated Mla346. Collectively,
based on this analysis, we conclude that Baronesse carries 3

identical copies of Mla3, Mla346, and an RGH1 family mem-
ber that is diverged from Mla3.

De novo transcriptome assembly of RNA-seq from first leaf
of Baronesse found that Mla3, RGH2, and RGH3 family mem-
bers were expressed. To confirm expression of the Mla346
copy and identify other expressed variants, we aligned
RNA-seq onto gene models of Mla3, RGH2, and RGH3. No
variation was found in RGH2 and RGH3, whereas we verified
the existence of 2 expressed variants of Mla3 (Mla3 and
Mla346). Baronesse RGH2 encodes an NLR with an integrated
Exo70F1 and is in head-to-head orientation with RGH3
(Fig. 2C). RGH2 and RGH3 belong to the Major Integration
Clade 1 (MIC1) and C7 clades of NLRs, respectively (Bailey
et al. 2018; Brabham et al. 2018). Other members of the
MIC1 clade include Rpg5 from barley (Wang et al. 2013)
and RGAS from rice (Oryza sativa) (Cesari et al. 2014), which
require additional NLRs to function as a pair. Their respective
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partners, RGAT1 (Wang et al. 2013) and RGA4 (Cesari et al.
2014), also reside in the C7 clade. Following this observation,
we hypothesize that RGH2 and RGH3 also function as paired
NLRs. Therefore, candidate genes for conferring Rmo1 resist-
ance are Mla3, Mla346, and the paired NLRs RGH2 and RGH3.

Baronesse RGH2 and RGH3 do not confer
Rmo1-mediated resistance

An Ex070 in rice, OsExo70F3, is the target of the M. oryzae ef-
fector AVR-Pii, and this interaction is guarded by the resist-
ance gene pair Pii-1 and Pii-2 (Fujisaki et al. 2015). We
hypothesized that Exo70s could be a conserved effector target
between rice and barley; hence, RGH2 and RGH3 are candi-
dates for conferring Rmo1-mediated resistance. Barley haplo-
types contain extensive variation at the Mla locus (Seeholzer
et al. 2010; Brabham et al. 2018; Maekawa et al. 2019). To le-
verage this natural variation, we investigated RGH2 and RGH3
in a panel of over 40 diverse barley accessions de novo as-
sembled transcriptomes (Supplemental Data Set 1)
(Brabham et al. 2018; Maekawa et al. 2019). We identified
multiple accessions containing diverse allelic variants of
RGH2 and RGH3. Of these, the accession Maritime contains
identical copies of RGH2 and RGH3 as found in the accession
Baronesse but carries a divergent Mla allele. Screening the di-
versity panel with M. oryzae isolate KEN54-20 (AVR-RmoT)
using both a spray- and spot-based inoculation found that
all accessions, aside from Baronesse, were susceptible (Fig. 4;
Supplemental Fig. S3). Therefore, we conclude that RGH2
and RGH3 do not confer Rmo1-mediated resistance.

MIla3 is Rmo1

To assess RGH1 candidacy for Rmo1 resistance, we took ad-
vantage of an introgression panel containing diverse mildew
resistance loci. The Siri near-isogenic lines (NILs) contain 13
mildew resistance genes, including 11 Mla specificities, in iso-
genic background of Siri including Mla1, Mla3, Mla6, Mla7
(Nordal), Mla7 (Moseman), Mla9, Mla10, Mla12, Mla13,
MI22, Mla23, MI-(Ru2), and Mlk (Kelster and Stelen 1987).
Inoculation of the Siri NILs with M. oryzae isolate
KEN54-20 using a spray- and spot-based inoculation found
that line S02 containing Mla3 and the line S13 carrying
Mla23 were resistant to KEN54-20 (Fig. 4; Supplemental
Fig. S4). Mla23 is the most closely related Mla allele to
Mla3, sharing 98% sequence similarity at the DNA and pro-
tein level, with variation limited to the C-terminal region of
the LRR (Supplemental Fig. S5) (Seeholzer et al. 2010). Leaf
RNA-seq data of S13 confirmed the expression of Mla23
but did not detect RGH2 or RGH3. The close phylogenetic re-
lationship between Mla3 and Mla23 supports the hypothesis
that Mla3 underlies Rmo7-mediated resistance.

To confirm Rmo1, all 4 candidate genes were cloned via
PCR amplification—Mla3 and Mla346 from cDNA and
RGH2 and RGH3 from gDNA. Mla3 and Mla346 were placed
in an expression construct containing the Mlaé promoter
and terminator (Supplemental Fig. S6). The Mla6
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Figure 3. k-mer analysis identifies 4 copies of Mla3 in barley accession
Baronesse. A) k-mer coverage of Bpm. Bpm is located proximal to the
Mla locus and exists as a single copy with coverage centered at 175. B)
k-mer coverage of Mla3. Two coverage bands are observed at 619 and
790 coverage, corresponding to 4 and 5 copies. Reduced coverage in the
second intron is due to the presence of low complexity sequence (di-
nucleotide repeat). C) k-mer coverage of RGH2 and RGH3. Two cover-
age bands are observed at 162 and 315 coverage, corresponding to 1
and 2 copies, respectively. The additional copies represent fragments
of RGH2 and RGH3, which are located in the distal and proximal bound-
aries of the Mla locus (Fig. 2A). Zero k-mer coverage represents inaccur-
ate sequence calls from RenSeg-PacBio sequencing in contigs
encompassing Mla3 and RGH2/RGH3. Gene models are shown below
each plot with exons and introns shown as arrows and lines,
respectively.

promoter/terminator system was selected for direct com-
parison of Mla3 and Mla346 by eliminating native promoter
variation. RGH2 and RGH3 were maintained in the native
form and head-to-head orientation (Supplemental Fig. S6).
All constructs were transformed into the barley accession
Golden Promise as Golden Promise is susceptible to Bgh iso-
late CC148 (AVR,3) and M. oryzae isolate KEN54-20
(AVR-Rmo1). Mla3, Mla346, and RGH2/RGH3 transgenic
Golden Promise T, families were tested with the Bgh isolate
CC148 (AVR,;, AVR,3, and avr,g). Eight seeds from 2 spikes
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Allel
Accession  RGH1 RG:: RGH3 59" ami’gg :'4;” hordei IlgiE:lrSyZ-aZ%
Baronesse Mia3 RGH2.a RGH3.a
Siri Mia8 ND ND
S02 Mia3 RGH2.a RGH3.a
S13 Mia23 ND ND
Maritime RGH1.Mar RGH2.a RGH3.a

Figure 4. Coupling of Mla3 and Rmo1 in diverse barley accessions. Disease phenotypes of barley accessions carrying different alleles of the candidate
genes RGH1, RGH2, and RGH3 inoculated with Bgh isolate CC148 and M. oryzae isolate KEN54-20. The haplotypes of the barley accessions are listed
on the left-hand side with the allele of RGH1, RGH2, and RGH3 indicated. ND, gene was not detected in RNA-seq data.

were evaluated per family. Four independent T, families were
evaluated for Mla3 (T;-3, T4-4, T;-5, and T;-6); 4 T, families
were evaluated for Mla346 (T,-2, T;-3, T1-6, and T,;-7); and
7 T, families for RGH2/RGH3 (T;-1, T4-3, T4-4, T;-5, T;-9,
T;-11, and T4-12). Only full-length Mla3 was shown to confer
resistance to Bgh isolate CC148, with transgenic Mla346 lines
displaying susceptibility (Fig. 5). Mla346 is 98% identical in
coding and protein sequence to Mla3. Mla346 could re-
present a loss-of-function allele or pseudogene of Mla3. All
RGH2/RGH3 transgenic barley T, families were susceptible
to Bgh isolate CC148 (Fig. 5A).

Rmo1 confers dominant, race-specific resistance to M. oryzae
isolate KEN54-20 (AVR-Rmo1) (Inukai et al. 2006). Mla3,
Mla346, and RGH2/RGH3 transgenic T, families were screened
with M. oryzae isolate KEN54-20 using spot inoculation on de-
tached leaves. Eight seeds from 2 spikes were evaluated per fam-
ily. Four independent T, families were evaluated for Mla3 (T;-3,
T,-4, T+-5, and T4-6); 4 T, families were evaluated for Mla346
(T4-2, T4-3, T4-6, and T;-7); and 7 T, families for RGH2/RGH3
(T4-1, T4-3, T1-4, T4-5, T1-9, T-11, and T4-12). Mla3 transgenic
lines showed resistance to M. oryzae KEN54-20 (Fig. 5A;
Supplemental Data Set 2). Analysis of segregating Mla3 trans-
genic T, families showed phenotypic variation, with some fam-
ilies displaying partial or no resistance. In contrast, Mla346
transgenic lines were susceptible to KEN54-20. All RGH2/
RGH3 transgenic individuals were fully susceptible.
Collectively, resistance to both Bgh and M. oryzae was only ob-
served in transgenic families carrying Mla3, although substantial
intrafamily variation was observed for M. oryzae.

Multiple copies of Mla3 are required for M. oryzae
resistance

Based on the observation of variable expression in Mla3 T,
families for resistance to M. oryzae KEN54-20, we hypothe-
sized that sufficient expression of Mla3 is required to confer
resistance. Natively, copy number variation is observed in
wild-type Baronesse with 3 copies of Mla3 and 1 copy of

Mla346 in the haploid genome. Therefore, we evaluated
copy number variation of the individual transgenic lines.
For the Mla3 T, families (T;-1, T;-4, T,-5, and T,-6), the num-
ber of copies ranged from 0 to 6. For the Mla346 T, lines, the
number of copies of the transgenic insert varied from 1 to
4. Copy number analysis of the RGH2/RGH3 T, lines varied
from 0 to 4 copies. Evaluation of copy number variation in
T, families and their phenotypic response to M. oryzae isolate
KEN54-20 found an inverse linear correlation (Fig. 5B).
Multiple copies of Mla3 were required to complement the
wild-type phenotype and confer complete resistance to M.
oryzae isolate KEN54-20 (Fig. 5B). Resistance was only
observed in individuals carrying greater than 2 copies of
the insert, with a single copy being insufficient for comple-
mentation (Fig. 5B).

Due to the high copy number being required for com-
plementation in the transgenic lines, it was unclear if
the observed resistance could be due to autoactivity of
the transgene. Overexpression of NLRs has been shown
to cause constitutive defense activation and broad-
spectrum disease resistance to multiple pathogens (Lai
and Eulgem 2018; Li et al. 2019). To evaluate this, resistant
Mla3 transgenic lines were tested with M. oryzae isolate
Sasa2 (avr-Rmo1), which is virulent on wild-type
Baronesse carrying Mla3. Transgenic Mla3 lines with
high copy number that previously displayed resistance
to M. oryzae isolate KEN54-20 were spot inoculated with
M. oryzae isolates KEN54-20 and Sasa2 in single spots in
proximal and distal positions on detached leaves (Fig. 6).
Mla3 shows specific recognition of M. oryzae isolate
KEN54-20 similar to wild-type Baronesse but was suscep-
tible to M. oryzae isolate Sasa2, showing large susceptible
lesions (Fig. 6). The barley accessions Golden Promise and
Nigrate are susceptible to M. oryzae isolates KEN54-20 and
Sasa2. Resistance to M. oryzae isolate KEN54-20 was
maintained regardless of spot inoculation position on
the leaf. Thus, Mla3 provides isolate-specific resistance
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Figure 5. Mla3 confers resistance to Bgh isolate CC148 and M. oryzae isolate KEN54-20. A) Transgenic lines of Mla3 (T;-4), Mla346 (T,-7), and RGH2/
RGH3 (T;-9) inoculated with Bgh isolate CC148 carrying AVR,; and transgenic lines of Mla3 (T;-4), Mla346 (T;-3 T,), and RGH2/RGH3 (T;-5) M.
oryzae isolate KEN54-20. Controls include resistant wild-type Baronesse and susceptible wild-type Golden Promise used for transformation.
Complete resistance shown to Bgh and M. oryzae by Baronesse and transgenic line Golden Promise + Mla3, whereas wild-type Golden Promise
and transgenic lines Golden Promise + Mla346 and +RGH2/RGH3 are susceptible. Phenotypes are representative of inoculated T, families.
B) Two independent T, families of Golden Promise + Mla3 (T;-4 and T,-5) showing resistance with varying copy numbers (0 to 6) inoculated
with M. oryzae isolate KEN54-20. Phenotypic scores 0 and 1 = resistant and 2 to 4 = susceptible. The plot shows the total number of individual lines
from merged T, families with insert copy number and phenotypic scores based on circle size. The smallest circles <5 individuals to large circles = 25

individuals).

to KEN54-20 hypothesized through recognition of the ef-
fector AVR-Rmo1 present in KEN54-20 but not Sasa2.

AVR-Rmo1 is Pwi2

To identify the effector AVR-Rmo1 that is recognized by Mla3,
we performed mutagenesis on spores of M. oryzae isolate
KEN54-20 through exposure to UV light and screened for
gain-of-virulence mutants on wild-type Baronesse following

spray-based inoculation. Gain of virulence (avr-rmo1) was
confirmed in 12 mutants following reinoculation on
Baronesse using a spot-based method on both wild-type
Baronesse (Mla3) and Mla3 transgenic lines (T;-4 T,)
(Supplemental Fig. S7). To identify AVR-Rmo1, we first se-
quenced the genome of M. oryzae isolate KEN54-20. To iden-
tify shared mutations in the mutants, we performed whole
genome sequencing of the mutants and compared to the
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Sasa2
(avr-rmof)

KEN54-20
(Avr-Rmo1)

Golden Promise + Mla3

Figure 6. Mla3 confers isolate-specific resistance to M. oryzae.
Transgenic Golden Promise + Mla3 (T;-4 T,) spot inoculated with M.
oryzae isolates KEN54-20 (AVR-Rmo1) and Sasa2 (avr-Rmo1). Mla3 con-
fers resistance to isolates carrying AVR-Rmo1. Controls Golden Promise
and hypersusceptible Nigrate are susceptible to both Sasa2 and
KEN54-20.

wild-type KEN54-20 genome. A window-based k-mer analysis
was used to identify regions harboring SNPs, insertions, or de-
letions in all mutant lines. A region of 8 kb encompassing the
known effector PWL2 was deleted across all mutant lines
(Supplemental Fig. S8) (Sweigard et al. 1995). The exact
boundaries of the deletions in each mutant are ambiguous
due to repetitive regions in the flanking sequence of PWL2,
but manual inspection of aligned reads to the region con-
firmed the deletion of the PWL2 coding sequence in each mu-
tant line. However, gain of virulence to Mla3 could also be due
to other independent mutations in each mutant line or loss of
a closely linked gene in the shared PWL2 deletion.

To determine whether PWL2 is AVR-Rmo1, we comple-
mented mutant M. oryzae lines with PWL2 expressed under
its native promoter. Independent ectopic transformed mu-
tant lines of M. oryzae (M43 + pPWL2:PWL2 transformant 4
and M61 + pPWL2:PWL2 transformant 1) were avirulent on
Baronesse (Mla3) and transgenic Mla3 plants (Fig. 7) con-
firming that PWL2 is AVR-RmoT.

MLAS3 recognizes Pwl2 in transient expression assays
in Nicotiana benthamiana

Previous work has established that transient expression of
MLA alleles recognizing Bgh AVR, effectors in Nicotiana
benthamiana elicits an effector-dependent hypersensitive re-
sponse (Saur et al. 2019; Bauer et al. 2021). To assess whether
MLA3 specifically triggers cell death upon recognition of
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Pwl2, we transiently coexpressed MLA3 with Pwl2 or
AVR,; in this heterologous system. We found that MLA3 re-
sponds to Pwl2 (observed as strong cell death) but not to
AVR,q (Fig. 7C). Cell death was elicited without coexpres-
sion of additional components in N. benthamiana. Pwl2
and AVR,;, alone did not trigger hypersensitive response.
These results indicate that MLA3 specifically recognizes Pwl2.

MLA3 and Pwi2 associate in planta
To investigate whether PwlI2 recognition by MLA3 correlates
with association between the 2 proteins, we tested the ability
of MLA3 to coimmunoprecipitate with Pwl2 in plant protein
extracts. Due to the strong cell death response elicited upon
PwI2 recognition by MLA3 in N. benthamiana, we introduced
the L11E mutation in the very N-terminal a.1-helix of MLA3
(MLA3""®) to facilitate biochemical studies. Mutations in
this region of other CC-NLRs with a MADA motif or a
MADA-like motif, like MLA, dampen or abolish cell death in-
duction without compromising potential effector association
and/or resistosome formation (Adachi et al. 2019; Ahn et al.
2023; Contreras et al. 2023). As expected, MLA3"""® does
not elicit a strong hypersensitive response upon recognition
of Pwl2, in contrast to wild-type MLA3 (Supplemental Fig.
$9). To assess the ability of MLA3""'€ to associate with Pwl2
in planta, we transiently coexpressed Pwl2 C-terminally fused
to a 3x-FLAG tag (Pwl2-FLAG) and MLA3"""® C-terminally
tagged with a 6xHA epitope (MLA3""'E-HA) for 72 h.
Protein extracts were incubated with a-HA or a-FLAG affinity
beads to immunoprecipitate the corresponding tagged pro-
teins. Immunoprecipitation of MLA3""'® pulled down Pwl2
but not AVR, 4o, which was used as negative control (Fig. 7D).
To test the ability of other MLA alleles to associate with Pwl2,
we introduced the L11E mutation in the MLA10 allele
(MLA10"""®) to abolish its autoactivity (Supplemental Fig. S9)
and transiently coexpressed it with AVR,;, and Pwl2.
Surprisingly, AVR,;, did not coimmunoprecipitate with
MLA10"""® (Fig. 7D) despite previous results of direct effector
recognition by MLA10 (Saur et al. 2019). This could likely be ex-
plained by a fast, transient protein—protein interaction in planta.
In addition, Pwl2 was not pulled down by immunoprecipitation
of MLA10"""® (Fig. 7D). Similar results were observed when
o-FLAG affinity beads were used to pull down Pwl2 or AVR,;o
(Fig. 7E). Only MLA3""E, but not MLA10"""E, was detected after
immunoprecipitation of Pwl2, and none of the tested MLA al-
leles were detected after pulling down AVR;, (Fig. 7E). This is
the first report of an MLA allele immunoprecipitating with its
cognate effector in planta, as it has not been shown for other
MLA-AVR, corresponding pairs. The strong association between
MLA3 and Pwl2 in N. benthamiana indicates that recognition of
Pwl2 occurs upon specific interaction with MLA3.

Conserved recognition specificity of PWL2 in barley
and weeping lovegrass

PWL2 conditions the ability of rice-infecting M. oryzae iso-
lates to infect weeping lovegrass (Eragrostis curvula) and is
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Figure 7. MLA3 recognizes and interacts with Pwl2. A) PWL2 complements M. oryzae avr-Rmo1 mutants. Baronesse (Mla3) leaves spot inoculated
with M. oryzae KEN54-20 (AVR-Rmo1) and avr-Rmo1 mutants M43 and M61. M. oryzae isolate KEN54-20 is avirulent on Baronesse, whereas
avr-Rmo1 mutants M43 and M61 are virulent. Ectopic integration of PWL2 driven by native promoter (pPWL2:PWL2) complements the phenotype
of mutants M43 and Mé61. Susceptible control, Nigrate. B) Mla3 recognizes PWL2 in transgenic Golden Promise + Mla3. Transgenic Golden Promise
+ Mla3 (T4-4 T,) spot inoculated with M. oryzae isolate KEN54-20 (AVR-Rmo1), avr-Rmo1 mutants M43 and M61, and avr-Rmo1 mutants M43 and
M61 transformed with PWL2 driven by its native promoter (pPWL2:PWL2). Susceptible control, Golden Promise. C) Transient expression of MLA3
with Pwl2 in N. benthamiana triggers hypersensitive response. Representative N. benthamiana leaf infiltrated with A. tumefaciens strains carrying the
corresponding binary expression constructs. AVR,;o and empty vector (EV) were used as negative controls. Leaves were photographed 3 d after
agroinfiltration. The experiment was independently repeated 3 times with 6 to 9 technical replicates. D, E) MLA3 interacts with PwlI2 in planta.
Coimmunoprecipitation experiment of C-terminally 6xHA-tagged MLA3"""® and MLA10"""® with C-terminally 3xFLAG-tagged Pwl2 and AVR, 1.
Proteins obtained by coimmunoprecipitation with a-HA beads D) or a-FLAG beads E) and total protein extracts (input) were separated by
SDS—-PAGE and detected by immunoblotting using the appropriate antibodies labeled on the left of each blot. Asterisks indicate protein bands
of the corresponding expected size. The experiments were independently performed 3 times with similar results.
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a major determinant of host—species specificity (Kang et al.
1995; Sweigard et al. 1995). To confirm loss of PWL2 function,
we tested whether KEN54-20 mutants M43 and M61 were
virulent on weeping lovegrass due to loss of PWL2.
Weeping lovegrass was resistant to spray inoculation of wild-
type KEN54-20, yet infection of 2 independent mutant lines
resulted in susceptible lesions and restriction of plant growth
(Fig. 8). Ectopic transformation of PWL2 in the independent
mutants (M43 + pPWL2:PWL2 and M61 + pPWL2:PWL2)
made them avirulent on E. curvula (Fig. 8A). PWL2 is part
of the PWL multigene family and is highly prevalent across
isolates (Valent et al. 1986; Kang et al. 1995; Sweigard et al.
1995). pwi2-2 encodes an allele of PWL2 that contains a single
nonsynonymous (D90N) substitution resulting in the loss of
recognition and subsequent virulence on weeping lovegrass
(Kang et al. 1995; Sweigard et al. 1995; Schneider et al. 2010).

To test whether the same nonsynonymous mutation
would abolish recognition by Mla3, diverse M. oryzae isolates

A AVR-Rmo1

avr-Rmo1
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were inoculated on Baronesse (Fig. 8B). Five M. oryzae isolates
carrying wild-type PWL2 were avirulent on Baronesse (Mla3)
(Fig. 8B). The M. oryzae isolate Ina168, known to lack PWL2,
was virulent on Baronesse. In agreement with the previous re-
ports on weeping lovegrass (Sweigard et al. 1995), M. oryzae
isolates carrying the pw/2-2 allele (PWL2 D90N) were not re-
cognized by Mla3 and therefore virulent on Baronesse. The
isolates Naga69-150, Ina85-182, and Ina87T-156A, which car-
ry both PWL2 and pwl2-2, were avirulent on Baronesse due to
recognition of the wild-type PWL2. These results provide evi-
dence that recognition of PWL2 is conserved in barley and
weeping lovegrass, and specificity of recognition is main-
tained in both grass species.

Weeping lovegrass lacks an Mla ortholog

The resistance gene in weeping lovegrass that recognizes
PWL2 is unknown. To determine whether an Mla ortholog
is present in weeping lovegrass and related grass species,

avr-Rmo1 + pPWL2:PWL2

WT WT M43

M61 M43 M61

Baronesse

Nigrate

Figure 8. Conserved recognition specificity of PWL2 in barley and weeping lovegrass. A) Weeping lovegrass spray infected with M. oryzae isolates
with and without AVR-Rmo1 (PWL2). WT: M. oryzae isolate KEN54-20 (AVR-Rmo1), avr-Rmo1 (pwl2) mutants M43 and M61, and avr-Rmo1 (pwi2)
mutants M43 and M61 transformed with PWL2 driven by its native promoter (pPWL2:PWL2). B) Baronesse (Mla3) spot inoculated with 17 M. oryzae
isolates representing PWL2 natural variation. The isolates Naga69-150, Ina85-182, and Ina87T-56A carry both PWL2 and pwl2-2. Susceptible control,
Nigrate. Phenotypes are representative of 3 biological replicates with 3 technical replicates.
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we constructed a maximum likelihood phylogenetic tree
using protein sequence for NB domains from NLRs of 7 grass
species: barley (H. vulgare) (Mascher et al. 2021), weeping
lovegrass (E. curvula) (Carballo et al. 2019), Brachypodium
distachyon (Vogel et al. 2010), rice (O. sativa) (Goff et al.
2002), maize (Zea mays) (Schnable et al. 2009), Setaria italica
(Bennetzen et al. 2012), and Sorghum bicolor (Paterson et al.
2009). These species have high-quality genomes and annota-
tions and are balanced in representation between PACMAD
and BOP clades. Superposition of previous clade classifica-
tions found that the RGH1 (Mla) gene family is in the C17
clade (Supplemental Fig. S10) (Bailey et al. 2018).
Phylogenetic analysis of the C17 clade found 34 NLRs from
B. distachyon, 36 NLRs from barley, 36 NLRs from rice, 30
NLRs from S. bicolor, 49 NLRs from S. italica, 25 NLRs from
Z. mays, and 101 NLRs from weeping lovegrass in the C17
clade. While bootstrap support exists for many subclades
that found orthologous NLRs from the majority of grasses,
the subclade including RGH1 only had members from barley
and B. distachyon (Supplemental Fig. S11). Thus, the RGH1
family and related NLRs are predominantly absent in the
evaluated sequenced species from the PACMAD clade, in
which weeping lovegrass resides. Therefore, recognition of
PWL2 in E. curvula is likely conferred by a resistance gene out-
side of the RGH1 family.

Discussion

The majority of NLRs confer resistance in a pathogen species-
or isolate-specific manner. Mla alleles have been well studied
for isolate-specific resistance to Bgh through the functional
divergence of alleles (Jargensen and Wolfe 1994; Seeholzer
et al. 2010; Saur et al. 2019). However, while resistance to
multiple pathogens has been mapped to the Mla locus across
barley haplotypes, many of the underlying causal genes have
yet to be identified due to the limitations of suppressed re-
combination across the locus and the inability to assemble
the region with current genomic tools. Homologs of Mia,
Sr33 in wheat (Triticum aestivum) and Sr50 in rye (Secale cer-
eale), confer disease resistance to diverse races of stem rust
pathogen Puccinia graminis f. sp. tritici, including the virulent
isolate TTKSK (Periyannan et al. 2013; Chen et al. 2017). Mla,
Sr33, and Sr50 highlight the potential for orthologous genes
to evolve new and different pathogen specificities, expanding
the breadth of recognition of the Mla gene family across a di-
versity of ascomycete and basidiomycete pathogens. In com-
parison, Mla8 (=Rps7) was shown to confer resistance to
both Bgh and P. striiformis f. sp. tritici (Bettgenhaeuser et al.
2021). Here, we confirm that the barley NLR MLA3 recog-
nizes the effector Pwl2 from M. oryzae and show that this sin-
gle NLR is capable of recognition of 2 taxonomically diverse
pathogens. MLA3 specifically recognizes the host-specificity
determinant Pwl2, as loss of this effector permits successful
infection by M. oryzae and transient coexpression of MLA3
and Pwl2 in N. benthamiana triggers a strong hypersensitive
response. Therefore, Mla3 has evolved the capacity to

Brabham et al.

recognize host-adapted effectors from Bgh and convergently
recognizes an important host-determining effector from M.
oryzae, further expanding the multiple pathogen recognition
of the Mla locus.

As a species, M. oryzae is known to infect a wide range of
cultivated and wild grass plant species; however, individual
isolates have a narrow host range due to incompatibility fac-
tors present in the plant (Ou 1985; Couch and Kohn 2002;
Gladieux et al. 2018; Jacob 2021). Recently, the emergence
of the wheat infecting lineage of the blast fungus, the M. or-
yzae Triticum pathotype, was found to be due to the sequen-
tial loss of specific effectors encoded by PWT3 and PWT4
(Inoue et al. 2017). The corresponding wheat R genes Rwt3
and Rwt4 were responsible for incompatibility of M. oryzae
during infection, and their separation facilitated M. oryzae
step-wise adaptation to become a pathogen of wheat
(Inoue et al. 2017). Members of the Pathogenicity toward
Weeping Lovegrass (PWL) multigene family—PWL1, PWL2,
PWL3, and PWL4—contribute to host specialization of M. or-
yzae pathotypes (Valent et al. 1986; Kang et al. 1995; Sweigard
et al. 1995). PWLT, first identified from finger millet (Eleusine
coracana) isolates, and PWL2, first identified in rice isolates,
prevent infection on weeping lovegrass (E. curvula) and
therefore condition host-specificity (Kang et al. 1995;
Sweigard et al. 1995; Masaki et al. 2023). Small amino acid
changes in the Pwl2 effector are sufficient to abolish recogni-
tion and allow virulence (Schneider et al. 2010), yet PWL2 dis-
plays low genetic variation within populations across
geographic locations and the majority of isolates pathogenic
on rice contain PWL2 (Sweigard et al. 1995; Huang et al. 2014;
Sirisathaworn et al. 2017). Widespread prevalence of PWL2 in
rice-infecting lineages would be facilitated by lack of resist-
ance genes to PWL2 in rice. As yet, the resistance gene in
weeping lovegrass that recognizes PWL2 has not been identi-
fied, and the mechanism underlying recognition in this grass
species remains unknown. The lack of a clear Mla ortholog in
weeping lovegrass, the specific recognition of Pwl2 by MLA3,
and the conserved specificity of Pwl2 recognition strongly
suggest that MLA3 and an unknown resistance gene in weep-
ing lovegrass convergently evolved toward PwI2 recognition.

Individual NLRs often have a narrow specificity due to their
recognition of a single effector. At a population level, an alle-
lic series of NLRs may collectively have broader recognition
through perception of diverse effectors (Dangl and Jones
2001; Brown and Tellier 2011). The allelic flax rust
(Melampsora lini) resistance gene L was the first to be de-
scribed (Flor 1956), and the additional K, M, N, and P loci en-
code further closely linked or allelic genes (Ravensdale et al.
2011). The A. thaliana RECOGNITION OF PERONOSPORA
PARASITICA 8 (RPP8) gene family encodes NLRs with diverse
resistance specificities, with alleles conferring resistance to
the oomycete Hyaloperonospora arabidopsidis (RPPS),
Turnip crinkle virus (HRT), and Cucumber mosaic virus
(RCY1) (McDowell et al. 1998; Cooley et al. 2000; Takahashi
et al. 2002; Kuang et al. 2008). It is hypothesized that unequal
crossovers that generate chimeras between alleles are a
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driving force for new RPP8 specificities (McDowell et al. 1998;
Ding et al. 2007). Similar to the Mla alleles of barley recogniz-
ing Bgh, the wheat Powdery mildew 3 (Pm3) alleles recognize
B. graminis f. sp. tritici (wheat powdery mildew) AvrPm3 ef-
fectors which are sequence unrelated but structurally similar
(Bourras et al. 2018, 2019). Direct NLR-effector interaction
can drive coevolution and diversification of NLR and effector
repertoires, through opposing selection on NLRs to maintain
effector recognition and selection on effectors to avoid trig-
gering resistance (Van der Hoorn et al. 2002; Saur et al. 2021).
However, changes to effector structure to avoid recognition
may be constrained by effector function. For example, many
bacterial pathogen species contain the effector AvrRpt2
which is important for virulence, and recognition of
AvrRpt2 is conserved across plant species (Mazo-Molina et
al. 2020). There may be a limitation on the functional and
structural variation of effectors that are vital for
pathogenesis.

Direct recognition has been described for Bgh effectors
AVR,;, AVR,; AVR,:0 AVR,13, and AVR,,, and the Mla al-
leles MLA1, MLA7, MLA10, MLA13, and MLA22, respectively
(Lu et al. 2016; Saur et al. 2019). Recognition is highly specific
as only the interaction of the Mla allele with the matching
Bgh AVR, activates cell death in barley protoplasts and heter-
ologous systems (Chen et al. 2017; Saur et al. 2019).
Recognition specificity is largely determined by the MLA
LRR domain and few residues located in different surfaces
in the AVR proteins (Shen et al. 2003; Halterman and Wise
2004; Seeholzer et al. 2010; Bauer et al. 2021; Cao et al.
2023). Known Bgh AVR, effectors are sequence unrelated
(apart from the allelic AVR,;0 and AVR,5,) and share a con-
served structural fold (Saur et al. 2019; Bauer et al. 2021; Cao
et al. 2023). AVR,¢ belongs to the family of catalytically in-
active RNAse-Like Proteins expressed in Haustoria
(RALPHSs), and similar RNAse-like folds are present in
AVR,;, AVR,,, AVR.;, AVR,15 and AVR,, (Cao et al.
2023). A common structural scaffold shared by the RALPH
effector family may therefore be driving diversification of
MLA alleles (Bauer et al. 2021). In comparison, the P. graminis
f. sp. tritici effector AVR-Sr50 directly binds the MLA homo-
log SR50, and its structure does not resemble known Bgh
AVRs (Chen et al. 2017; Ortiz et al. 2022). For Mla3, AVR,3
has not yet been identified. AlphaFold2 structure prediction
of PWL2 (Jumper et al. 2021) and subsequent structural com-
parisons on the Dali server (Holm 2022) show that PWL2
does not contain an RNAse-like fold and belongs to the
group of MAX effectors (M. oryzae Avrs and ToxB), which
is an expanded family of sequence unrelated but structurally
similar effectors in M. oryzae (de Guillen et al. 2015). In add-
ition, structural prediction studies indicate that the MAX ef-
fector family is absent from the Bgh effector repertoire
(Seong and Krasileva 2022).

Here we show that Pwl2 recognition is triggered upon spe-
cific association with MLA3 in N. benthamiana. This inter-
action was sufficiently strong and stable to be detected in
coimmunoprecipitation assays, which has not been shown
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before for other MLA-AVR, corresponding pairs. Even
though different MLA alleles directly recognize Bgh AVR, ef-
fectors, these protein—protein interactions may be transient
and therefore nondetectable by protein pull-down experi-
ments. However, the interaction between MLA3 and Pwl2
was clear and robust in the N. benthamiana heterologous sys-
tem. Considering the evidence supporting direct recognition
of Bgh AVR, effectors by different MLA alleles, the evolution-
ary trajectory of Mla, and the phylogenetic distance between
N. benthamiana and barley, direct recognition of Pwl2 by
MLA3 remains the most parsimonious model of recognition.
The question of how sequence similar Mla alleles recognize
structurally distinct effectors from diverse pathogen species
remains. Documented cases of multiple pathogen recogni-
tion by NLRs are rare, and all instances studied to date in-
volve sensing of conserved effector activities on shared
host targets that act as guardees or decoys or on integrated
domains of NLRs (Lewis et al. 2013; Sarris et al. 2015; Wang et
al. 2015; Zhang et al. 2017; Mukhi et al. 2021). The TIR-NLR
ROQ1 directly recognizes the effectors HopQ1, XopQ, and
RipB from P. syringae, Xanthomonas spp. and Ralstonia
spp. respectively (Schultink et al. 2017; Thomas et al.
2020), but all 3 effectors are homologous and likely have
nearly identical structures. Pwl2 and AVR,; likely belong to
effector families with different structural folds, suggesting
that MLA3 evolved to directly recognize 2 structurally dis-
tinct effectors. Comparing the structure and binding inter-
faces of Pwl2 and AVR,;—once identified—will provide an
initial step to elucidate the molecular mechanism of recogni-
tion. Despite having different overall structures, AVR,; and
Pwl2 might be directly recognized by MLA3 due to a shared
structural feature. This could represent a structural signature
of pathogen effectors conserved across taxonomically diverse
species and may guide effector discovery and NLR engineer-
ing toward expanded recognition and resistance.

Materials and methods

Plant materials and growth conditions

Barley (H. vulgare) accessions were obtained from United
States Department of Agriculture Germplasm Resource
Information Network (Aberdeen, ID, United States),
Oregon State University (Corvallis, OR, United States), John
Innes Centre (Norwich, United Kingdom), Wageningen
University & Research (Wageningen, Netherlands), and
CSIRO (Canberra, Australia). All barley accessions were sub-
jected to single-seed descent before carrying out subsequent
experiments. Barley growth conditions are listed in the rele-
vant experimental sections. E. curvula was obtained from Star
Seed, Inc. (Kansas, United States). E. curvula seedlings were
grown in a Sanyo cabinet at 25 °C and 16-h photoperiod
with a combination of 6 NVC NL/18/LED/T8/4/840 light
bulbs and 9 NVC NL/18/LED/T8/4/865 light bulbs. N.
benthamiana plants were grown in a controlled environment
room at 22 °C, 80% humidity, and a 16-h light cycle provided
by a combination of 6 Philips Master TL-D 58W/840 light
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bulbs and 2 Sylvania GRO-LUX F58W/GRO-T8 fluorescent
tubes.

Recombination screen

Barley accessions Baronesse and BCD47 were crossed and al-
lowed to self-pollinate to generate a founder F, population.
For the Baronesse X BCD47 population, seedlings were ger-
minated in John Innes Peat & Sand Mix (85% Fine Peat,
15% Grit, 2.7 kg/m> Osmocote 3 to 4 months, Wetting
Agent, 4 kg/m> Maglime, and 1kg PG Mix). Leaves were
sampled at second leaf emergence, DNA extracted, and indi-
viduals genotyped for recombination events. Recombinants
were transferred to larger pots in John Innes Cereal Mix
(40% Medium Grade Peat, 40% Sterilized Soil, 20%
Horticultural Grit, 1.3 kg/m® PG Mix 14-16-18 + Te Base
Fertilizer, 1 kg/m® Osmocote Mini 16-8-11 2 mg + Te 0.02%
B, Wetting Agent, 3kg/m> Maglime, and 300 g/m’
Exemptor) and grown in a greenhouse under natural daylight
conditions.

Genetic markers designed for the barley oligonucleotide
pool assay (BOPA1) panel were converted to KASP markers,
which are also SNP based (Supplemental Data Set 3) (Close et
al. 2009). Briefly, KASP SNP genotyping uses 2 competitive,
allele-specific forward primers and 1 common reverse primer
for allele-specific oligo extension, amplification, and fluores-
cence output. Genotyping was performed by the John
Innes Centre Genotyping Facility (Norwich, United
Kingdom). Genetic maps were created using JoinMap v4
that was used using default parameters (Van Ooijen 2006).
Genetic distances were estimated using the Kosambi map-
ping function. Integrity of the genetic map was evaluated
through comparison with the current OPA consensus genet-
ic map of barley (Mufioz-Amatriain et al. 2011) and using
Rstudio (Version 1.1.463) and R/qtl package (Version
1.44.9) (Broman et al. 2003).

Recombination eventsin a 22.9 cM region on chromosome
1H including Mla3 were identified in the Baronesse X BCD47
F, population using a total of 1,152 individuals (2,304
gametes).

Marker saturation of the region encompassing Mla was
performed using 12 KASP markers spanning a wide genetic
interval from markers K_3_0933 to K_4261. Twenty-four
additional KASP markers were generated by identifying
SNPs between Baronesse and BCD47 based on PCR amplifi-
cation of the Mla locus. Following single-seed descent,
DNA was extracted from leaf tissue of F, and F,.; recombi-
nants using a CTAB-based protocol (Stewart and Via 1993).
Briefly, 3 g of leaf tissue was ground on liquid N, and homo-
genized with 20 mL of CTAB extraction buffer (2% CTAB,
100 mm Tris-HCl pH 8.0, 20 mm EDTA pH 8.0, 1.4 m NaCl,
and 1% P-mercaptoethanol). Samples were incubated for
30 min at 65 °C followed by 2 chloroform extractions and
ethanol precipitation. DNA was then resuspended in 1X TE
and 50 pg/mL Rnase A solution and incubated for 1h at
37 °C. DNA was subsequently precipitated with 2.5 volumes
of ice-cold 95% ethanol and resuspended in 1x TE.
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Quantification of DNA samples was performed using a
NanoDrop spectrophotometer (Thermo Scientific) and the
Qubit dsDNA HS Assay Kit (Molecular Probes, Life
Technologies).

RNA-seq and de novo transcriptome assembly

First and second leaf tissue was harvested at 10 d after sowing
of barley accessions grown in the greenhouse under natural
daylight conditions. Tissue was flash frozen in liquid nitrogen
and stored at —80 °C. Tissues were homogenized into a fine
powder in liquid nitrogen—chilled pestle and mortars. RNA
was extracted, purified, and quality assessed as described
by Dawson et al. (2016). RNA libraries were constructed using
lllumina TruSeq RNA library preparation (lllumina;
RS-122-2001). Barcoded libraries were sequenced using either
100 or 150 bp paired-end reads. Library preparation and se-
quencing were performed by Earlham Institute (Norwich,
United Kingdom), Novogene (Cambridge, United
Kingdom), and BGI (Shenzhen, China). Quality of all
RNA-seq data was assessed using FastQC (0.11.5). Trinity
(2.4.0) (Grabherr et al. 2011) was used to assemble de novo
transcriptomes using default parameters and Trimmomatic
(Bolger et al. 2014) for read trimming. Genes of interest
were identified in assemblies using BLAST+ (v2.2.9)
(Camacho et al. 2009).

Long-range assembly of Baronesse chromosome 1H
Long-range sequencing and assembly were carried out as de-
scribed by Holden et al. (2022). Briefly, chromosome flow
sorting of Baronesse chromosome 1H and preparation of
its DNA were performed using the methods described by
Dolezel et al. (2012) with an estimated purity of 82.8% to
92.3% in the sorted fractions (Supplemental Fig. S12).
Chromosomal high molecular weight (HMW) DNA,
Chicago libraries and sequencing (Dovetail Genomics,
Santa Cruz, CA, United States), assembly in Meraculous
(v2.0.3), and final scaffolding in HiRise were performed as de-
scribed in Thind et al. (2017). Shotgun sequencing was car-
ried out using 2 insert sizes, estimated at 221 and 454 bp,
with 266.3 and 246.9 million paired-end reads, respectively.
An initial assembly using Meraculous had length 450.7 Mb
on 40,855 scaffolds. The HiRise assembly had 454.5 Mb on
2,009 scaffolds.

Sequence capture and PacBio SMRT sequencing

Sequence capture and PacBio SMRT sequencing of NLR en-
coding genes (RenSeq) were carried out according to
Witek et al. (2016). A custom Daicel Arbor Biosciences
Mybaits bait library was previously designed on the barley
NLR gene space including the entire Mla locus from barley
accession Morex (TSLMMHV1) (Brabham et al. 2018).
PacBio circular consensus sequencing was performed at the
Earlham Institute (Norwich, United Kingdom). De novo as-
sembly was performed using Geneious (v10.2.3) using cus-
tom sensitivity parameters for assembly: don’t merge
variants with coverage over approximately 6, merge
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homopolymer variants, allow gaps up to a maximum of 15%
gaps per read, word length of 14, minimum overlap of 250 bp,
ignore words repeated more than 200 times, 5% maximum
mismatches per read, maximum gap size of 2, minimum
overlap identity of 90%, index word length 12, reanalyze
threshold of 8, and maximum ambiguity of 4.

Copy number variation analysis

Copy number analysis was performed using the k-mer ana-
lysis toolkit (KAT; v.2.4.1) (Mapleson et al. 2017). The se-
quence coverage estimator tool (sect) was used to
determine coverage for genomic contigs encompassing
Bpm, Mla3, RGH2, and RGH3. Default parameters were used
including k-mer length of 27 bp. k-medoids clustering was
performed with R (4.1.2) using pam from the cluster package
(2.1.3). Clustering was performed on coverage values be-
tween 0 and 1,000.

Construct development

PCR amplifications were performed using GoTaq G2 Flexi
DNA polymerase (Promega; Catalog number M7805),
Phusion High Fidelity DNA polymerase (New England
Biolabs Ltd; Catalog number M0530S), and GoTaq Long
PCR Master Mix (Promega; Catalog number M4020).
Reaction mixes were set up according to manufacturer’s in-
structions and performed in a thermal cycler. cDNA was
used as the template for cloning of the RGH1 candidate
genes, and gDNA was the template for the RGH2 and
RGH3 constructs. Annealing temperatures and elongation
times were optimized for reaction based on primer combin-
ation and ranged between 52 and 64 °C. PCRs were assayed
on a 1% agarose gel in TBE or TAE buffer. Gel extraction of
fragments was performed with the QIlAquick gel extraction
kit (Qiagen; Cat No.: 28704) according to the manufacturer’s
instructions. Excised and cleaned fragments were A-tailed via
incubation at 72 °C for 20 min using GoTaq polymerase and
dATPs, cloned via the TOPO XL PCR Cloning Kit (Invitrogen;
K7030-20) according to manufacturer’s instructions, and
transformed into DH5a Escherichia coli competent cells (1
to 2 ulL reaction into 50 uL cells). Transformations were
placed on ice for 30 min, heat shocked at 42 °C for 90s,
placed on ice for 2 min, recovered in 500 uL L media via shak-
ing at 37 °C for 1 h, and plated on L media plates in varying
dilutions with appropriate selection for overnight growth at
37 °C. Positive clones were identified by PCR using gene-
specific primers. Plasmids were extracted from positive col-
onies using 5mL liquid cultures with the NucleoSpin
Plasmid Purification kit (Macherey-Nagel; Ref.: 11932392)
and sequenced (GATGC; 80 to 100 ng/plasmid DNA, 5 um pri-
mer). Plasmids were also confirmed through digestion with
the restriction enzyme EcoRl (New England Biolabs; Ref.
R3101S) according to the manufacturer’s instructions.
Presence of Mla346 and differentiation between Mla3 were
assessed via digestion with BspLl (Thermo Scientific; Cat
No.: ER1151) which cuts on the 6 bp indel.
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Plant transformation constructs were assembled via mul-
tiple PCR fragments into the pBract202 vector backbone.
pBract202 was generated by the Crop Transformation
(BRACT) team at the John Innes Centre (Norwich, United
Kingdom) (Smedley and Harwood 2015). The backbone con-
tains the npt1 kanamycin resistance gene for bacterial selec-
tion, and the left border contains the 355 hygromycin
selectable marker for plant transformation. Primers for
Gibson Assembly consisted of 20 bp fusion from both frag-
ments to be assembled (40 bp total) and were assessed for
GC content (~50%) and secondary structures using mfold
(Zuker 2003). Constructs were assembled via using Gibson
Assembly (Gibson et al. 2009) with a Gibson Assembly mas-
ter mix (New England Biolabs; Ref.: E2611). Briefly, multiple
overlapping gene fragments are designed and amplified via
PCR; appropriate overlaps are unique ~18 bp overhangs.
Overlaps were added using the high-fidelity Phusion poly-
merase. PCR products were digested with Dpnl (New
England Biolabs; Ref: R0176S) to remove circular DNA.
Fragments were resolved with gel electrophoresis (1% agar-
ose in 1X TAE buffer) and excised using the Zymoclean Gel
DNA Recovery Kit (Zymo Research; Ref.: D4008) for elution
of high-concentration ultrapure DNA. Fragments were
added to the reaction tube in appropriate dilutions and ra-
tios according to molecular weight, as outlined in the manu-
facturer’s instructions. The reaction tube was incubated at
50 °C for 1 h—fragments trimmed by an exonuclease creat-
ing single-stranded 3’ overhangs that anneal with their com-
plementary counterparts, DNA polymerase extends 3’ ends
of annealed fragments, and sealed with a DNA ligase.
Competent E. coli DH5a cells were transformed with the suc-
cessful construct as outlined above. Construct visualization,
primer development, and assessment were performed using
the software Geneious (Version 9.0.5). Construct maps are
shown in Supplemental Fig. S6.

Plant transformation

Constructs were transformed into Agrobacterium tumefa-
ciens AGL1 containing pSoup via electroporation (~100 ng
plasmid into 50 uL cells), recovered in 500 xL L medium via
shaking at 28 °C for 2 h, and grown on L media plates with
appropriate selection for 3 d. Barley accession Golden
Promise was transformed using Agrobacterium-mediated
transformation based on the approach described by Hensel
et al. (2009). Assessment of insert copy number of transgenic
lines was performed by iDna Genetics Ltd (Norwich, United
Kingdom) using real-time PCR assaying the presence of the
hygromycin resistance gene.

B. graminis propagation and inoculation

Bgh isolate CC148 was obtained from James Brown (John
Innes Centre, Norwich, United Kingdom). Seedlings for
phenotypic assays were germinated in John Innes Cereal
Mix at 18 °C under a 16-h light and dark cycle. Seedlings
were transferred to a containment greenhouse set at 18 °C
day for 16 h and 12 °C night for 8 h with supplemental
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lighting from 400W HQI (metal halide lamps). Bgh inocula-
tions were carried out on seedlings at emergence of the se-
cond leaf. Bgh inoculum was maintained on the susceptible
barley accession Manchuria. Inoculation was carried out by
laying pots on their side and gently shaking infected leaves
over both sides. Phenotyping was carried out as described
in Bettgenhaeuser et al. (2021).

M. oryzae propagation and inoculation

Protocols for culturing and inoculation of M. oryzae were
similar as described by Jia et al. (2003) and Parker et al.
(2008). M. oryzae isolates were maintained on potato dex-
trose agar medium at 24 °C and as frozen stocks of dried my-
celium on Whatman filter paper (GE Healthcare Whatman
Qualitative Filter Paper: Grade 1 Circles, Fisher Scientific
UK) at —20 °C. Hyphal tips were transferred to oatmeal
agar (20 g oatmeal, 10 g agar, 2.5 g sucrose, and addition of
ddH,0 to 500 mL) plates (deep petri dish 100 X 20 mm) for
the production of spores (conidia) and incubated for 10 to
15 d at 24 °C. To increase spore production, plates were
used for a second time after washing and a further 10- to
15-d incubation. For M. oryzae inoculation, seedlings were
germinated in John Innes Cereal Mix (40% Medium Grade
Peat, 40% Sterilized Soil, 20% Horticultural Grit, 1.3 kg/m’
PG Mix 14-16-18 + Te Base Fertilizer, 1kg/m> Osmocote
Mini 16-8-11 2 mg + Te 0.02% B, Wetting Agent, 3 kg/m>
Maglime, and 300 g/m> Exemptor). Seedlings were germi-
nated and grown in a controlled environment at 25 °C under
a 16-h light and dark cycle. M. oryzae conidia were collected
by the addition of 8 mL dH,O to the oatmeal agar plates
and gentle scraping with the tip of a 1.5-mL microcentrifuge
tube. Suspension was poured and filtered through Miracloth
(Merck Chemicals, Ref.: 475855-1r) and collected in a 50-mL
Corning tube. Spore concentration was counted via hemocyt-
ometer and adjusted to 1x 10> spores per milliliter in 0.1%
gelatin or dH,0O with 0.01% Tween 20 (Merck Chemicals,
CAS Number: 9005-64-5).

M. oryzae spot inoculations were carried out on detached
leaves on agar (2.5 g agar-agar [Fisher, CAS 9002-18-0]; 50 mL
benzimidazole [1g/1 L H,O stock solution]; 450 mL H,O).
Barley was germinated at 25 °C under a 16-h light and dark cycle,
and 1-wk-old seedlings were used for inoculation at emergence
of second leaf. Barley was germinated in a Sanyo growth cabinet
with the same conditions as listed for E. curvula growth above.
The first leaf was cut and placed on agar inside the boxes. Each
leaf was inoculated with 3 to 4 drops of 5 pL of conidial suspen-
sion. Boxes were placed at 25 °C in a Sanyo growth cabinet and
maintained under continuous light for the first 24 h. After 24 h,
droplets were removed from the leaves using sterile Miracloth
and boxes returned to 25 °C in a 16-h light and dark cycle.
Detached leaves were monitored for development of lesions,
and phenotypes were recorded 7 d post inoculation (dpi).
Phenotypes were scored as resistant on a scale of 0 = complete
resistance; 1= small brown resistant spots; 2 = susceptible lar-
ger eyespot lesions; 3 =larger spreading lesions; and 4=
hypersusceptibility.
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M. oryzae spray inoculations were carried out on whole
1-wk-old seedlings at emergence of the second leaf. Barley
was germinated 25 °C under a 16-h light and dark cycle
with 9 seeds placed in a 9-cm? pot, with 8 pots in a tray.
Each tray was sprayed with ~5 mL of conidial suspension
using a 20-mm atomizer spray bottle. Trays were placed in
polythene autoclave bags tied with tape and placed inside a
Sanyo cabinet at 25 °C under a 16-h light and dark cycle.
Bags remained covering the plants until phenotyping due to
containment requirements. Disease symptoms were recorded
7 dpi, and first leaves scored on a similar phenotypic scale to
spot inoculations. A similar protocol was followed for spray in-
oculations of 10-d-old weeping lovegrass (E. curvula) plants.

M. oryzae mutagenesis

Mutagenesis of M. oryzae isolate KEN54-20 was performed on
the conidial suspension using UV light. Spore concentration
was adjusted to 1 10° spores per milliliter and placed inside
a petri dish until the solution was just covering the entire
base of the dish—a shallow depth is required to ensure even
UV light penetration. The open petri dish was placed inside a
UV Stratalinker 2400 (Stratagene) and exposed to set UV light.
A dosage curve was generated to assess the UV dose at which
spore death was at 50%; for KEN54-20, this was 20 s. The UV
light—exposed conidial suspension was used for spray-based in-
oculation. Wild-type Baronesse was used for the isolation of
KEN54-20 gain-of-virulence mutants. Lesions were isolated
from leaves 7 dpi, sterilized in ethanol for 30 s, and placed on
potato dextrose agar (10 g PDA, 6.25 g agar per liter of water).
M. oryzae growth was sampled from each lesion, cultured, and
reinoculated onto Baronesse to confirm gain of virulence.

M. oryzae transformation

Transformation of M. oryzae avr-Rmo1 isolates was per-
formed as previously described (Talbot et al. 1993). Briefly,
the region of fungal active growth was cut from the surface
of a CM agar plate, blended in 50 mL of CM liquid media,
and incubated for 48 h at 25 °C and 120 rpm. The culture
was filtrated through 2 layers of sterile Miracloth, and myce-
lium was gently resuspended and digested with Glucanex in
0.7 m NaCl (pH 5.5, filter sterilized). Protoplasts were gener-
ated after incubation for 3 h at 25 °C and gentle shaking at
75 rpm. The digested mycelium was filtered through sterile
Miracloth, and protoplasts were collected and centrifuged
at 3,500 X g and 4 °C for 10 min. Protoplasts were washed
with STC buffer (1.2 m sorbitol, 10 mm Tris-HCl pH 7.5, and
10 mm CaCl,), centrifuged at 3,500 X g for 10 min, and resus-
pended in 150 pL of STC buffer. Transformation was carried
out by mixing the protoplasts with 4 ug of the vector
pCB1532:pPWL2:PWL2:tPWL2, incubating at room tempera-
ture for 15 min, and subsequently adding 1 mL of PTC buffer
(60% PEG 4000, 10 mm Tris-HCI pH 7.5, and 10 mm CaCl,).
The mix was let to stand for 5 min at room temperature,
added to BDCM liquid media (0.8 m sucrose, 1.7 g L-1 yeast
nitrogen base without amino acids and ammonium sulfate,
2 g L-1 ammonium nitrate, 1 g L-1 asparagine, and 10 g L-1
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glucose), and incubated overnight at 25 °C and 120 rpm. The
protoplast culture was added to molten BDCM agar and
poured onto plates. Selective BDCM medium (BDCM media
lacking glucose) with 1% agar and sulfonylurea (150 pg/mL
chlorimuron ethyl) was added on top as overlay. Plates
were incubated at 25 °C for 7 to 10 d until transformed col-
onies emerged and started to grow. Individual colonies were
transferred to BDCM agar plates with 100 pyg/mL sulfonylur-
ea and kept for confirmation by PCR and further assays.

M. oryzae HMW genomic DNA extraction

HMW genomic DNA extraction from protoplasts of M. ory-
zae was performed for Oxford Nanopore DNA sequencing
of the isolate KEN54-20. Protoplasts were obtained as previ-
ously described for M. oryzae transformation. Extraction of
HMW DNA was carried out as previously described by
Schwessinger and Rathjen (2017) with some modifications.
Briefly, lysis buffer was prepared as follows: 2.5 volumes of
autoclaved buffer A (0.35 m sorbitol, 0.1 m Tris-HCI, and
5mm EDTA pH 8.0), 2.5 volumes of autoclaved buffer B
(0.2 m Tris-HCL, 50 mm EDTA pH 8.0, 2m NaCl, and 2%
CTAB), 1 volume of filter-sterilized buffer C (5% sarkosyl
N-lauroylsarcosine sodium salt), 1 volume of 10% PVP 40, 1
volume of 10% PVP 10, and 10 uL of RNAse A (Thermo
Fisher). Protoplasts were pelleted and thoroughly resus-
pended in preheated lysis buffer and incubated under con-
stant rotation for 30 min at room temperature. Proteinase
K (New England BiolLabs) was added to the sample and fur-
ther incubated under permanent rotation for 30 min, fol-
lowed by 5 min on ice. The sample was mixed with 0.2
volumes of 5 m potassium acetate, incubated on ice for no
longer than 5 min, and centrifuged at 4 °C and 5,000 X g
for 12 min. The supernatant was transferred and mixed
with 1 volume of phenol:chloroform:isoamyl alcohol (P:C:l)
(25:24:1). After mixing by inversion for 2 min, the sample
was centrifuged at 4 °C and 4,000 X g for 10 min. The super-
natant was recovered and mixed once more with 1 volume of
P:Cl, followed by centrifugation at 4 °C and 4,000 X g for
10 min to separate the organic phase and remove proteins.
The supernatant was mixed by inversion with 0.1 volumes
of 3 m sodium acetate, and then 1 volume of isopropanol
was added. The sample was incubated at room temperature
for 5 min and then centrifuged at 4 °C and 8,000 X g for
30 min. The supernatant was discarded, and the DNA, visible
as a translucent pellet at the bottom, was washed with 70%
ethanol and then centrifuged at 5,000 x g for 5 min. Four
more additional washing steps with 70% ethanol were per-
formed, with the final 2 spins at 13,000 X g. The ethanol
was discarded, and the DNA pellet was let to air-dry for
5 min. The DNA was resuspended in molecular grade water
and let to dissolve at room temperature. The sample was
treated with RNAse A (Thermo Fisher) and column purified
using the Genomic DNA Clean and Concentrator Kit (Zymo
Research) according to manufacturer’s instructions. DNA
concentration was measured using the Qubit dsDNA HS
Assay Kit (Thermo Fisher).
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M. oryzae DNA sequencing

For genomic DNA lllumina sequencing, mycelia from
1-wk-old plates of M. oryzae isolates KEN54-20 and
avr-RmoT1 mutants were collected, ground with liquid nitro-
gen to a very fine powder, and transferred into 1.5-mL micro-
centrifuge tube until about two-thirds full. A total of 500 uL of
CTAB buffer pH 7.5 (0.2 m Tris-HCl pH 7.5, 50 mm EDTA, 2 m
NaCl, and 2% CTAB) was added, and samples were incubated
at 65 °C for 30 min, shaking every 10 min. Subsequently,
500 pL of chloroform:isoamyl alcohol (24:1) was added, and
samples were incubated for 30 min under constant shaking
at 300 rpm, followed by centrifugation at 16,000 X g for
10 min. The aqueous phase (supernatant) was transferred
into a new 1.5-mL microcentrifuge tube, and 500 pL of chloro-
form:isoamyl alcohol (24:1) was added, mixed for 5 min, and
then centrifuged at 16,000 X g for 10 min. The top aqueous
phase was transferred to a new tube, and 1 mL of ice-cold iso-
propanol was added and mixed. Samples were incubated at
—20 °C for 2 h and then centrifuged at 16,000 X g for
10 min. The supernatants were discarded. DNA pellets were
allowed to drain for 5 min and then completely resuspended
in 500 L of sterile water. A total of 50 uL of 3 M NaOAc was
added with 1 mL of ice-cold 100% ethanol, followed by incu-
bation at —20 °C for 1 h and centrifugation at 16,000 X g for
20 min. The supernatants were discarded, and 400 pL of ice-
cold 70% ethanol was added. The samples were centrifuged
at 16,000 X g for 5 min, the supernatants were discarded,
and the pellets were allowed to air-dry. DNA samples were re-
suspended in 100 yL of TE + RNAse A (Thermo Fisher) and
stored at 4 °C. Concentrations of DNA samples were mea-
sured using the Qubit dsDNA HS Assay Kit (Thermo
Fisher). DNA samples were submitted for library preparation
and whole genome sequencing by lllumina to Novogene. The
isolate KEN54-20 was sequenced with paired-end, 150 bp
reads with libraries of 400 and 600 bp inserts, and KEN54-20
avr-Rmo1 mutants were sequenced with paired-end, 150 bp
reads with libraries of 400 bp inserts.

Oxford Nanopore DNA sequencing

The gDNA library of M. oryzae KEN54-20 was prepared with-
out shearing to maximize sequencing read length. Short DNA
fragments were removed with the Short Read Eliminator Kit
(Circuloromics) according to manufacturer’s instructions.
DNA repair, end-prep, adapter ligation, and clean-up were
performed according to the 1D Lambda Control
Experiment (SQK-LSK109) protocol provided by ONT. The li-
brary was loaded into an R9.4.1 FLO-MIN106 flow cell, and
MinION sequencing was performed according to ONT guide-
lines using the ONT MinKNOW software.

Genome assembly

Base calling of ONT sequencing data was performed with
Guppy v3.2.2. Read quality assessment was performed using
Pauvre (https://github.com/conchoecia/pauvre) and trimmed
using NanoFilt (Li et al. 2009). The hybrid assembler MaSuRCA
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v3.3.3 (Zimin et al. 2013) was used to assemble the reference
genome of M. oryzae isolate KEN54-20 including ONT and
lllumina data. Pilon (Walker et al. 2014) was used to improve
the genome assembly. Alignment of lllumina reads to ONT
data was performed using BWA (v0.7.12-r1039; http://bio-
bwa.sourceforge.net/). Quality of the assembled and polished
genome was assessed using the KAT (https://github.com/
TGAC/KAT). Ab initio gene prediction was performed
using Augustus (v3.3.2; https://github.com/Gaius-Augustus/
Augustus) with the M. oryzae species gene model prediction.
Genome assembly and annotation completeness were as-
sessed with BUSCO v3 (Waterhouse et al. 2018). The PWL2
region was investigated manually by aligning ONT reads to
the reference genome using minimap2 (v2.17-r954-dirty).
lllumina reads of M. oryzae KEN54-20 wild-type and
avr-Rmo1 mutants were aligned to the genome using BWA.
Aligned reads were inspected using IGV (v2.5.3) (Robinson
et al. 2011). The final assembly was 47.9 Mb on 39 contigs.
A full set of commands is available on Github (https://
github.com/matthewmoscou/AvrRmo1).

Identification of common deletions in

M. oryzae avr-Rmo1 mutants

The KAT (v2.4.1) was used to scan the genome to identify
k-mers (k =27) that were present in wild-type but absent in
all avr-Rmo1 mutants. A genome scan was performed by count-
ing the number of k-mers present in wild type and absent in all
mutants within a window of 10 kb with step size 1 kb.

Molecular cloning for transient expression assays in
N. benthamiana

The coding sequences of Mla3 (UZM07847.1) and Mla10
(AAQ55541.1) were domesticated to remove internal Bsal
and Bpil restriction sites and were synthesized by Twist
Bioscience (San Francisco, CA, United States). The synthe-
sized gene fragments did not contain a stop codon and had
Bpil external adapters for Golden Gate assembly into the ac-
ceptor plasmid pICSL0O1005 (TSL SynBio). For transient gene
expression in N. benthamiana, each Mla allele was cloned
into the binary acceptor plasmid pICH47732 (Addgene no.
4800) via Golden Gate assembly with plCH85281 (mannopine
synthase + Q promoter [Mas (], Addgene no. 50272),
pICSL50009 (6xHA C-terminal tag, Addgene no. 50309), and
plCSL60008 (Arabidopsis heat shock protein terminator
[AtHSP18 terminator], TSL SynBio). The MLA3""'® and
MLA10"""® mutants were generated by site-directed muta-
genesis through inverse PCR with the primer pairs
Mla3_L11E_fw 5-AAGAAGACAACGAGATTCCCAAGTTG
GGGGAGCT-3" and Mla3_L11E_rv 5'-AAGAAGACAACTCG
TTGGAAATGGCACCGGTGAC-3’ and MIa10_L11E_fw 5’-A
AGGTCTCACGAAATTCCAAAGTTGGGAGAATTG-3" and
MIa10_L11E_rv 5-AAGGTCTCATTCGTTAGAGATAGCAC
CAGTAAC-3/, respectively, using the binary constructs carry-
ing the wild-type alleles as template. The PCR products were
purified, digested with Bsal and religated.
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The coding sequences of PWL2 (AAA91019.1) and AVR,;,
(Saur et al. 2019) without signal peptide were domesticated
to remove Bpil and Bsal restriction sites and synthesized
and cloned by Twist Bioscience (San Francisco, CA, United
States) with codon optimization for expression in N.
benthamiana. The synthesized sequences were cloned with-
out a stop codon in the pTwist_Kan_High_Copy cloning vec-
tor (Twist Bioscience) with flanking Bsal restriction sites for
subsequent Golden Gate assemblies. For transient gene ex-
pression in N. benthamiana, each effector was cloned into
the binary acceptor plasmid plCH47732 (Addgene no.
4800) via Golden Gate assembly with pICH51266 (long 35S
+ Q promoter, Addgene no. 50267), plCSL50007 (3xFLAG
C-terminal tag, Addgene no. 50308), and pICH41414 (35S ter-
minator, Addgene no. 50337).

Each assembly was transformed into E. coli DH5a. for long-
term storage, verified by DNA sequencing and subsequently
transformed into A. tumefaciens GV3101:pMP90 for transi-
ent expression in planta.

Transient gene expression in N. benthamiana
Transient gene expression in planta for cell death and coim-
munoprecipitation assays was carried out by delivering
T-DNA constructs transformed in A. tumefaciens GV3101::
pMP90 into leaves of 4-wk-old N. benthamiana plants.
Liquid cultures of LB medium inoculated with A. tumefaciens
containing the constructs of interest were grown overnight
at 28 °C under constant agitation. The cultures were centri-
fuged at 5,000 X g for 10 min, and cell pellets were resus-
pended in infiltration buffer (10 mm MES, 10 mm MgCl,,
and 150 pm acetosyringone). The ODgg, of each A. tumefa-
ciens suspension was measured and adjusted to a final work-
ing concentration of 0.5 for MLA-HA expression constructs,
0.3 for PwI2-FLAG, and 0.7 for AVR,+,. The third and fourth
upper leaves of 4-wk-old N. benthamiana plants were fully
agroinfiltrated using a 1-mL disposable syringe. Leaves were
collected 3 d after infiltration for protein extraction and
coimmunoprecipitation. For cell death assays, the corre-
sponding combinations of A. tumefaciens were also spot in-
filtrated on the third and fourth upper leaves of 4-wk-old
N. benthamiana plants. Cell death phenotypes were recorded
3 d after infiltration.

In planta coimmunoprecipitation assays

Two N. benthamiana leaves were harvested 3 d after agroinfil-
tration, frozen in liquid nitrogen, ground, and homogenized in
a 122 w/v ratio with GTEN extraction buffer (10% glycerol,
25 mm Tris-HCl pH 7.5, 1 mm EDTA, and 300 mm NaCl) supple-
mented with 2% (w/v) PVPP, 10 mm DTT, 1% (v/v) protease in-
hibitor cocktail (Sigma), and 0.2% IGEPAL CA-630). Samples
were centrifuged at 5,000 X g for 20 min at 4 °C, and the super-
natant was transferred to a fresh tube and centrifuged under
the same conditions for another 10 min. The supernatant was
filtered through a Minisart 0.45-pym filter to obtain the total pro-
tein extract (input). For coimmunoprecipitation assays, 1 mL of
the total protein extract was mixed with 20 uL of Anti-HA
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Affinity Matrix from rat 1gG1 (11815016001; Roche) or
Anti-FLAG M2 Affinity Gel (A2220; Sigma-Aldrich) and incu-
bated end over end for 1.5 h at 4 °C. Beads were washed
5 times with immunoprecipitation washing buffer (GTEN ex-
traction buffer with 0.2% [v/v] IGEPAL CA-630) and resus-
pended in 60 uL of 1X Laemmli sample buffer (BioRad)
supplemented with 10 mm DTT. Proteins were eluted from
beads by incubating the samples at 80 °C for 10 min. Total
protein extracts and immunoprecipitated samples were se-
parated by SDS-PAGE and transferred onto a PVDF mem-
brane using the Trans-Blot Turbo transfer system (BioRad)
according to the manufacturer’s instructions. Blots were in-
cubated for 45 min in 5% (w/v) skim milk powder in 1x
TBST blocking solution. Epitope tag detection was performed
with Anti-HA-Peroxidase, high-affinity antibody from rat
IgG1 (12013819001; Roche), or ANTI-FLAG M2-Peroxidase
(HRP) antibody produced in mouse (A8592; Sigma-Aldrich)
in a 1:5,000 dilution in 5% (w/v) skim milk powder in 1x
TBST. Protein detection was done by adding Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific) and
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific) in a 1:1 (v/v) ratio. Membrane im-
aging was performed using an Amersham ImageQuant 800
western blot imager system. Protein loading was checked
by staining the blots with Ponceau S solution (Sigma).

Phylogenetic analysis of grass NLRs

To identify NLRs from diverse grass species (Supplemental
Data Set 4), InterProScan v5.36-75.0 using default para-
meters was used to annotate individual protein domains.
Proteins annotated with the NB domain Pfam family
(PF00931) were identified and individual domains extracted
from NLRs using the Python script QKdomain_process.py
(Bailey et al. 2018). Structure-guided multiple sequence
alignment of NB domains was performed with MAFFT
(v7.481) using DASH (default parameters). NB structures in-
cluded in the alignment were derived from A. thaliana ZAR1
(PDB 6J5T) and S. lycopersicum (tomato) NRC1 (PDB 6S2P).
The QKphylogeny_alignment_analysis.py Python script
was used to filter the alignment for variable sites represented
in at least 40% of proteins and sequences spanning at
least 50% of the alignment length (https://github.com/
matthewmoscou/QKphylogeny). The phylogenetic tree
was constructed using RAXML (v8.2.12) with the JTT amino
acid substitution model, gamma model of rate heterogen-
eity, and 1,000 bootstraps. A convergence test performed
using RAXML autoMRE found convergence for both the
full NB and C17 clade after 250 bootstraps. iTOL was used
for phylogenetic tree visualization, and A. thaliana ZAR1
was used as outgroups. Alignments and machine-readable
tree files are available on the figshare repository.

Accession numbers
The RNA-seq data used in this study are found in the
NCBI database under BioProject codes PRJNA292371,
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PRJNA376252, PRINA378334, and PRJNA378723. The genome
assembly and sequencing data for barley accession Baronesse
chromosome TH generated in this study have been deposited
in the NCBI database under BioProject code PRJNA879438.
RenSeq-PacBio of Baronesse raw, circular consensus se-
quences, and de novo assembly have been deposited in the
NCBI database under BioProject code PRJNA422986.
Genomic sequencing data and assembly for M. oryzae isolate
KEN54-20 and avr-rmo1 have been deposited in the NCBI
database under BioProject code PRJNA881958. The se-
quences of plasmids used for plant transformation in this
study have been deposited in the NCBI database with acces-
sion codes OP561810 (Mla3), OP561809 (Mla346), and
OP561811 (RGH2/RGH3). All data needed to evaluate the
conclusions in the paper are present in the paper and/or
the Supplemental data. Raw genotypic, phenotypic, and
source data for figures and supplemental figures have been
deposited on figshare (https://doi.org/10.6084/m9.figshare.
21365532.v2). A material transfer agreement with The
Sainsbury Laboratory is required to receive the materials.
The use of the materials will be limited to noncommercial re-
search uses only. Please contact M.J.M. (matthew.moscou@
usda.gov) regarding biological materials, and requests will
be responded to within 60 d.
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Mla locus are conserved between barley accessions Morex
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Supplemental Figure S10. Structure-guided phylogenetic
tree of NLR NB domain from several PACMAD grasses.
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Supplemental Figure S12. Flow cytometric analysis and
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transcriptomes.

Supplemental Data Set 2. Inventory of transgenic barley
lines with Mla3, Mla346, RGH2/RGHS3.

Supplemental Data Set 3. KASP markers used for fine
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